
  
    
      
    
  



MILITARY QUANTITATIVE PHYSIOLOGY: PROBLEMS AND CONCEPTS IN MILITARY OPERATIONAL MEDICINE





[image: art]

The Coat of Arms
1818
Medical Department of the Army

A 1976 etching by Vassil Ekimov of an
original color print that appeared in
The Military Surgeon, Vol XLI, No 2, 1917






The history of the research scientist in what is now the Army Medical Service Corps extends from its beginnings in the Sanitary Corps at the beginning of World War I, to a dramatic surge of activity and scientific advances during World War II, to a handful of dedicated uniformed researchers who continue to lead science for the soldier today. Their work has contributed to the scientific foundation of modern medicine. Army physiology, along with its civilian counterpart, came into full bloom in the 20th century, aided by the rapid development in chemistry and physics, and in other areas of medicine, technology, and economic growth. In the 21st century, the convergence of information and computer sciences with biomedicine is promoting a new breed of scientists who will apply their basic understanding of human physiology to advance comprehensive and predictive models that will reduce injuries, improve and sustain performance, and, ultimately, improve a soldier’s success on the battlefield. The military scientist has a unique capacity to simultaneously excel on the national scientific stage and to translate and interpret findings that benefit soldiers and civilians alike. In addition, uniformed scientists have and will continue to deploy to combat operations in support of our nation’s wars. From these operational experiences, military scientists gain important perspectives that shape their relevant research.
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Predictive models to help lighten the soldier load, improve load distribution, tailor appropriate physical training, select the right equipment, and choose appropriate biomechanical techniques will all facilitate soldier load carriage performance. These tools will allow service members to conduct missions more effectively at lower energy costs and with fewer injuries.

Photograph: Courtesy of the US Air Force. Photographer: TSgt Efron Lopez.
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Foreword

Few human activities demand or deserve as much attention of the citizens of a nation as the array of man-made and natural “environmental” threats faced by the soldiers and other warriors defending that nation—those that pose the risk of disease, injury, combat wounds, and even death. Scientists charged with understanding these threats and mitigating the potential effects must use the most advanced techniques and sophisticated analysis possible in this endeavor. This book is the Army’s first detailing research in computational physiology models and highlighting pivotal research. It outlines the extent to which basic and applied biomedical scientists, clinicians, modelers, and others strive to understand the extent of these threats, and provide intellectual and materiel options to mitigate these risks.

Quantification of this information is critical, as medical standards aimed at protecting soldiers must represent the best available science. Development of protective equipment requires data-driven support of new approaches that clearly demonstrate effectiveness while addressing affordability and cost. Virtual prototyping has led to valid and useful models of human tolerances focused on ensuring that our service members are provided with modern warfighting systems that safely and effectively contribute to mission accomplishment. Without compelling data, efforts at providing America’s warriors with the best materiel and doctrinal solutions to the adverse conditions under which they must operate—and protections against harm that might result—are severely limited and potentially restrict the full range of soldier technological capabilities.

Throughout history, work of this nature has extended well beyond military applications alone; it reaches outside of the military environment because of its dual-use nature. Thermal strain, load carriage, hydration guidelines, performance nutrition, fatigue, and physical training injury prevention are all topics in which the military is recognized as having unique expertise. Countermeasures to more specific military hazards, such as blast and laser injuries, have contributed to the civilian community in establishing protective criteria in a wide array of applications, such as airbag inflation rates and international protection standards for commercial lasers. The efforts described in this text represent the government’s largest intramural performance physiology research program and include important academic and industry collaborations. Cutting-edge modeling—applying mathematics and physics to understand important life science problems related to training, eating, resting and protection—has resulted in enhanced systems to augment decision-making in new and complex situations.

The lengthy institutional investment in these investigations by the US military has led to iterative, ongoing contributions by the leaders in each field of endeavor. Simulations and models also incorporate metaanalysis of previous studies, thus including lessons learned from years of research and providing increasingly more vigorous evaluations with each new dataset. For example, the US Army Research Institute of Environmental Medicine (USARIEM) hydration tables are used worldwide, preventing heat injuries caused by inadequate water intake. Future refinements with personalized monitors that signal individual water needs, perhaps through a wearable system, will provide further protection of health and optimize performance.

It is with great pride that Army Medicine serves as the focus for compiling and formally disseminating these critical insights. This is a significant book, not only for the technical information that it contains, but also as documentation of the collective works of numerous dedicated Army scientists—all committed to the protection of the nation’s defenders and the global human family.

Lieutenant General Eric B. Schoomaker, MD, PhD
The Surgeon General and Commanding General
United States Army Medical Command

Washington, DC
December 2011





Preface


Where is the Life we have lost in living?

Where is the wisdom we have lost in knowledge?

Where is the knowledge we have lost in information?

— T. S. Eliot, The Rock, 1934



This book summarizes major Army research efforts to quantify and model militarily relevant physiology. These chapters highlight the translation of this research into useful predictive tools. The tools are of importance to medical planners, materiel developers, commanders, and, in many cases, every soldier. These chapters detail the experimental basis for many of the predictive tools that are currently in use. This book is written for military clinicians and medical researchers who may be reasonably expected to explain some of this background, as well as those who will extend the research. The sophisticated research and models should be opaque to most of the ultimate users, with models and algorithms derived from this research built into larger Army models and systems, and used to make better equipment and provide better guidelines for hazard management.

Nevertheless, many people will find this book interesting because it details research on topics that affect everyone in everyday life, including how we sleep, eat, and exercise, as well as more specific topics such as the effects of caffeine on performance, risks associated with laser pointers, and even Army blast models that have influenced safety thresholds for car airbag deployments. Every person should be interested in these areas of medical research!

The military physiology problem set has not changed greatly since the Revolutionary War and should continue to guide an ever-accelerating effort to combine models for high priority predictions pertinent to fatigue, physical performance, cognitive performance, injury risk, and human limits in the face of militarily relevant stressors and threats. What is new in this century is the explosive advance of computing technology and neurobiology. This provides new understanding of how to make knowledge more useful and available to soldiers who expect to be able to obtain this knowledge through their personal mobile devices or as an automatic readout of choices from other electronic monitors and systems.

Military medicine is now racing to catch up with these rapid advances and new expectations in science and technology. This cultural shift with the transition from discovery science to information science should be apparent in these chapters. This revolution in medical research has also been called “convergence science,” characterized by the increased reliance on mathematics, physics, and computer engineering to solve problems in the life sciences. The Army began committed support to the development of medical decision support tools in the past decade, led by Jaques Reifman and his team in the Bioinformatics Center at the US Army Medical Research and Materiel Command. The Department of Defense (DoD) has now initiated funding for a new core program (starting in 2010) that includes support to computational biology modeling efforts.

The first year of this effort expands on the topic of one of the chapters in this book (Chapter 11, Load Carriage in Military Operations: A Review of Historical, Physiological, Biomechanical, and Medical Aspects) with the concerted development of a comprehensive model of load carriage led by the US Army Research Institute of Environmental Medicine (USARIEM). Future advances in applied physiology require this problem-solving convergence approach, as well as new appreciation for data sharing, cloud computing, more comprehensive supermodels, and an integrating focus on the neurobiology of the warfighter.

The Army’s real-world problems and interesting test environments are the unique strength of military physiology research, where investigators can lead academic collaborators in valuable field studies with soldiers pushing to the limits of human performance. These conditions are not only often messy for purposes of scientific design, but also possibly unattainable in a laboratory setting. Four examples (chapters 5, 6, 10, and 11) highlight the fascinating and unique research captured in this book.

Bruce Stuck (Chapter 5, In Vivo Diagnostics and Metrics in the Assessment of Laser-Induced Retinal Injury) is a national resource. As the single central repository of more than 40 years of research on health and performance consequences of laser eye exposure, he has charted constantly evolving laser hazards that affect eye safety and protection for our troops, as well as consequences to performance in aviation and other militarily relevant scenarios. This research has been foundational in national standards for laser safety and contributed to current international treaties on blinding lasers.

Colonel (Ret) Wayne Askew (Chapter 6, Nutrition and Military Performance) is a pioneer who was able to break funding silos by sharing precious nutrition research dollars to investigate hydration in environmental extremes—a natural companion topic to Army nutrition problems—and establishing transdisciplinary studies of Ranger students involving energy metabolism extremes and performance outcomes. The results of these studies addressed real soldier problems, but at the same time also advanced basic science in human osmoregulation and energy metabolism.

Jim Stuhmiller (Chapter 10, Blast Injury: Translating Research Into Operational Medicine) is an early pioneer in today’s convergence science who has been dedicated to pulling together data and tools into more comprehensive predictive models that address real soldier protection standards. Thirty years ago, he recognized the need for the DoD to model the combined biophysical stressors related to military equipment, along with environmental, metabolic, and other factors that influence model validity. It is unlikely that the DoD would have a valid blast overpressure model and method for health hazard assessments today without his vision and the dedication of his team. Without these models, there would be ongoing safety concerns about an entire generation of effective high-powered weapons systems that were instead permitted to be fielded on the basis of better scientifically based standards derived from the predictive models.

Major (Ret) Joe Knapik (Chapter 11, Load Carriage in Military Operations: A Review of Historical, Physiological, Biomechanical, and Medical Aspects) represents one of the finest examples of our dedicated military physiologists who lived and breathed practical solutions to military physiology problems. His chapter on load carriage reflects one of his areas of interest and an entire career of laboratory and field experiments, personal experience, and comprehensive scope of the field. His efforts have spanned the medical and human systems communities to advance the development of load carriage systems while conducting studies with the preventive medicine community to reduce physical injuries. His pioneering efforts provide the foundation for a new major load carriage modeling initiative that will produce a sophisticated virtual prototyping capability to materiel developers.

This book started long ago as a third volume in the Textbooks of Military Medicine environmental extremes series, but was restructured to address the modern requirements for quantitative models and predictive tools. This book should help mark the culmination of an earlier era of research, summarizing the important accomplishments and providing the platform to launch to the next level. Future work should take full advantage of the biomedical research captured in these chapters, in combination with new capabilities in information science and cyber infrastructure, to take an integrative approach to solving real-world problems for soldiers.

For example, laboratory sleep studies have uncovered basic principles for sleep and performance, but soldiers sleep in the heat in Southwest Asia and in a hypoxic environment at altitude in some parts of Afghanistan; these environmental factors can have dramatic effects on the quality of restorative sleep. Sleep is affected by other ambient operational conditions such as noise and light, as well as overlapping psychological concerns or the amount of caffeinated energy drinks consumed earlier in the day. Heat and altitude affect appetite and energy consumption for soldiers, with secondary effects on water consumption. The skin is a critical protective barrier and regulator for our internal physiology, responding to external challenges (eg, temperature and psychological stress) and threats (eg, ultraviolet radiation) and having regulatory functions (eg, sweating and skin blood flow responses). These dermal influences are all interactive with other factors covered in this book, ranging from antioxidant nutrition to body size and adiposity to hydration status. These complicated interactions have not yet been captured in any single model. This places a demand on the reader, because the chapters represent discontinuous efforts, including independent modeling efforts in various states of maturity.

Readers are challenged to use some imagination going from chapter to chapter to mentally bridge the artificial divisions established around disciplines and problem sets, and to think about how we move away from this balkanization to address an integrated soldier health and performance model, just as military medicine needs to move to an overall strategy of integrative health. Advances in neurobiology will likely be central to the organizing structure of increasingly convergent and integrating solutions.

Karl Friedl
Director
Telemedicine and Advanced Technology Research Center
US Army Medical Research and Materiel Command
Fort Detrick, Maryland

William Santee
Research Physical Scientist
Biophysics & Biomedical Modeling Division
US Army Research Institute of Environmental Medicine
Natick, Massachusetts

Fort Detrick, Maryland
December 2011





Chapter 1

PREDICTING HUMAN LIMITS—THE SPECIAL RELATIONSHIP BETWEEN PHYSIOLOGY RESEARCH AND THE ARMY MISSION
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INTRODUCTION

The US Army has entered a new era of low-level persistent conflict. This changing operational environment is shaped by new threats and challenges, such as globalization, disaffected populations vulnerable to radical ideologies, catastrophic terrorist attacks, failed or failing states, competition for energy, and climate change and natural disasters.1 The Army’s modernization strategy to meet these challenges includes developing more agile protection of health and performance of the individual soldier. The soldier is the Army’s most important military system (ie, “the soldier as a system”), as compared to other services with major platforms such as stealth fighters and destroyers. However, new technological complexity, the lethality of weapons systems, and rapid worldwide response capabilities make the performance of the individual soldier more critical to mission success than ever before. The near- and long-term health of individual soldiers is also potentially at risk from military technologies that can surpass operator capabilities and safety. Advances in warfighting technology and the changes in tactics and strategy that result from new capabilities make improved understanding of human limits critical to materiel and doctrine developers. The predictive models that provide developers and commanders access to critical physiological information are the subject of this book (Figure 1-1). No other agency or industry has a comparable need; thus, military needs have kept the Army at the forefront of human performance physiology. The continuously evolving threats drive more sophisticated predictive tools to improve selecting, training, monitoring, equipping, resting/recovering, and fueling the “soldier system” (Figure 1-2).

A good first sergeant has special skills in recognizing human performance limits, but a good physiological model can greatly extend leader intuitive abilities to assess the status and capabilities of his troops. For example, soldiers are protected from heat injury by predictive work/rest and hydration tables. These limits are based on computational modeling of heat strain from an enormous amount of data and findings from more than 50 years of experimentation (summarized in TB MED 5072). These predictions provide guidance appropriate to any ambient conditions and mission posture to prevent environmental heat injuries, while also limiting overconsumption of water that might produce hyponatremia. Military leaders and medical providers need such well-founded physiological models that go beyond any one individual’s empirical experience. Even though every military leader has expertise acquired through careers in feeding, clothing, and training soldiers, the solution sets to these age-old issues are constantly improving with new technological and scientific breakthroughs. This knowledge base can be passed on to future generations, with constant improvement and enlargement of the predictive models. Technological advances in the ability to acquire, store, and manage vast amounts of physiological data are helping to close some of these centuries-old gaps in retaining and integrating the “lessons observed” so that predictive models will truly represent “lessons learned.” These lessons can also be disseminated through decision support systems and through other new information technologies emerging in this new era of network-centric operations.3

Quantitation of biological relationships is at the heart of physiology. Classic examples of these defined relationships should be well known to students of physiology and are usually identified by the names of the creators (eg, the Siggaard-Andersen nomogram for acid-base balance, the Frank-Starling law of dynamic regulation of cardiac pumping, and the Åstrand-Ryhming prediction of maximal oxygen uptake from submaximal heart rate).4 At the organismal level, these  models help to describe integrated biophysical and biochemical responses to stressors, such as exercise or hypoxia (Table 1-1).5–23 In this volume, readers will find Army models, such as the INJURY model of blast injury risk, the US Army Research Institute of Environmental Medicine (USARIEM) heat strain model, and successors of the Walter Reed Army Institute of Research (WRAIR) sleep and performance model.
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Fig. 1-1. Physiological stressors encountered by soldiers and marines affect health and performance. Human performance optimization involves strategies to sustain health and performance in the face of these stressors. Physiological modeling defining human tolerance limits and the effect of moderating factors provides scientifically based strategies to interventions that ultimately involve how we feed, rest, train, and equip individuals and teams. It is important to consider models that combine multiple stressors because individuals are rarely subjected to only one stressor at a time. The highlighted individual stressors are described in various chapters throughout this book.
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Fig. 1-2. Soldiers and marines today face many of the same physiological challenges presented to their counterparts in previous centuries. Today’s technologically enabled warfighters should be better prepared and better protected because of the knowledge accumulated from experience and research on how to feed, rest, train, and equip individuals and teams. This knowledge is especially useful when assembled into predictive physiological models used to optimize mission planning and rehearsal, for virtual prototyping of equipment, and for decision support tools. (a) Roger’s Rangers fought the Battle on Snowshoes in January 1757 against French, Chippewa, and Ottawa warriors. In similar environmental conditions, (b) US Marine Lance Corporal Harris C Bienn provides security for a simulated casualty evacuation during a 2009 winter training course at the Marine Corps Mountain Warfare Training Center in Bridgeport, California. Painting: (a) Courtesy of Walking the Berkshires Web site, “Right Rangers, Wrong Fight,” October 1, 2007, http://greensleeves.typepad.com/berkshires/2007/10/right-rangers-w.html.
Photograph: (b) Courtesy of the National Archives and Records Administration, Washington, DC.



Military physiological models are the primary products of the Military Operational Medicine research program, wherein the findings of various laboratory and field studies are brought together in the form of useful algorithms, models, and simulations. Testing, refining, and validating these knowledge products comprise an additional step involving advanced development and engineering. This step has been typically neglected because there is no regulatory requirement for performance and preventive medicine predictions comparable to the US Food and Drug Administration’s approval of products that influence medical treatment. Computational biology is the modern science that encompasses this form of advanced development that makes the Military Operational Medicine program’s physiological and psychological research useful to Army customers. Computational biology is the interdisciplinary combination of mathematics, computer science, and life sciences. This chapter summarizes Army experiences and challenges in advancing physiological models developed through methods of computational biology.

HISTORY OF MILITARY PHYSIOLOGICAL MODELING

Predicting soldier performance has always been of great interest to military commanders. In earlier times, recruit selection was based on anecdotal experience and may have involved some test of strength or endurance, or typically a simple visual assessment of physical robustness and behavior. By the mid-1800s, objective measures of fitness were considered. Height was a key selection criteria as a surrogate measure for health and fitness.24 During the Civil War, data were systematically collected by investigators who were interested in topics that are still relevant today, such as recruiting healthy and fit soldiers, sustaining endurance on road marches, preventing injuries, and reviewing recruitment and casualty statistics and associations.25 The same questions are still being asked more than a century later, but, clearly, technological advances provide new options for the enduring problem set of soldier health and performance issues (see Figure 1-1). Although some soldier problems are new, and generated by our own technology, most of these new issues still fall into the same broad categories of research that have been pursued for generations. For example, information overload is a relatively recent information-age issue, but cognitive performance in the face of other psychological stressors (eg, sleep deprivation) has been formally investigated at least since the World War II era, with findings that are relevant to this new problem. Similarly, radiofrequency radiation is a modern technology problem, but body heating has been a relevant Army focus for many years. This highlights the fact that there are enduring research requirements for the Army, with new understanding and technology always providing greater advantage to the warfighter (see Figure 1-2).


TABLE 1-1

KEY PHYSIOLOGY MODELS IN THE ARMY’S MILITARY OPERATIONAL MEDICINE RESEARCH PROGRAM
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Note: Except for the head impact/neuropsychological testing effort, all of these research model development programs have undergone scientific review at least once, and sometimes three or more times in external peer review site visits organized by the American Institute of Biological Sciences, in addition to review of the publications.
AMS: Acute mountain sickness; ANAM: Automated Neuropsychological Assessment Metric; ANSI: American National Standards Institute; ARMS: Altitude Readiness Management System; BABTA: Body Armor Blunt Trauma Assessment; CHPPM: US Army Center for Health Promotion and Preventive Medicine (now undergoing a name change with integration into the US Army Public Health Command); HHA: health hazard assessment; SAFTE: Sleep, Activity, Fatigue, and Task Effectiveness; SAR: specific absorption rate; TGAS: toxic gas assessment; TOP: Training, Overuse Injury, and Performance; TRL: technology readiness level; USAARL: US Army Aeromedical Research Laboratory; USARIEM: US Army Research Institute of Environmental Medicine; WRAIR: Walter Reed Army Institute of Research. Data sources: (1) Stuhmiller JH, Ho KH, Vander Vorst MJ, Dodd KT, Fitzpatrick T, Mayorga M. A model of blast overpressure injury to the lung. J Biomech. 1996;29:227–234. (2) Ness JW, Zwick H, Stuck BE, et al. Retinal image motion during deliberate fixation: implications to laser safety for long duration viewing. Health Phys. 2000;78:131–142. (3) Kraning KK, Gonzalez RR. Physiological consequences of intermittent exercise during compensable and uncompensable heat stress. J Appl Physiol. 1991;71:2138–2145. (4) Moran DS, Shitzer A, Pandolf KB. A physiological strain index to evaluate heat stress. Am J Physiol. 1998;275:R129–R134. (5) Ashrafiuon H, Alem NM, McEntire BJ. Effects of weight and center of gravity location of head-supported devices on neck loading. Aviat Space Environ Med. 1997;68:915–922. (6) Cameron B, Morrison J, Robinson D, Roddan G, Springer M. Development of a Standard for the Health Hazard Assessment of Mechanical Shock and Repeated Impact in Army Vehicles. Fort Rucker, Ala: US Army Aeromedical Research Laboratory; 1998: 201 pp. Final Report. AD A339 243. (7) Smith SD. The effects of whole-body vibration on human biodynamic response. J Gravit Physiol. 1995;2:96–99. (8) Stuhmiller JH, Stuhmiller LM. An internal dose model for interspecies extrapolation of immediate incapacitation risk from inhalation of fire gases. Inhal Toxicol. 2001;14:929-957. (9) Stuhmiller JH, Stuhmiller LM. A mathematical model of ventilation response to inhaled carbon monoxide. J Appl Physiol. 2005;98:2033–2044. (10) Januszkiewicz AJ, Mundie TG, Dodd KT. Maximal exercise performance-impairing effects of simulated blast overpressure in sheep. Toxicology. 1997;121:51–63. (11) Adair ER, Berglund LG. Predicted thermophysiological responses of humans in MRI fields. Ann NY Acad Sci. 1992;649:188–200. (12) Chan PC, Ho KH, Kan KK, Stuhmiller JH, Mayorga MA. Evaluation of impulse noise criteria using human volunteer data. J Acoust Soc Am. 2001;110:1967–1975. (13) Stuhmiller JH. Use of modeling in predicting tympanic membrane rupture. Ann Otol Rhinol Laryngol. 1989;140(suppl):53–60. (14) Stuhmiller JH. Mathematical Modeling in Support of Military Operational Medicine. San Diego, Calif: Jaycor, Inc/L-3 Communications/Titan Corporation; 2006: 76 pp. Final Report DAMD17-00-C-0031. AD A458 419. (15) Bleiberg J, Cernich AN, Cameron K, et al. Duration of cognitive impairment after sports concussion. Neurosurgery. 2004;54:1073–1078. (16) Warden DL, Bleiberg J, Cameron KL, et al. Persistent prolongation of simple reaction time in sports concussion. Neurology. 2001;57:524–526. (17) Stuhmiller JH, Sih BL, Shen W, Amankwah K, Negus C. Overuse Injury Assessment Model. San Diego, Calif: Jaycor, Inc/Titan Corporation; 2006: 115 pp. Annual Report DAMD17-02-C-0073. AD A463 099. (18) Belenky G, Balkin TJ, Redmond DP, et al. Sustaining performance during continuous operations: the Army’s Sleep Management System. In: Friedl KE, Lieberman H, Ryan DH, Bray GA, eds. Countermeasures for Battlefield Stressors. Baton Rouge, La: Louisiana State University Press; 2000: 197–205. (19) Hursh SR, Redmond DP, Johnson ML, et al. Fatigue models for applied research in warfighting. Aviat Space Environ Med. 2004;75(suppl 3):A54–A60. (20) Vann RD, Pollock NW, Pieper CF, et al. Statistical models of acute mountain sickness. High Altitude Med Biol. 2005;6:32–42.


Civil War and Early Physiological Models
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Fig. 1-3. Research teams were sent to Union camps to collect physiological data from a large sample of men during the Civil War. Test devices were constructed for a variety of measurements, such as the calipers for body breadths, spirometers for lung volume, and an upright lift device to measure strength performance (top). Twelve anthropometry “machines” were constructed, based on a device developed by an Edinburgh tailor, to efficiently collect a large number of measurements on each individual (bottom right). Much of these data were summarized by age and ethnicity, such as the graphical display of mean statures plotted by age, demonstrating the physical maturation in men for stature after age 21 (bottom left). Illustrations: Adapted with permission from Gould BA. Investigations in the Military and Anthropological Statistics of American Soldiers. Cambridge, Mass: Riverside Press; 1869.



During the Civil War, study teams were sent out to gather data at Union Army encampments that related body dimensions, nutrition, and nativity to physiological outcomes, such as spirometry measures, pulse, lifting strength, and general indicators of fitness for duty25 (Figure 1-3). Along with other statistics on recruitment demographics and casualty rates, various analyses were conducted to develop predictors of success for recruitment standards and battlefield planning factors. Researchers also gathered data on road march performance and its relationship to food provisions (including coffee rations), topics that are frequently revisited today in Army research.25–27 Unfortunately, the program had more ambitious objectives that were never realized because the secretary of war decided that research was not an important priority.

Gould25 tested several new statistical approaches that describe normal height and weight relationships in humans based on this very large sample of healthy males, thus confirming Quetelet’s observations that, in metric units, weight increases normally against height squared. Gould found that this did not work for adolescent soldiers in a growth phase up to age 21, but then held constant across older age categories. This relationship between height and weight (now referred to as body mass index) is used to calculate the Army weight-for-height screening tables used today in Army Regulation 600-9.27a Some of the Civil War data have been reused to assess body composition trends in young soldiers over time. This calculation of the average body fat of young soldiers in 1864 was not an application conceived of at the time, but was made possible because of the preservation of a well-defined data set (Figure 1-4).24,28

The struggle to preserve this unique data archive, as well as the challenges to productively analyze these measures from many thousands of Union soldiers, was articulated by Dr Benjamin Apthorp Gould (1869):


These statistics greatly surpass in amount all that has been previously gathered on the same subjects, and it may be long before opportunity again offers for an equal collection of similar material. On the other hand, the proper reduction, elaboration, and discussion of this grand store of numerical data demands special training and peculiar gifts. No pains have been spared in their elaboration, and the enormous amount of work bestowed on the materials will be apparent only to those who are in some degree familiar with arithmetical computations. But the variety of topics is great; and medical and physiological knowledge of a high order is needed for eliciting such information as they may contain, as well as for deducing the best results.25(p vi)



Gould’s plea for the unique importance of his data set has been a familiar refrain of scientists with their military data sets from deployments, large training studies, and experimental studies ever since.

In World War I, the seeds were planted for a new field of human nutrition science. A special commission of scientists was established to evaluate nutritional requirements for health and performance of soldiers.29,30 This commission led to the formation of the National Research Council and today’s Food and Nutrition Board in the Institute of Medicine. It was also the genesis of modern nutrition and metabolism research, which is now a credible scientific discipline. Detailed studies led by Major John R Murlin assessed 427 Army mess halls, representing 135,000 men, to determine that an average of 3,900 kcal were provided per man per day (including 131 g of protein and 134 g of fat), but only 3,600 kcal/day were consumed.30 Additional studies considered the effects of season, duration in the camps, and strength performance of the men in relationship to food consumption to predict requirements for various circumstances. The Army research focus was heavily influenced by concepts of nutrition, genetics, and health that were popular at the start of the 20th century. One remarkable study examined health consequences of weight change using a longitudinal analysis of annual physical examination data. In this study, Reed and Love31 defined a “cardiac type,” reporting associations between weight gain and abdominal obesity with heart disease in Army officers. These important observations preceded the use of waist-hip ratio and abdominal fat as expressions for obesity-related diseases that gained prominence in the 1950s. Modern tools of genomics and proteomics provide us with new data handling and analytical challenges, with opportunities to revisit these old issues and move from predictions based on group membership to individual predictions for personalized medicine and individualized training and protective interventions.


[image: art]

Fig. 1-4. Body composition of US male soldiers in various eras. These estimates are derived from large anthropometric data sets and the DoD body-fat (BF) model developed by Dr James Hodgdon at the Naval Health Research Center. For more than a century, the typical young male soldier has benefited from improved health and nutrition with an increase in height (Ht) and body weight (BW), primarily reflected in an increase in the fat free mass (FFM) component comprising bone and muscle. Relative body fat of active young men (17%) is similar between Civil War soldiers and soldiers in 2000.
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Fig. 1-5. Nomograms and slide rules are graphical analog computational devices that were common tools before the advent of electronic computers. Slide rules are general purpose computers, whereas nomograms are usually intended to perform a specific set of calculations. This nomogram for human blood was developed to combine known biochemical relationships, such as the oxygen dissociation curve, into a more complete model to describe more complex relationships. This was developed to make predictions about new studies conducted with men at altitude in the famous US medical research expeditions into the Andes. Illustration: Reproduced with permission from Dill DB, Edwards HT, Consolazio WV. Blood as a physicochemical system. XI. Man at rest. J Biol Chem. 1937;118:635–648.




In 1927, the Harvard Fatigue Laboratory was founded by Lawrence J Henderson and Elton Mayo as a research center for industrial physiology and psychology. Although the Army commitment to research on these problems rapidly waned after World War I, the work on occupational fitness standards; early occupational medicine standards, such as problems of inhaled gases in enclosed spaces (notably carbon monoxide); and responses to environmental stressors prepositioned the Harvard Fatigue Laboratory to deal with many important soldier problems in World War II.32,33 In this precomputer era, “computational biology” took the form of nomograms. For example, blood-gas nomograms relating physicochemical characteristics, such as P50 and blood pH, were developed to provide useful mathematical predictions in respiratory metabolic assessments34 (Figure 1-5). This was a sophisticated predecessor of the current TGAS (toxic gas assessment) model that relies on modern computing power to link these well-developed respiratory metabolic factors with more recent physiologically based pharmacokinetic modeling to predict the effects of inhaled toxic gases, especially if combined with other variables (eg, ventilation).35
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Fig.  1-6. (a) D B Dill with his favorite experimental tools—the Van Slyke apparatus and the Haldane apparatus for blood gas analyses. Dill was the informal director of the Harvard Fatigue Laboratory, mentoring many of the next generation of physiologists. One of these was his future son-in-law, Steve Horvath, founder of the Institute of Environmental Stress in Santa Barbara, the civilian parallel of the US Army Research Institute of Environmental Medicine. After World War II, Dill became the director of medical research for the US Army Chemical Research and Development Laboratory (1947–1961). Photograph: Horvath SM, Horvath EC. The Harvard Fatigue Laboratory. Upper Saddle River, NJ: Prentice-Hall; 1973. (b) Treadmill experiment at the Harvard Fatigue Laboratory in 1938. The subject is Sid Robinson, one of the two physiologists to receive their doctorate degree at the laboratory (the other was Steve Horvath). Robinson’s work on physical fitness and age is still frequently cited today, as is his pioneering body of work on thermoregulation in exercise. The observer is R E Johnson, famous for his studies on nutrition metabolism and work with C Frank Consolazio, a later investigator at the Military Nutrition Laboratory in Denver. Photograph: Reproduced with permission from Horvath SM, Horvath EC. The Harvard Fatigue Laboratory. Upper Saddle River, NJ: Prentice-Hall; 1973.



World War II and the Harvard Fatigue Laboratory

Military physiology research reached maturity in World War II, with the mobilization of members of the Harvard Fatigue Laboratory (Cambridge, Mass) (Figure 1-6) to military research activities at the Army Climatic Research Laboratory (Lawrence, Mass), Bethesda Naval Medical Research Institute (Bethesda, Md), Fort Knox Armored Medical Research Laboratory (Fort Knox, Ky), Pensacola Navy School and Aeromedical Laboratory (Pensacola, Fla), and Wright Field Aero Medical Laboratory (Wright Field, Ohio). Some of the individuals from these laboratories later helped form the Army Chemical Corps Medical Laboratories (Aberdeen Proving Ground, Md), US Army Medical Research and Nutrition Laboratory (Denver, Colo), Quartermaster Army Medical Nutrition Laboratory (Chicago, Ill), and the Quartermaster Climatic Research Laboratory (Natick, Mass), each of which has spawned more recent successor efforts.32 Today, the majority of integrated physiological research that relates to human performance limits are the primary mission of only one laboratory in the federal government: USARIEM (Natick, Mass).36 Other laboratories that include some missions in this area are the US Army Aeromedical Research Laboratory in Fort Rucker, Alabama (biodynamics models) and WRAIR in Forest Glen, Maryland (fatigue and performance models).

Wartime efforts included quick turnaround studies in nutrition, fitness, clothing and protection in hot and cold environments, and respiratory physiology.32 Fatigue on long foot marches and during continuous operations was addressed, with countermeasures ranging from stimulants to nutritional supplements.27,37 Amphetamines were extensively tested for use in military operations,37 and these investigations of neurological factors associated with fatigue and fatigue interventions involving amphetamines provided insights that recent studies with more sophisticated methods confirm and extend. Fueling the soldier has always been an important consideration in sustaining performance. In World War II, the K ration was nutritionally complete, but was not eaten (even by hungry soldiers); thus, it was ineffective.38 Ration studies examined macronutrient composition for optimal performance, exploring the use of high-fat rations and considering the importance of energy balance.39,40 This led to modern studies by the Army to determine that carbohydrates are a preferred source of energy and still form the basis of current approaches to optimal composition of combat rations.41,42 Predictions of the amount of work that an individual could accomplish relative to the caloric intake were developed from underfeeding studies during this era. These studies provided clear evidence of a ceiling effect produced by limited energy intake.39 The Office of The Surgeon General contracted Ancel Keys and his group at the University of Minnesota to conduct the now famous Minnesota Starvation Study.43 Fit young male volunteers for this study lost 24% of their body weight over 24 weeks and were then put on various refeeding regimens to determine the optimal recovery diet for returning prisoners of war and other starving populations. This study was published in two volumes, with the complete data set reutilized for metabolic modeling to this day.44,45

Environmental heat and cold exposures were significant factors in World War II, and extensive efforts to speed acclimation and improve soldier protection were investigated.32 More sophisticated analyses and predictions of those same challenges are being conducted today.46,47 Incorporation of accumulated data into thermal models provided early demonstrations of mathematical model approaches to predictive models for decision aids. This also preserved the key experimental results, even if data were not preserved. Physiological models that combined ambient conditions, clothing, etc, to predict heat strain were developed out of these data, with principles of the heat balance equation presented for the first time.48,49 This provided a basis for current methods that have since been extensively expanded and redefined for biophysical evaluation of clothing, evaluation, and heat strain modeling, as described in Chapter 8. The thermal modeling and biophysical methods developed for assessment of clothing and personal equipment were a World War II success story and represent one of the most advanced military physiological modeling efforts today (Figure 1-7). This success is due, in part, to the close relationship between physiologists and materiel developers of personal protective equipment.
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Fig. 1-7. Biophysical testing models, such as the copper foot, have been highly refined by the US Army for thermal insulating and vapor transmissibility properties of individual clothing. This copper foot at the USARIEM laboratory is being used to test a Norwegian boot.
Photograph: Courtesy of USARIEM, T Rice, Public Affairs Office.



Although there was extensive evidence of health hazards and impaired operator performance in tanks, even in World War I, military systems were traditionally engineered with the operator as an afterthought. The Fort Knox Armored Medical Research Laboratory conducted a large series of tests in tanks to evaluate the risks from heat, impulse noise, toxic gases, and other factors.50–53 These important findings were largely ignored. The problems were repeatedly demonstrated, including one event in which the senior officers attempted to fire 10 rounds from a Sherman tank with the hatches closed. However, they quit the test after firing four rounds because of the oppressive ammonia fumes.54,55 To protect against exposure to heat and engine combustion products, vehicles were generally operated with all hatches open. Years later, systems such as the Bradley Fighting Vehicle were still being developed with an incomplete appreciation for the human occupant and operators. In 1983, the Army Health Hazard Assessment program was instituted to address issues of operator safety and crew survivability starting at the earliest stages of planning of Army vehicles and equipment. This Army regulation drives the requirement for medical input with validated predictive physiological models and damage risk criteria.

Impulse noise was an issue from weapons and tunnel blasts in the Pacific Islands during World War II, addressed by goat studies in caves at Fort Knox (S M Horvath, personal communication, December 1982). This research was later refined with development of shock tubes for controlled blast exposures in a laboratory setting at Fort Knox.56 Research to improve auditory protection with various forms of earplugs was conducted at the Fort Knox Armored Medical Research Laboratory, and other aspects were also considered, including burn risks from firing large weapons.50–52 Today, impulse noise is an issue from new, high-powered weapons systems and has been addressed through an entire research program to protect against auditory and nonauditory effects of our own systems.

As the United States entered World War II, clothing became appreciated for its significant roles in protecting soldier health and enhancing survival. This, and nutrition research efforts, provided the major impetus for the Army’s physiological research and modeling that continues today. In World War I, personal equipment was inadequate and too heavy. It was common practice for soldiers to discard clothing and equipment, because the standard individual load was about two thirds of the typical soldier’s body weight.57 Shoes were not waterproof, and 90% of the men suffered foot problems in the winter of 1917–1918.57 These problems did not prompt much new development, and the US Army entered World War II still unprepared and with substantially the same inadequately designed cold weather uniforms and personal equipment, even for World War I conditions. A much wider range of conditions faced the American soldier in World War II, including, for example, dry heat in the north African desert, moist heat in the South Pacific, cold winters in Italy and western Europe, and damp cold in the Aleutians. In a remarkable move, borne out of wartime necessity, the Army established a multidisciplinary scientific team to deal with clothing issues. The group, modeled on the unique approach to practical problem-solving at the Harvard Fatigue Laboratory, included physicians, physiologists, textile experts, clothing design experts, and meteorologists. This was established as the Quartermaster Climatic Research Laboratory and later as USARIEM and Natick Labs. Much of the basic thermal modeling and studies in the protection against specific hazards were conducted at the Fort Knox Armored Medical Research Laboratory and later at the Pierce Laboratory (New Haven, Conn) at Yale University. This effort to study and predict the interaction of clothing, fatigue, and supplementary substances was guided by the National Research Council.57 Tropical environmental problems were investigated by a team of preventive medicine specialists in the Panama Canal Department. Specialized clothing protection was investigated across multiple laboratories and with new technologies to enhance fire proofing, protection against chemical warfare agents, and even fabric weaves and chemical impregnation to protect against disease-bearing arthropods. Skin diseases, especially in hot climates, were an important cause of disability and lost duty time.57 More than 90,000 cold injuries were reported in US troops during World War II, and much of this was attributable to inadequate supplies and training in their use.57 At the end of the war, detailed anthropometric measures and photographic studies of a statistically derived sample of more than 100,000 male and 8,000 female soldiers were produced for future sizing and other studies.58

Ethical Considerations in Studies of Human Performance Limits

Ethical standards for the conductance of medical research have changed considerably in recent years. Greater awareness of what we do not understand and what constitutes misconduct in research has led to ever-improving human subject protections and regulatory safeguards. This obviously produces new challenges in conducting studies on the limits of healthy human tolerances, especially in the military environment where there is an even greater expectation of protection of healthy young men and women in an autocratic command structure (considered for research purposes as a special vulnerable population).59,60 In a previous era, physiologists often first exposed themselves to new stressors and risks to observe these limits. The famous 40-40-40 Club of researchers at the Harvard Fatigue Laboratory included nude exposure to –40°C, ascent to 40,000-ft altitude, and 40-mile walks in 12 hours to study nutritional balance.32 Military psychologists were among the first researchers to point lasers into their own eyes to acquire data on laser dazzle and performance effects. In the present, more enlightened research environment, safety of human subjects is of paramount importance, and even physiologists are protected in “self-testing” experiments and pilot experiments. This means that laboratory studies on tolerable limits will be stopped within a conservative safety margin of the lowest known or suspected amount of harmful exposures. For example, laboratory heat exposure studies are typically terminated before an individual’s core temperature reaches 40°C, even though 40°C may be maintained with peak marathon running performance for more than 2 hours for some individuals.

There is greater caution today to respect what we may not know about health risks. A study that passed through multiple levels of ethical review more than a decade ago exposed young soldiers to small explosive detonations to determine new auditory protection standards. This was based on graded exposures leading up to temporary threshold shifts in hearing of 25 dB, from which every subject had full and rapid auditory recovery.15 The most severe impairment noted in these subjects occurred in a single individual for whom baseline measures were obtained before he slipped out of his barracks to attend a rock concert; the impairment occurred without any experimental exposure. Nevertheless, it is doubtful that this study protocol would be approved today in light of new concerns (so far without supporting data, but also without assurance of safety) that impulse noise may have subtle effects on the brain, thus affecting mood and cognition. Similarly, studies of jolt and forces acting on the neck and laser eye exposures are carefully safeguarded, with exposures stopping within a conservative safety margin of the lowest known or suspected amount of harmful exposures. Therefore, the challenges of obtaining data for outcomes based on failure or approaching failure (eg, heat injury, hypothermia limits, muscle injury, etc) prevent direct laboratory-based validation of some models.

This means that more studies have to be designed around the discovery of basic principles that predict limits and models that interpolate and extrapolate biomedical data, supplemented by post-hoc observations of adverse outcomes from field data acquired in high-risk training and operations. Access to this kind of unique and interesting extreme of physiological performance in military training and operational missions is another reason that Army physiology has been in the forefront of performance modeling. Modeling existing data can improve efficiency and safety of new studies, thus helping to ensure the highest level of protection for human subjects with better predictions of limits and individual variability, as well as minimizing the suffering and use of laboratory animals.

USES OF PHYSIOLOGICAL MODELS

Physiological models are important for the Army, providing ways to organize bits of knowledge dispersed in journals and among subject matter experts; and to generate testable, verifiable, and, ultimately, validated predictions. These predictions of actual outcomes reduce costs, improve experimental control of conditions, improve safety, and provide rapid and repeatable testing to accelerate research and development and improve military decision-making. Predictive models serve several broad purposes, including the following:


	capture and generalize lessons learned to make these physiological discoveries more useful;

	produce predictions from complicated interactions that cannot be efficiently addressed by test matrices of all the relevant conditions;

	rapidly address new problems from a sophisticated and generalizable model;

	provide real-time sensor data fusion;

	enable virtual prototyping of new equipment or tasks, thus improving efficiency in the exploration of optimized designs; and

	identify key questions for hypothesis-driven research.


Models Help Institutionalize Science-based Policy

Lessons Learned to Prevent Physical Training Injuries

A family of thermal models has been used to ensure safe military training. These efforts originated from heat and cold physiology research in World War II. Computerized thermal strain models have been used by USARIEM to generate easily interpretable heat strain tables that are now widely used. These Army standards have been incorporated into national occupational standards.61 New cold water immersion tables were constructed following the 1995 deaths of Ranger students in moderately cold water conditions in Florida.62,63 These types of predictive models (ie, published table of training limits) are so important to the Army that they have become authoritative statements of policy that commanders are expected to follow. In this instance, physiological models have been used to make available the rules learned from many years of experiments and field data collection to improve safety Army-wide.

It is far more difficult to manage risks and enforce safety policies in the absence of validated models. For example, the Army has always contended with musculoskeletal injuries from excessive physical training and with fatigue-related mishaps resulting from inadequate restorative sleep. Even after decades of research to understand the predictive factors and appropriate interventions to reduce these, the rules learned about training injuries and fatigue21,64 are only poorly imparted to new leaders. The solution to making this accumulated knowledge useful beyond a small group of subject matter experts in the Department of Defense (DoD) is to produce validated predictive models that can be queried when needed. New models of fatigue and performance are now being developed,65 and the effort is reviewed in Chapter 3 of this volume.

The Training, Overuse Injury, and Performance model will help to institutionalize knowledge about physical training injury prevention.20 Using extensive data sets on physical training injuries and expanding the qualitative rules summarized in TB MED 592 on prevention of physical training injuries, this model highlights the “cross-over point” wherein increased daily running mileage results in high injury rates and diminished training benefits.66 One use of this overuse injury model is to help instructors plan recruit training schedules. Another application is to guide scientists to areas wherein work is needed to close gaps in our predictive capabilities. Model inputs include training regimen, characteristics of the individual(s), and physical training “dose” (biomechanical and physiological loadings). Model outputs predict performance enhancement, fatigue, and injury. The first version of this model for physical training and injury (Training, Overuse Injury, and Performance 1.0), which undergoes revisions as new data come available, reuses data from several large Army and Navy data sets from studies of metabolic responses of muscle and bone to create predictions about group outcomes.20 A future iteration will attempt to refine the contributing factors to improve the accuracy of outcome predictions for individuals, not just groups.

Complexity Drives the Need for Models

Biomechanics of the Shoulder and Neck

Test and evaluation of every new product or strategy, of every new dietary supplement or technology, or of every combination of stressors encountered during deployment are simply impossible. More importantly, simple tests are usually not adequate for answering truly complex questions, and conclusions are not readily transferable to the next variation of the problem. Predictive models that grow with each new set of conditions or understanding of the underpinning physiological relationships should increasingly diminish the need and enhance the efficiency of costly and time-consuming testing. The Army maintains research capabilities to develop risk assessment tools that can then be handed off to users to conduct their own risk assessments (Figure 1-8). These tools continuously improve the ability of materiel developers to conduct virtual prototyping; the US Army Public Health Command and others to conduct health hazards and survivability assessments; and commanders and planners to implement safe and effective training, doctrine, and soldier management policies to optimize performance and readiness. The same laboratories may also use their capabilities to conduct expedient tests for an urgently needed piece of equipment or strategy.

For example, a new “bunker buster” armament for soldiers operating in urban terrain in Southwest Asia could not be fired by human testers because it exceeded an existing standard for permissible human exposure. The recoil force to the shoulder exceeded 70 ft-lbs, an old testing standard of uncertain derivation. The system had to be redesigned to reduce the recoil, causing delays in system fielding. New data were needed to provide quick field guidance on how this system should be used, particularly given the limited knowledge of actual human tolerances to firing this system by individuals of various sizes and strength, singly and repeatedly, and in various positions (eg, prone or standing). However, rather than embark on a major new effort to study and model the complex articulation of the shoulder and understand how recoil forces act on it, a single empirical study by USARIEM measured indicators of performance degradation and injury with repeated firing by soldiers.66 The study included detailed assessment of injury, including magnetic resonance imaging of the shoulder, measures of edema, subjective assessments of soreness, biochemical markers of tissue damage, and markers of performance degradation (eg, changes in marksmanship accuracy). This test clearly demonstrated that the existing standard was conservative for these conditions; however, it could not address all of the important questions relevant to field use, such as health risks associated with firing position, repeated firings and fatigue, out-of-position firing, etc. This is an example of how core expertise in Army laboratories can be used to rapidly address a problem, but avoid the misstep of embarking on a major modeling effort for a relatively specialized problem in a resource-constrained environment.

In contrast to this expedient evaluation of shoulder recoil standards, a major modeling effort focused on understanding the forces placed on the human neck has been under way for more than a decade. Neck-related issues have become more important to the Army because of the increasing participation of women (with thinner and weaker necks, compared with most men) and because of the trend to add more technologies to head-supported equipment (eg, heads-up helmet displays, night vision goggles). DoD and the National Highway Traffic Safety Administration have evolved predictive models of both mannequin and human neck responses to external forces acting on the head.9,67,68 Previous design criteria for head-worn devices have been estimated from what was tolerated by the typical young male, and not what was actually safe and tolerable for extended periods or what could be tolerated by the neck of an average female.69 Injury risks have been related to dimensions and strength of the neck (eg, “giraffe necks” vs “bull necks”), but little is known about actual neck and spine damage that may be caused by single or accumulated jolts in vehicles running over rough terrain or from the shock of a parachute opening. Few neck-conditioning studies involving healthy individuals have been conducted,70 in part because of the concern for the potential neck injury risk associated with neck strength-conditioning studies. Until new validated neck models are available, the neck will continue to be treated very conservatively. For example, neck stabilization is part of the standard of care for casualties who have received a helmet strike or penetrating head wound. This is apparently driven by caution, rather than based on any data that neck injury can actually occur as a result of the forces imparted by a bullet to the head in a survivable injury. Ultimately, the neck model needed by the DoD will assess muscle fatigue, degraded human performance (eg, head tracking), and risk of injury for various forces applied to the head with and without various masses.
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Fig. 1-8. Three examples of Army applications of medical research models that contribute to the safety of systems and better protection of teams and individuals. The blast injury model was developed for the Health Hazard Assessment process to determine safety of new high-powered weapons systems for the human operators. No such standards exist in the civilian community, but this model has found broad applications, including safety assessment of air bags in vehicles. The Toxic Gas Assessment Software (TGAS) model was developed for the Soldier Survivability Program to optimize military vehicle design and protection systems to protect crews against the effects of combinations of toxic fire gases. The Body Armor Blunt Trauma Assessment (BABTA) Injury Prediction model has been developed for the materiel developers of personal protective equipment (PPE) to improve the accuracy of the assessment of body armor effectiveness, permitting tradeoffs in flexibility and mass not previously possible.
CFD: computational fluid dynamics; FEM: finite element modeling.
Photographs: Courtesy of Michael J Leggieri, Jr, DoD Blast Injury Research Program.




Models Provide Rapid Solutions to New Needs

Problem Solving for Issues of Thermal Strain

Validated research models can rapidly generate answers to questions from commanders, materiel developers, or preventive medicine specialists. Usually, problems identified from the field demand immediate answers. The research response to write a research protocol and conduct some studies is not a satisfactory answer. The ability to respond in a timely manner comes from existing Army research programs in areas corresponding to critical physiological threats. For example, many of the practical decision support tools needed in the field can be rapidly generated from a primary research model. Many different types of applications have been produced on short notice using the research models for thermal strain prediction at USARIEM. The Ranger Training Brigade needed guidance for safe heat exposures during their standard distance runs and road marches. A simple slide rule was promptly generated from the heat strain decision aid model to provide run time limits for various ambient conditions. This quick turnaround application benefited from years of thermal physiology studies and modeling. Another problem, hyponatremia, emerged in recent years, leading to an assessment of maximum limits of water that should be prescribed for various heat, clothing, and workloads to prevent overhydration without incurring an increase in heat injury in susceptible individuals. The adequacy of the new guidance predicted from USARIEM heat models was tested in field studies at Army training sites to confirm the validity of the model predictions.71

Rapid applications from Army thermal models included the development of a cooling strategy for soldiers operating in high-mobility multipurpose wheeled vehicles (or “Humvees”) in Iraq in the summertime. USARIEM models were used to predict thermal comfort and survivability in various cabin heat conditions, and estimates of the required cooling power to favorably shift these conditions within the constraints of the amount of cooling that could be practically achieved in these vehicles operating in high radiant heat conditions.72 This information was used by the equipment developers at Natick Soldier Center (Natick, Mass) to modify a lightweight, water-cooled vest (or the Air Warrior Microclimate Cooling Garment) with rapid release for individual occupants in a vehicle. The Tank and Automotive Command used this design to produce a simple refit air conditioning system that would provide cooling to four occupants per vehicle. In 2004, this system was deployed in 5,000 high-mobility multipurpose wheeled vehicles in Iraq and proved to be a useful enhancement to soldier effectiveness. This project earned a Research and Development Collaboration Award in 2005 as an example of seamless interaction between biomedical research and materiel developers, and the systems went into widespread use. Other examples of successful quick response model applications are provided in Chapter 2.

Better Models Reduce Restrictions on Materiel Design Options

Impulse Noise and Laser Eye Exposure Standards

Development of new standards with a scientific basis almost always produces less conservative restrictions on materiel developers, because actual tolerance is refined from necessarily conservative initial limits. This should make easy friends between physiology modelers and materiel developers.73 For example, new, high-powered weapons systems could not be fielded by the Army without impractical limitations to their use (eg, howitzers that must be fired with a 1,000-ft lanyard) until new studies produced data, criteria, and a test methodology for the evaluation of operator risks to nonauditory impulse noise (blast overpressure) injury (see Chapter 10 in this volume). In the absence of criteria for blast overpressure injury, an existing standard (MIL-STD 1474D) designed for acoustic hazards had been adopted. Through data collection and modeling effort, this acoustic standard was shown to be orders of magnitude more restrictive than a scientifically based model for nonauditory blast effects. Risks to hearing were also found to be overly conservative by at least an order of magnitude, based on controlled human blast exposures.15 A similar phenomenon occurred with laser eye exposure thresholds when new research by the Army demonstrated constant motion of a nonanesthetized eye, even with a concerted effort to focus on a point.6 This led to an order of magnitude increase in safe permissible exposure limits (ANSI Z136.1-2000) in the design and use of field range-finding devices and other Army laser applications.6 Obviously, the reverse situation, with discovery of an unexpected hazard that produces new restrictions on materiel options, would be best made through a scientifically valid and relevant modeling effort and as early as possible in the development of a new system. Some modern technologies, such as directed energy (electromagnetic radiation and laser), pose new and very specific threats. Nevertheless, a basic scientific understanding of these technologies exists because of prior research, and the Army is positioned to avoid technological surprise. As an example, the effects of a new radiofrequency radiation weapon can be generally predicted from estimating energy deposition and heating in various tissues in the body.14 Relatively few nonthermal bioeffects have been discovered over several decades of Army research in this area.74 Thus, technical issues and potential threats are typically not completely new or surprising, and additional research can be quickly focused on any gaps in the existing knowledge base and models.

COMPUTATIONAL BIOLOGY

All Models Are Wrong, But Some Models Are Useful

Models are only approximations of the behavior of complex natural systems; but, despite the simplifying assumptions, they can be useful instruments if they provide a clear predictive advantage. A model will be more useful if it includes some estimate of the accuracy of the predictions. For example, a sleep and performance model is not particularly useful to a commander if it only highlights well-known associations between inadequate sleep and decreasing mental performance. Modeling must go far beyond statistical associations and use some of the modern techniques available, such as support vector machines.75 Stochastic modeling and related approaches help to provide error estimates or probabilities associated with a prediction.76,77 Both inter- and intraindividual variabilities need to be determined to provide estimates of the repeatability of the prediction and variation between individuals.78 It will be even better if it has “learned its soldier” in a cybernetic type of individual process. Without baseline testing and individual response patterns, some predictions are of little value. Essentially all of the Army’s current physiological models are based on group means; individual predictions are a future objective. For most outcomes, rate of change within individuals will be more predictive than group means and thresholds of change; this is a fundamental concept in systems biology and in new approaches to personalized medicine. Neuropsychological testing to predict mental readiness status is an example in which individual values provide information about change from an individual’s usual performance in a much more helpful assessment than the information gained from comparison of a single assessment to group means.79 Like physical fitness testing, the normal range is very wide, and thresholds of success are somewhat arbitrary. However, a dramatic change in individual performance on either physical or mental tests may indicate important changes in the individual’s readiness status.

Other important examples of criterion selection include physical task performance. Selection for military occupations using a model that predicts strength capacity is grossly inadequate if strength is only one aspect of job performance, or if it is a unique requirement for task performance that can be accomplished through several strategies. Use of strength testing as the key determinant of suitability for certain Army jobs would predictably exclude most female soldiers from the job and would not identify individuals particularly suited to the tasks. Two decades of research on military occupational specialty job classifications by physical capabilities have concluded that the predictive criteria were wrong, or are certainly not valid today with improvements in task and equipment design, and strength is only one of many factors that play into job performance and safety.80,81 In this book, the chapter on load carriage highlights the correlation between certain types of strength and successful load carriage performance; successful performance also includes not being injured during performance of the task.

Criterion Measures and Militarily Relevant Endpoints

Fatigue and Performance Models

A critical element of a model is the criterion measure or outcome against which it is developed. This determines a great deal about its validity and relevance in a particular application. Desired predictive endpoints of militarily relevant performance may not map easily to laboratory measures or even the outcomes that can be easily measured in the field. This is a special problem today for military performance research focused on domains of physical and mental capabilities. One difficulty in performance research is that the determinants of success on the battlefield also include unpredictable or intangible factors, such as coincidence and bravery.

Although psychomotor vigilance testing is the most reliable single laboratory measure that is exquisitely associated with sleep deprivation and sleep latency,82 what this means is the prediction of mission success in a military operation is uncertain. This test can be cautiously generalized to military performance involving sustained concentration and appears to be a reasonable surrogate laboratory measure for high-order functioning. However, it would not be appropriate for the prediction of other domains, such as mood and motivation or marksmanship performance. Sleepy soldiers can continue to march effectively even if they score poorly on the Psychomotor Vigilance Test.83 A research volunteer can rally long enough to do well on a test even when significantly fatigued, just as a soldier hearing a bullet pass his ear has a burst of adrenaline-stimulated alertness that does not reflect the probability of lapses in attention that might actually be better represented by the Psychomotor Vigilance Test or tests of sleep latency. In evaluation of the countermeasures to fatigue, delaying onset of sleep, high-dose caffeine, amphetamine, and modafinil all effectively sustain Psychomotor Vigilance Test performance while delaying sleep.84 However, with increasing sleep restriction, there is also increasing impairment of some potentially important capabilities that are not reversed by stimulants, such as interpretation of nonverbal communication and complex emotions.85 The countermeasures themselves can have effects on other aspects of higher cognitive function, including moral reasoning and humor appreciation and sleep recovery,86 demonstrating the limitations of a performance model based on one key test outcome.

Mission failure outcomes may be a very different model and potentially less useful and generalizable. In sleep and performance modeling, occupational injuries have been modeled with respect to shifting work cycles. The likely outcome is a complex mix of time-of-day issues involving more than the human operator’s state, but also changes in staffing, changed room lighting, and other human factors that also contribute to injuries. The result is a model that is not generalizable to anything except a prediction of injuries by time of day for the circumstances in which it was developed. Thus, it might be appealing to use fatigue models to predict accident rates instead of the intended performance status of the individual. However, this is not a logical extension of the model that has been developed, and a model based on accident rate outcomes has human performance as only one component of the prediction.65

Generalizability and Applicability

Body-Fat Standards/Personal Readiness Standards

The right endpoint measurement is not necessarily going to be the most sophisticated and accurate measurement obtainable. In an example using body-fat standards, techniques to predict a gold standard chemical model of the body do not provide the predictive value of an abdominal girth measurement technique obtained with a 50-cent tape measure. This is because it is specifically abdominal fat, not total body-fat assessment that best serves the intent of the Army’s Weight Control Program. When the DoD was directed in 1980 to establish new standards to enhance fitness and prevent obesity, a new, practical prediction of body fat needed to be established.87 The interim method using four skinfold thicknesses was difficult to implement because of observer training demands.88,89 The previous standard based on weight-for-height standards described body size, but could not distinguish highly desirable big and lean (strong) recruits from undesirable big and fat recruits.90 New guidelines called for an objective assessment of body fat to prevent obesity and improve military readiness, including improved physical fitness, military appearance, and health.28 The 1980 expert panel recognized that abdominal girth was not only the most important predictor of excess fat, but also a highly suitable metric for the intended application of driving fitness habits (marker of overnutrition and underexercise), ensuring military appearance (potbellies are a main affront to military bearing), and reducing health risks (abdominal fat was already recognized as being key to obesity-related health consequences). The circumference equations developed by the DoD have been repeatedly validated across different populations using sophisticated three- and four-compartment models (Figure 1-9). The standard error of the estimate against these criterion measures is consistently around 3% body fat; the reproducibility of the method is 1%; and the biological variability with normal ranges of hydrational changes, genetically determined fat deposition, etc, is at least several percentages of body fat. Thus, the criterion measure “calibrates” an abdominal measurement to body fat. Sophisticated methods of total body-fat estimation are less useful, accurately including fat located in genetically determined sites (eg, subcutaneous distribution to arms, back, and thighs) and locations that are less susceptible to environmental control (ie, exercise and nutrition). This was illustrated by a body composition study involving career male soldiers at the US Army Sergeants Major Academy (Fort Bliss, Tex). Comparison of body fat estimated by the abdominal circumference-based equation to dual-energy X-ray absorptiometry (a three-compartment model method) demonstrated a good correspondence up to the upper limit of acceptable male body fat and then plateaued to higher levels of dual-energy X-ray absorptiometry body fat, with nobody exceeding the Army standard by the circumference method.28 This demonstrated the effect of environmental factors (eg, exercise and nutrition habits) on maintaining an abdominal fat “standard,” even as age, genetics, and other less-controllable factors may produce changes in total body fat more accurately detected by sophisticated methods. This is an example in which relevance of the endpoint measurement (abdominal girth) is more important than accuracy of the originally targeted endpoint (precise total body fat).
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Fig. 1-9. Body fat prediction algorithms in the 1990s for women in the services ranged from too simplistic (Air Force) to overly fitted (Army) models before the DoD adopted a single most appropriate model developed by Dr James Hodgdon at the Naval Health Research Center. Each of the four military services had developed circumference-based body-fat predictive models after a 1980 report on fitness in the military services concluded that the post-Vietnam military needed new focus on overnutrition and underexercise, and lauded the US Marine Corps’ first use of circumference-based body-fat estimates to enforce body-fat limits.



Maturity of a Model—Testing in Realistic Environments

Technology Readiness Levels

The National Aeronautics and Space Administration (NASA) developed a rating scheme to categorize the level of research maturity known as technology readiness levels (TRLs). This came about because too many incompletely formed ideas were leaving the bench for actual use or advanced testing, with consequent problems and cost overruns when they did not meet expectations. TRLs have been adopted in Army research management. The modeling equivalents in the Army acquisition system are shown in Table 1-2. This is an important metric to apply to physiological models, because there are many commercial products dependent on models that have not been validated, wherein valid models have been misapplied and the models do not provide meaningful advantages. There is no trusted authority with a US Food and Drug Administration–like function to regulate the commercialization of a physiological model that is not used for a medical decision (eg, sports watches that provide training heart rates, calorimeter/pedometers, body-fat measurement devices, fatigue and performance actigraphs and planning tools). Even for the Army, physiological models can easily find their way into major Army models and systems without any rigorous authentication.


TABLE 1-2

TECHNOLOGY READINESS LEVELS AND PHYSIOLOGICAL MODELING ANALOGS



	Level
	NASA Definition—Status of Research
	Physiological Modeling Equivalent



	3
	Analytical and laboratory studies to determine and test separate elements of a technology

	Qualitative relationships—conceptual exploration of qualitative factors important to a predictive model




	4
	“Low-fidelity” integration of components in the laboratory

	Semiquantitative relationships—laboratory identification of rough quantitative relationships contributing to a physiological outcome




	5
	“High-fidelity” breadboard laboratory integration and testing in simulated environments

	Quantitative relationships—mathematical and  computer-working predictive model, version 1.0




	6
	“High-fidelity” testing in a relevant laboratory or simulated operational environment

	Expansion and generalized testing model predictions against relevant human or surrogate data; peer review validation




	7
	Demonstration of an actual prototype in an operational environment

	Testing model predictions in operational  environment (actual use by intended operators); special panel review, ANSI, etc, field testing/experiment




	8
	Technology has been proven to work in final form and under expected conditions

	Customer is using the model predictions with clear advantages to use




	9
	Product in use under mission conditions

	Valid model has been institutionalized as the approved prediction model





ANSI: American National Standards Institute
NASA: National Aeronautics and Space Administration

 

The usefulness of TRLs can be illustrated in the development of soldier physiological status monitoring (PSM) systems. The original PSM concept developed in 1995 by Fred Hegge was intended to take information from noninvasive wearable sensors, conduct local sensor signal processing, connect to an executive processing unit on the soldier, and be transmitted to commanders or medics. This diagrammed concept is referred to as a TRL3—“still in the concept stage, without actually testing and prototypes.” Studies with actigraphs to describe recent sleep history and models to associate this with laboratory performance predictions might score as a TRL4—“prototype testing.” A TRL5 consisted of combining sensors (eg, actigraphy, core body temperature pills, and in-the-boot foot strike prototype monitors) to provide analyses of various fatigue and performance, thermal load and heat strain, and locomotory energy costs from a Norwegian Ranger training run that took place in 1997. The hardware system itself—that proved technically challenging in these field conditions because of broken wires, improper synchronization of data, and computer download failures—was a premature test of a system in a realistic field environment. A subsequent test in a concept exploration program used more refined systems with a squad of infantry soldiers operating in hot conditions at Fort Benning.91 This test demonstrated other issues, such as sensor cross-talk between individuals. Another study with data collection from multiple sensors over 10 days on a squad of Marine officers in training highlighted other developmental gaps with data streaming and data storage protocols.92 Individual physiological models continued to be developed in the laboratory (TRL6), and a new Army Technology Objective pursued an integrated and field-hardened hardware solution with soldier wearability testing (TRL6). At the end of the 30-month Army Technology Objective, a hardware system had been tested in limited field conditions, resolving frequency interference and other issues. Heat models using simplified and better predictive algorithms had been tested for retroactive identification of heat strain occurrences in actual soldier field data.93,94 TRL7 has not been achieved for physiological monitoring systems and the predictive algorithms that make them useful. TRL7 requires a considerable investment and renewed focus on the prediction of specific outcomes. This current rating should clearly indicate that physiological monitoring is not ready for use on soldiers in an operational environment.79,95 TRLs can be applied to the individual components, including hardware and models, as well as to the maturity of an overall system.

DATA MINING

Sociological Barriers to Data Sharing

It is a significant tragedy of the modern era that, within the relatively small circle of physiologists, data have not been routinely saved and distributed in useful forms that could be reutilized. This is especially important for data from studies that cannot be repeated because of the scope, cost, or unique opportunity. At last, both the sociological and technological barriers to data sharing are crumbling. Technological advances in information management are also making it easier to store and share data sets. Some journals, funding organizations, and regulatory agencies are beginning to require archiving of original data with access to others for examination and further analysis to protect against misinterpretation and fraud. Recognizing the importance of data sharing, the National Institutes of Health (NIH) have mandated the development of data-sharing plans in every major grant proposal. Recent policies on data sharing and guidelines for their implementation have been issued for all grant recipients:


NIH reaffirms its support for the concept of data sharing. We believe that data sharing is essential for expedited translation of research results into knowledge, products, and procedures designed to improve human health. The NIH endorses the sharing of final research data to serve these and other important scientific goals. The NIH expects and supports the timely release and sharing of final research data from NIH-supported studies for use by other researchers.96



NIH has further defined the “timely release and sharing” of data to be no later than the acceptance for publication of the main findings from the final data set. Whereas initial investigators are expected to reap the “first and continuing” benefits of their data, there is no provision for “prolonged and exclusive use.” There are many reasons given for not sharing data, but the culture has changed, and these reasons are no longer acceptable (see Table 1-3).97


TABLE 1-3

SOCIOLOGICAL BARRIERS TO DATA SHARING



	Common Reasons for Not Sharing Data
	The New Reality



	It’s my data! I conceived the study and conducted the experiments.

	Data reutilization is important to experimental efficiency, preventing unnecessary experiments and reducing costs and risks. It is government data if it was collected by an Army employee as part of his/her official duties.




	I have not finished analyzing the data, and I still have more papers to publish.

	Once the main papers are published, promptly sharing the data facilitates new research and should still bring credit to the original investigators and their subsequent papers.




	Nobody else knows how to interpret these data properly.

	An important challenge to making data available and useful is the adequate description of the relevant experimental conditions and variables. Journals and funding agencies are increasingly requesting fully documented data sets.




	It is unethical to share the information for an analysis that was not described in the protocol approved by the Human Use Committee.

	Data sets can be properly de-identified to protect the privacy of research volunteers and may have great value in analysis beyond the original hypothesis. This has been pioneered by federal agencies, such as the National Center for Health Statistics.




	I’m afraid someone reanalyzing my data will come up with a different interpretation.

	Testing new and alternative hypotheses is a cornerstone of science. It is important to encourage alternate interpretations and opinions.




	Data yielded negative results and are of no use to anyone.

	Well-designed, but negative, results are important to share, because the tendency to bury this data biases science. Making data available for an alternate use, including meta-analysis, may help salvage value from the study.




	I cannot trust or understand data produced in another laboratory.

	Sharing data sets is a good way to discover and resolve methodological differences.




	It is a lot of work to assemble the data and information on the relevant conditions, protocol, etc, to help someone else.

	The trend of using electronic laboratory notebooks,  archiving protocols and data sets, and utilizing distributed computing technologies to enhance data sharing is making this easier.





Data source: Koslow SH. Should the neuroscience community make a paradigm shift to sharing primary data? Nature Neurosci. 2000;3:863–865.

Preserving and Distributing Data Sets

One classic experiment demonstrates how DoD-sponsored data have been effectively shared in the past. The Minnesota Starvation Study, highlighted earlier in this chapter, is famous not only because of the public attention elicited at the time the study occurred in 1945, but also because data were made available and have been repeatedly reused in metabolic studies (Figure 1-10).43 Recently, these old data sets helped to (a) design and interpret studies of the health and performance effects of undernutrition in Ranger students,39,98 (b) test coefficients in a metabolic model,39,99 and (c) establish a new model of body composition balance.45 These data sets were successfully shared in a precomputer era through a simple but elegant two-volume book set that clearly described the experiments and presented individual qualified data in a series of tables.43 The report also interpreted the data, along with a comprehensive review of the rare literature, up to the time of the study. This form of data sharing (ie, publication of tables) worked well for a relatively small data set. The difference between science now and then is the amount of data that can be collected that may all be relevant to the production of a high-quality predictive model. It has been pointed out that the Human Genome Project could not have been undertaken if that massive amount of data on base pairs was to be published as a textbook.100
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Fig. 1-10. (a) Ancel Keys in his laboratory at the University of Minnesota, where he and colleagues conducted the famous Minnesota Starvation Study for the Office of The Surgeon General in 1945. (b) Fit young men participating in this study lost 24% of their body weight over 24 weeks through energy restriction and were randomized to controlled refeeding regimens to determine how to best refeed returning prisoners of war and starving civilian populations. (c, d) Extensive physiological testing and psychological testing were conducted that produced a published data set that is still used to test new hypotheses and models today.
Photographs: Reproduced with permission from Keys A, Brozek J, Henschel A, Mickelsen O, Taylor HL. The Biology of Human Starvation. Minneapolis, Minn: University of Minnesota Press; 1950.




Publication of raw data is not well tolerated by modern journals. Consequently, collateral archives may not suffice for the complicated forms of data produced in modern studies. Data must be properly qualified and stored in a form that is accessible and useful to all. The Army has explored various computer routines to automatically process and store data in useful and retrievable forms.17,94,101 Jaycor, Inc (San Diego, Calif) has experimented with data preservation that includes experimental context so that future investigators can access a data set with complete experimental context, methodology, and individual or summary data without having to go back to the original investigators. In one such important preservation effort, all of the important Army-funded blast data sets from more than a decade of animal and human experiments have been stored in a relational database that handles multiple formats.17 This physiological data preservation effort has been extended to some other large Army data sets, such as a USARIEM boot biomechanics study. A recent effort retrieved and reutilized large epidemiological injury data sets from Army and Navy studies to develop a first prototype injury and fitness prediction model (Training, Overuse Injury, and Performance 1.0).20

Data sets have been developed for general purpose use and posted on the Internet. The National Center for Health Statistics conducts broad data collection efforts in national studies, such as the National Health and Nutrition Examination Survey, even though there is careful consideration regarding the types of hypotheses that will be addressed by data collection. These data are specifically intended to be shared with other researchers, and the de-identified data are publicly released as soon as they have been used to address key hypotheses advanced by various sponsoring agencies. The de-identification process has been carefully designed to ensure protection of volunteers. For example, unique characteristics, such as advanced age that might inadvertently single out an individual, are collapsed into larger categories. Similar protections against deductive disclosure of participant data in active duty military databases might include collapsing high ranks, such as general officers, years of service, older age, and other lower frequency characteristics.

Data enclaves are restricted data sets not openly shared beyond a group of investigators that agree to certain terms of data use. Recent NIH guidelines for implementation of data-sharing policies specify that data “should be made as widely and freely available as possible while safeguarding the privacy of participants, and protecting confidential and proprietary data.” Data enclaves protect sharing of sensitive or proprietary information.102 Military epidemiological data sets—such as the longitudinal Millenium Cohort Study (the military “Framingham” study),103 the biennial survey of health behaviors in the DoD,104 the Total Army Injury and Health Outcomes Database,105 and the registry of Gulf War veterans106,107—are examples of data enclaves established to protect sensitive patient information protected by Health Insurance Portability and Accountability Act (HIPAA) regulations. A repository of DNA samples from research volunteers participating in various physical and environmental experiments, along with their phenotypic data, was established to study gene polymorphisms of interest.108 This Environmental Medicine Genome Bank is an example of a potent capability for health modeling.109,110 The Wound Data and Munitions Effectiveness Team database, representing comprehensive data on US military casualties in Vietnam between 1965 and 1967, has been coded and placed in an electronic format that can be queried.111 Casualties from Iraq and Afghanistan are being summarized in the Joint Theater Trauma Registry database to provide important information on current practices and problems.112,113 Like the Wound Data and Munitions Effectiveness Team, these data are also being combined with incident data for future analyses and modeling of protective equipment failures and monitoring of the effectiveness of improved safety equipment in the new Joint Trauma Analysis and Prevention of Injury in Combat program. Access to these data may require a simple data use agreement or involve extensive protocol development and approval, as well as appropriate security clearances.

The concept of a system of information analysis centers (IACs) has been explored by the DoD, recognizing the need for a “smart archive” and analytical cell within specialty areas.114 The execution of this concept has had mixed success, with only a few centers serving their science communities well. The Defense Technical Information Center (DTIC) is the recognized archive for reports of all kinds from data collected under the auspices of the DoD, as well as related information, especially in technical reports from other countries. Many of the technical reports in DTIC are also made available outside of the DoD through the Commerce Department systems, such as the National Technical Information System. The IAC concept was intended to fall under the DTIC in various relevant configurations related to specialty areas. For example, IACs with relevance to physiological problem-solving included the Human Systems IAC, Chemical and Biological IAC, Modeling and Simulation IAC, and Survivability IAC. From the standpoint of physiological modeling, only the Survivability IAC (SURVIAC) has become specialized in data archiving, modeling support, or new syntheses of information.


Information Technology Solutions for Managing Massive Amounts of Data

Although physiological modeling still suffers from the relative paucity of data, remote physiological data monitoring and other new data collection systems will soon change this into a glut of raw data. It is likely that, in future deployments beyond the Iraq War, soldiers will be intensively monitored, and a vast amount of physiological data—along with contextual information regarding ambient conditions, equipment, and outcomes—will be harvested and available for modeling. This is actually a congressional mandate, following on the experience of the first Gulf War and the challenges associated with diagnosing illnesses from subjective medical symptoms and a dearth of location, treatment, and environmental exposure data for individuals. Gulf War illness issues have propelled the development of an effective and seamless electronic health record system between the Department of Veterans Affairs (VA) and DoD, as well as significant efforts to acquire and record individual deployment exposure data.

The need to save physiological data was clearly noted by Frederick Hegge, an Army psychologist concerned with developing metrics of cognitive function to assess performance status of soldiers in elaborate models and simulations. As the Director of the Military Operational Medicine research program, Hegge set out to recruit retiring senior scientists to gather and summarize existing data in their own areas of specialization so that they could be modeled by future researchers. Hegge was particularly frustrated by the lack of reutilization of important data sets, including the loss of virtually all information gathered in the P2NBC2 (Physiological and Psychological Effects of the Nuclear/Biological and Chemical Environment on Systems and Sustained Operations) studies, over which he had presided during the 1970–1980 time frame. This was an important human performance database developed in response to concerns about performance degradation with use of nerve agent protective equipment and prophylactic drugs.

To demonstrate his concept, Hegge helped to develop an approach using fuzzy logic and a breast cancer research data repository in the Defense Women’s Health Research Program. This breast cancer decision assist system was designed to provide answers to users who typed queries into a terminal.115 It provided the most up-to-date answer about the disease. The Army Medical Knowledge Engineering System was developed as a Java-based system with a back-end database, the software that accesses the database, and the connecting network server. The database was the heart of the system, requiring a one-time-only entry of new peer-reviewed study information that formed qualified “knowledge nuggets” or generic encapsulated knowledge objects.115 As the database grew, the information became increasingly accurate and more precise. Because of its broad applications, this project was recognized with a Smithsonian-Computerworld Innovation Award and accepted into the Smithsonian Institution’s permanent research collection of information technology.

Meta-analytical techniques provide a useful approach to deriving new knowledge from the summary results of separate studies, but there is greater power in analyzing all of the available data, including the individual data points from each study. The challenge is to access the complete data. This was illustrated in a project conducted for the Army’s stress fracture research program. A vigorous attempt to obtain the original data from a large number of qualified data sets yielded only 25% of the data.116,117 Even prospective attempts to preserve important data sets by collecting data from multiple experiments into single data sets have often proven to be monumental wastes of resources, with unmanageable data sets that could be analyzed by nobody. Oracle-based databases at the Institute of Environmental Stress (Santa Barbara, Calif) and at USARIEM were established to “blend” key data fields that were common in physiological studies at each of these organizations; both of these efforts failed to produce more than some large sample descriptive data.118 Typically, the formal harvesting of data variables from very different studies has been a huge labor cost with little return. These data sets were not collected with a single hypothesis or goal in mind, and there is difficulty in matching even the same measurements collected in very different circumstances and for different purposes. New technologies for semantic interpretation using fuzzy logic and other artificial intelligence tools will eventually resolve these problems and make data reutilization an efficient and simple process.

New information management technologies will now make it possible to access the data from multiple studies without imposing additional demands on the investigator (eg, to reformat data, and to explain analytical methods and conditions of the studies).119,120 This global grid approach to combining data into more powerful data sets will provide unprecedented efficiency and greatly enhance biological modeling. This has already been demonstrated in the neurosciences through the Biomedical Informatics Research Network, which uses the tools of grid networking, distributed computing, and “database federation.”100 The software that will make this a useful tool to physiological modelers is rapidly developing for the discovery and pooling of computational resources (eg, Globus, Condor-G, MPI, and Pegasus), as well as for the “middleware” that will integrate resources, applications, and security to simplify access for the user.121 The future of military medicine depends on an efficient electronic medical record. Aggregation of electronic medical record data for hundreds and thousands of records in a “research data cube” will permit new healthcare modeling and outcomes research that should improve the quality of care and attenuate soaring medical costs. Creation of the data cube and future applications through grid technologies is a formidable challenge, considering the current problems in interoperability between DoD and the VA electronic databases for even seemingly simple issues. A major project following the first Gulf War failed in the attempt to efficiently combine the VA and DoD Gulf War illnesses data registries because of insurmountable differences in disease coding and other issues of comparability, including the way in which data were originally recorded.122 Major technological advances in the past decade now put a new era of healthcare modeling within reach.

TRANSITIONING PREDICTIVE MODELS TO USE

Spiral Development

Data Fusion to Provide Real-Time Decision Support

Models developed for soldier performance limits have to be developed in an iterative process, wherein a first “best-available” version is constructed and utilized on a limited basis. This may be used in parallel with an existing standard for health hazards assessment to gain confidence in the validity of the model or to further refine the model. This is how the INJURY (blast overpressure) model was developed, with bioengineering modelers at Jaycor, Inc, using a developing model to make predictions that could be evaluated in subsequent animal experiments at the Army’s blast test site in Albuquerque, New Mexico (now closed). Evolving models were similarly used to construct new experiments to examine the role of ventilation on exposure rates for various inhalation threats from “fire gases.”35 The iterative process may also be used to collect data (not available in real time) in actual field conditions to enhance the range of predictions to include actual limits of soldier performance that are not ethically or practically achievable in laboratory experiments. Physiological status monitoring is an example of this iterative process of collecting real field data with prototype sensor sets.

The current version of a prototype soldier-wearable physiological monitoring ensemble was developed in a 3-year effort at USARIEM (the PSM concept was retitled Warfighter Physiological Status Monitor [WPSM], to distinguish the DoD effort from a plethora of emerging commercial efforts), and perfectly reflects the process of spiral development of models and the systems on which the models operate. Originally just science fiction as a concept in Heinlein’s Starship Troopers, this took hold as a feasible concept after Hegge brought together the key ingredients of computational biology, sensor technology, and the Infantry School’s Dismounted Battlelabs. Simple physiological telemetry had been contemplated as a live-dead detector,123,124 but Hegge introduced the concept of sensor data fusion (Hegge FW, collected briefings and summaries, unpublished data, 1997). The performance of a medic (or a leader) is not likely to be assisted, but more likely seriously degraded by the flow of raw heart rate data on a unit of instrumented soldiers. On the other hand, a medic’s performance in detecting and aiding casualties, or even preventing impending environmental injuries, could be greatly enhanced by decision-assisted tools that use physiological sensor data to provide amber alert for predictions of impending injury, or red alert for a casualty-producing event (followed by early triage to assist the medic in prioritizing patients). Models and algorithms for sensor data fusion are critically important in the analysis of the massive amount of modern data streams that can be elaborated from physiological sensors. Hegge’s expansive vision included wear-and-forget systems operating on extremely low (“flea”) power, with local sensor signal processing, an executive hub with the physiology algorithms and databases, and some kind of communications link to other squad members, leaders, and medics. He further envisioned analyses that would include sensor data and contextual information (eg, ambient conditions and activities, recent signal trends, and individual soldier patterns and baseline information) (Figure 1-11).
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Fig. 1-11. The concept for Warfighter Physiological Status Monitoring. A suite of wearable sensors collect physiological data that are translated into actionable intelligence about the status of an individual (a). These data are processed through physiological models and interpreted in the context of the environment, mission, and individual (concept; b). In this simplified hypothetical example, intense shivering measured by a wrist-worn actigraph would be interpreted by other sensor data to distinguish between impending hypothermia, intense psychological response, or a neurotoxic chemical exposure.
EEG: electroencephalogram; EKG: electrocardiogram; EMG: electromyelogram; GPS: Global Positioning System.



Reed Hoyt, at USARIEM, pioneered many of the strategies to acquiring and managing data from wearable physiological sensors on soldiers.94 A long series of experiments collecting data with experimental sensor systems included laboratory treadmill studies on energy expenditure predictions125,126; thermoregulatory monitoring in Ranger students95,127; and massive data acquisition efforts with Norwegian cadets in a week-long course with no food and sleep, a squad of soldiers at Fort Benning in a hot weather patrolling scenario,91 a technology demonstration in the Infantry School’s Dismounted Battlelab urban terrain test,93 and a group of Marine Corps officers in a field training exercise with unexpected snow conditions.92 Each field study provided iterative advances to the management of data and the ruggedization of equipment. Colonel Beau Freund transformed the concept from a collection of physiological modeling efforts and commercial telemetry systems into a first comprehensive field-ruggedized prototype developed to interface properly to Army doctrine and equipment.79 As the applications evolved during the development of this system, the inputs and outputs changed the modeling requirements. For example, heat strain predictions started with heart rate and impractical temperature pill data using a heat strain index analysis.128 By the end of the development, through several iterations of models, heat strain predictions had moved completely away from reliance on temperature estimates.129,130 This first version of WPSM has established specifications for soldier field monitoring and provided a system that can be used to collect new data on soldiers operating at physiological limits that are not obtainable in a laboratory or controlled field experiment.

Another example of this iterative field process is the development of Army-wide neuropsychological assessment (Figure 1-12). The goal, originally articulated by Hegge, is to develop task-embedded neuropsychological assessment tools and physiological markers to predict changes in mental status (eg, using measurements such as voice stress analysis, oculomotor patterns, pupillometry, slow eyelid closure, blood–brain flow changes, etc).131 Current efforts are using a 20-minute version of the Automated Neuropsychological Assessment Metric (ANAM) to establish predeployment values for soldiers before deployment to Iraq and then to determine how these baselines should be used to assess soldiers following a concussive event. The reliability of the test system and the stability of the measurements and testing methods are known from a large series of studies, but a new iteration is required to determine thresholds for action, initially based on clinical experience and individual change. Eventually, these data will be modeled, perhaps in conjunction with other physiological measurements, to provide more robust and automatic interpretations.

Responsibilities to Maintain, Improve, and Supervise Use of a Model

To be useful, a model should be relevant, accurate, as simple as possible, understandable, predictive, testable, flexible to continuous updating/revision, and coherent with other models. These considerations are not necessarily foremost in the mind of a physiologist attempting to describe the important relationships in his/her data, but these are essential considerations in the elaboration of a model that will be useful to the Army. Along with these features, there must be consideration to continued technical support beyond the availability of the original producer. Open literature publication of the basis for models, as well as complete reports on the lessons learned from their applications to Army problems, is an essential first step. Shoulder recoil standards are an example of legacy models that have had to be reinvestigated because of inadequate documentation of their origin. Complex research models, from which specific applications are derived (eg, the SCENARIO thermoregulatory model), are perpetuated through open literature publication, sharing with other researchers, and continued support to core capabilities for which the DoD may always have to maintain leadership. There is no Army agency responsible for biomedical model sustainment, although this could become a function of an IAC-like concept for human performance.
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Fig. 1-12. (a) Psychological testing in World War I at Camp Lee, Virginia, during an era when Major Yerkes and others pioneered testing of mental function and return-to-duty standards. Photograph: Courtesy of Robert M Yerkes. The New World of Science—Its Development During the War. New York, NY: The Century Co.; 1920: 358. (b) Contemporary neuropsychological testing with a computerized version of established paper and pencil tests in soldiers at Fort Campbell, Kentucky, before deployment into a war zone. In the past century, testing the brain, including cognitive functioning, has been slow to develop beyond laboratory and clinical settings. Modern technologies vastly expand the range of opportunities for brain function testing beyond computerized versions of ancient tests that were limited by paper and pencil and need to be developed for practical use in realistic mass testing.



Models can be misused and inappropriately modified. There is usually no patent associated with the model that prevents legal remedies to misuse, even though failures associated with the misapplication may very well be ascribed to that “poor” Army model. The best way to avoid inadvertent problems with misuse is to ensure that subject matter experts, preferably the original developers, are involved in any modifications.

Some models need to be more fully developed and managed for broader use. The ANAM is an example in which there is general need for neuropsychological tools, including, for example, sports concussion batteries to determine return-to-play evaluative criteria, just as the Army has a need for return-to-duty criteria. The ANAM has been licensed by the Army to the University of Oklahoma, wherein further development, maintenance, and general commercial distribution can be effectively accomplished.132 Commercial entities help to maintain and update products, including decision support tools, developed with government funding. This is an important product sustainment function typically specified in the terms of the grant agreement or through later licensing agreements.

The INJURY blast model has been maintained by Jaycor, Inc, the organization that developed the model through research contracts with the Army. The Army has no intrinsic capability to follow and maintain a model such as this for more than two decades of evolving applications. New requirements predictably emerge, and it is important to have a competent performer responsive to needs. As examples, the INJURY model was formally adopted by the USACHPPM (US Army Center for Health Promotion and Preventive) for health hazards assessment of blast overpressure, but further refinements to the automation of the process were required in the transition from experimental laboratory assessments at WRAIR to occupational evaluations at USACHPPM. When the INJURY model was applied to a novel type of explosive, thermobaric weapon, it was important to have experts who could evaluate new data against the data for which the model was originally developed.133 When the Army needed a better science-based approach to evaluation of modern body armor concepts, the blast modeling experience to predict injury to lungs was a key factor in rapid adaptation of a torso finite elements model to address questions about the new behind-body armor. New interest in traumatic brain injury from blast exposures from improvised explosive devices has led to a call for a blast dosimeter, and the efficient development of a candidate system will again draw heavily on the institutional memory of available blast data, experiments, and modeling to produce a new predictive model of human blast exposure.

Validation, Verification, and Accreditation

The Army has a well-defined process of determining that an estimate produced by modeling and simulation meets acceptable thresholds of usefulness. This is referred to as validation, verification, and accreditation (VV&A). The intent of VV&A is to determine:


	if the model works as intended (Did I build the thing right?),

	if the model is realistic (Did I build the right thing?), and

	if the users’ requirements have been met (Should it be used?), thus ensuring credible Army modeling and simulation (Should it be trusted?).


See the VV&A Recommended Practices Guide, available at www.amso.army.mil. The formal DoD definitions for the three processes (DoDI 5000.61)134 include :


	Verification: the process of determining that a model implementation and its associated data accurately represent the developer’s description and specifications.

	Validation: the process of determining the degree to which a model and its associated data provide an accurate representation of the real world from the perspective of the intended uses of the model.

	Accreditation: official certification that a model, simulation, or federation of models and simulations and its associated data are acceptable for use for a specific purpose.


The Army recognizes that modeling and simulation is one approach to obtaining information for problem-solving or decision support—which saves development costs and provides many other advantages—if sufficient VV&A ensures correct program decisions from the modeling and simulation.

Physiological models have not been taken, traditionally, through the formal VV&A process used for other Army modeling and simulation. With increasing interest in the integration of physiological models as components of Army mission planning tools, with virtual prototyping models for military acquisition programs, there is increased pressure for scientific and military certification of the models.

Scientific validation of a biomedical model is an essential step to its approval for use. This includes peer-reviewed publication of the complete model, including its basis and assumptions. Peer review is a cornerstone of modern science; commercial proprietary models and related efforts that limit full disclosure are generally unacceptable because they cannot be fully evaluated. Peer-reviewed publication has been traditionally accepted as “validation” of physiological models. Even so, it does not always occur, and it is not required by any regulatory body. If it does occur, it still does not provide any confidence that the model has been run through its paces by anyone except the original developer. The new standard in physiological modeling journals is becoming one of full disclosure, with the capability for anyone to test the model—that means providing the data and the source code. Previously, models were published with statistical parameters defining their performance and with descriptions of their assumptions and development, but could only be challenged with new data and without full knowledge of the assumptions in the mathematical model.

Today, significant problems arise from commercially developed models with proprietary bases that are not disclosed and that rely on empirical testing to calibrate predictions to an outcome. Some of these have been aggressively marketed to the DoD. Because there is no regulation of predictive models unless they are specifically advertised for medical decision making or health claims, no testing is actually required. Thus, most commercial products available today for physiological monitoring of health and performance status (eg, sports watch programs or “wellness” monitors) are not transparent in their computational methods and need not have been tested or validated in any way.

In some cases, in recent years, the Army models have been subjected to panel peer review scrutiny. For example, the heat modeling was reviewed, but no final agreement on validity of this long-invested and commonly used method occurred. The blast injury model was reviewed by an external panel of experts before adoption by the Health Hazard Assessment Office as the Army blast injury assessment standard. Auditory models were similarly reviewed, and it was agreed that these needed further documentation, transparency to the rest of the critical research community, and validation. Numerous other reviews of Army models have been conducted in the past decade. Some models have been critically analyzed through expert consensus meetings. In 1959, a landmark review of body composition predictive models was held in conjunction with the National Academy of Sciences in Natick.135 A more recent example is the intensive review and performance evaluation of the world’s leading sleep and performance models, including the Army/DoD sleep model.65 This consisted of a comparison of model performance using inputs from a data set that none of the researchers had previously seen. This workshop stimulated a new generation of more sophisticated sleep and performance modeling efforts.136,137 Another form of expert consensus meeting is illustrated by the Pensacola 2001 Summit Meeting to review software development, applications, and predictive thresholds of a DoD neuropsychological assessment tool (ANAM).138 This meeting put in motion the additional research and development of the tool that will now allow its application as a standard assessment tool of soldiers before deployment. For the most part, physiological models are a work in progress, and it is common to find models with no associated probabilities or validation statistics. Thus, all models must be viewed skeptically, and the starting assumption is that they have unknown reliability, reproducibility, and questionable thresholds for action.

Army Computational Biology Applications

The American public is generally unaware of the wide positive impact on daily life that is accrued from military medical research discoveries. Thus, hot weather guidance that is used worldwide to limit physical activities at temperature extremes and ensure adequate hydration to protect against heat injury was developed by the Army. This guidance was derived from studies by World War II–era physiologists of endurance limits in desert environments in Army tankers. More recent studies address hyponatremia and the need to set upper limits to fluid intake and the need to avoid overexuberant hydration in military settings. Navy research and modeling have led to dive tables that today protect divers worldwide. Using a similar concept of staging, Army models for ascent to altitude currently in development may eventually become the standard for mountaineers worldwide.23 Laser pointer safety and vehicle jolt standards are derived from models of safe exposure limits that have been produced with significant contributions from Army researchers. The Department of Transportation has improved the safety of airbags in automobiles by modifying a blast injury model developed by the Army. Even the National School Lunch Program has links to Army research. Other specific military uses of physiological models include the following:


	health hazards assessment of new equipment based on predicted human tolerances (eg, thermal strain, TB MED 507, blast overpressure injury risk model, INJURY 8.0),

	survivability assessment for mission and equipment based on human performance limits (eg, performance predictions for defeated armor),

	training safety limits for environmental exposures (eg, safe limits for cold water immersion in high-intensity training, TB MED 508),

	medical standards for recruitment and retention (eg, body-fat prediction using the Hodgdon equations, DoD Instruction 1308.3, Army Regulation 600-9),

	readiness training optimization tools (eg, physical training planner that balances injury risk against training benefits, Transaction Online Processing System 1.0),

	mission planning tools (eg, performance predictions based on sleep and circadian rhythms, SAFTE [Sleep, Activity, Fatigue, and Task Effectiveness] model),

	real-time decision support tools (eg, readiness status and health risk warning system, Physiological Status Monitor),

	virtual prototyping of equipment and doctrine optimized to human physiology (eg, biomechanical optimization of load carriage), and

	hypothesis generator to pinpoint key research gaps (eg, ventilatory control and combined toxic gas modeling for enclosed spaces and fire gases).


Virtual Prototyping and Virtual Training Environments and Simulations

Virtual prototyping is a major component of the MANPRINT (Manpower and Personnel Integration) program. Not only will new equipment concepts be testable at the earliest stages for human factors and medical safety with effectiveness considerations, but also equipment can be designed based on models of human tolerances so that its design meets optimal specifications of human capabilities and needs. This is a very significant advance over earlier trial-and-error designs, which were sometimes brilliant engineering solutions, but so disconnected from human capabilities that special selection and training of the users were required; in some cases, significant injuries and performance inefficiencies were created by the equipment. Load carriage equipment is a simple example of this, with rucksacks that impeded performance of the average female, and anthropometric considerations—including optimal center of mass—made huge differences in performance capabilities. Today, load carriage models are used in combination with prototype equipment tests in biomechanical laboratory studies to produce the best possible load carriage equipment for soldiers (see Chapter 11).

An overarching goal of physiological modeling is to develop a complex family of research models, evolving from interlinked and poorly meshed “stovepipes” into the ultimate “total physiological human,” wherein models are syncytial and synergistic and include, for example, the following: (a) biodynamic models connecting brain, neck, thorax, spine, and weight-bearing lower extremities; (b) models integrated with predicting cognitive function based on neurobiology; and (c) models merged with brain, muscle, and bone metabolic models. These predictive models should make major contributions to larger Army simulations, including training programs with decision aids and teaching, virtual reality tools, and war games.136 Dr James Stuhmiller, a longtime biomedical modeler, has articulated the current need to meet General Casey’s mission forecast1:


Threats to the soldier are growing in nontraditional areas, such as acoustic, electromagnetic, ionizing radiation, chemical, and biological weapons. These threats have both a physical component (coupling of the external threat to the organs of the body) and a systemic effect (disruption of the normal protection and response functions). Although many of the physical interactions are known, they have never been combined with physiological response to produce a quantitative and predictive methodology.136



SUMMARY

The US Army has been a significant force in the advancement of the physiology of human performance, with specific and urgent needs that have called for practical problem-solving, real-life military training, and operational paradigms that test the limits of human tolerance and performance, and support for research and development in the interests of national security. In this century, the confluence of new computing technologies, the “convergence revolution” (mathematics and physical sciences coming to the assistance of the life sciences), and a new appreciation for the many military uses of physiological models and predictive decision support tools have the Army poised for even greater contributions. Current models have been largely data-driven; but with new computing resources and mathematical approaches, models can better incorporate and test physiological findings and move rapidly to a first principles quantitative physiology basis. This becomes especially important as human genome data are interpreted and used in human phenomics. The military gains advantage from this information through the ability to develop better human-centered materiel and systems, operational planning that more accurately predicts the human element in various courses of action, and decision support tools that make accurate group and individual predictions useful to commanders and clinicians. The Army is likely to continue to be the largest contributor to the knowledge of individual human performance limits.
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INTRODUCTION

Despite a significant investment in scientific research, an age-old military problem—thermal injuries—continues to plague military operations. Scientific research can contribute to the resolution of this problem by providing military leadership, at all levels, with scientifically sound information and pragmatic guidance. The challenge is how to make scientific information gained from research accessible to the soldier in the field. One solution is to develop biomedical models. Dr James H Stuhmiller (author of Chapter 10 in this volume) believes that models are the force multiplier of research. Once developed, these models can be incorporated into information networks along with the requisite weather information, accessed via Web sites, or installed onto personal computers and PDAs (personal digital assistants) or other handheld electronic devices. Physiologically sound models can also be used in simulations that help to develop video games used as training tools for company-grade officers, junior noncommissioned officers, and medical personnel. This chapter focuses on thermoregulatory models currently in use by the US Army Research Institute of Environmental Medicine (USARIEM) as both a historical record of model development and as an indication of the promise of all biomedical modeling.

LINKING MODELS TO USERS

Biomedical models can be used to provide guidance for the deployment of forces on the battlefield. Understanding these models allows planners to better utilize scarce resources and preserve the fighting power on the battlefield, both of which can be seen as force multipliers.

The relationship between environmental parameters and the thermal status of an individual is a product of the interaction of environmental conditions, individual physical parameters (posture, body surface area, and clothing), and individual physiology (initial state, metabolic heat production, and thermoregulation). Virtually all the parameters are dynamic; hence, the universe of potential interactions is large. Despite the range of possible interactions, our perception of the thermal environment (ie, the weather) is translated into the relatively simple expectations of warmth, cold, or comfort, and some anticipation that “the weather” will have some degree of influence on our activities, ranging from essentially none (comfortable state) to severe (survival is threatened). An action plan developed in response to the anticipated conditions typically consists of a combination of clothing and thermoregulatory behavior. For example, when dangerously hot conditions exist, the unit response can be a combination of modifying uniform wear and limiting strenuous outdoor activities.

At one time, experience and common sense guided our response to potentially stressful environments. In a population that is closely linked to its environment, such as Inuit hunters, there is a shared knowledge of weather and survival. Military schools, such as jungle and mountain warfare training centers, are communicating a similar form of cultural heritage.

Today, in a more urban, mobile society, we are no longer so closely linked to our local environment, or we may be forced to operate in unfamiliar environments, so we can no longer rely on the common sense developed from experience and cultural practices for guidance. The media weather forecasts, with their emphasis on commuter weather and recommendations for proper clothing and behavior, are responding to a public need. Because military leaders may no longer have the opportunity to develop operational skills tailored for all possible environmental extremes, the military might also need the guidance equivalent to a media weather forecast. One option, originally developed primarily for military and industrial organizations, is to use thermal indices or models.

As the complexity of science and technology has increased, few individuals are able to develop full competency in areas outside their specific realm of expertise. Environmental physiology and meteorology are scientific specialties that, like any special area of study, require a good general background, plus a concentration in the area of specialization. Although it is desirable to acquire the underlying knowledge to better use and understand the limitations of their potential, models and computer systems literally bring the expertise of an environmental physiologist/biomedical modeler to the fingertips of the field medical officer.

AN INTRODUCTION TO MODELING

Biomedical models are ubiquitous. They have been developed in almost every field of medicine and science. In 2006, for example, a MEDLINE search for human models or simulations restricted to heat or cold had 11,086 hits. The number of publications in these areas indicates the interest and persistent government and commercial support for biomedical modeling and simulation. Products and software applications that incorporate biomedical models and algorithms are useful and cost effective. Modeling and simulation-based applications are numerous and include tools for planning and decision making, forecasting, and prediction. Additional applications include education and training, design and virtual prototyping, and process visualization. In scientific research, models are used for concept exploration and verification, analysis and discovery, and identification of gaps in knowledge within specific domains. Model development and use are often effective ways of gaining an improved and more detailed understanding of complex biomedical processes that cannot otherwise be obtained. In general, modeling and simulation have become a military core technology that is becoming progressively more complex as individual models are integrated into highly complex, large-scale, distributed interactive systems.1,2

Biomedical models use a variety of different, but often complementary, representations. They can be descriptive, graphical, analog (eg, mechanical or electronic), biological (eg, animal or cell culture models), or digital (involving use of computers and software). Models can be formulated using mathematical equations, logical symbolism, software algorithms and code, or a combination of these methods. Mathematical models are particularly useful because they are concise, and they can be solved exactly or approximated to close tolerances using iterative numerical algorithms.3 Also, it is often possible to obtain exact equations for the sensitivity of predicted variables to perturbations in a model’s coefficients and independent variables. Mathematics and formal logic provide reliable frameworks of proven rules for manipulating and evaluating modeling equations and algorithms. Consequently, analytic models can be used to verify if inferences regarding biomedical processes are logically plausible or used to derive new results that were not otherwise apparent.4

Complex models can be created when outputs from equations representing basic processes serve as inputs into other equations implementing feedback control mechanisms. Then, various software development tools can be used to create intricate, computer-driven realizations of the mathematical models or algorithms. Graphic user interfaces provide convenient methods for visualizing modeling results in a variety of formats, such as multidimensional charts, graphs, and tables. Model-based data can also serve as inputs to logical constructs that either discredit or help validate results and link them to computer-generated events, or to databases of advisory or cautionary messages.

There is a spectrum of model development methods.5 At one end of the spectrum are parametric models derived using formal analytical techniques from well-defined biophysical principles. This includes mechanistic models that take advantage of concisely formulated a priori mathematical knowledge about interrelated processes. This type of model is often known as a “first principles” or “rational model.” At the other end of the spectrum are essentially nonparametric models, wherein few or no a priori assumptions are or can be made regarding the most appropriate form for a system’s governing equations or structure. Models based predominantly on the analysis of data sets are often referred to as empirical models. These are exemplified by models obtained by trial-and-error curve fitting. Models based on correlations and data lookup tables (coupled with simple linear interpolation between data points) are other examples of nonparametric models. Because a priori knowledge about the theory underlying a modeled process is usually not complete, models are often partly parametric or mechanistic and partly nonparametric. However, in all cases, experimental data are required for validation and to calculate the most appropriate (for the intended use) values for the coefficients.

STRATEGIES FOR FORMULATING BIOMEDICAL MODELS

The most suitable general form for the equations and logical structure of a biomedical model can often be obtained from well-established theory in the specific topic area.6 For example, forms of equations describing the diffusion of heat in solids are derived from the basic principles and analytic expressions that describe conductive heat flow. Derivation of a model from such governing principles results in constituent equations that encapsulate the general characteristics of the heat transfer process. Experimental data, however, are required to transform the nonspecific derived equations into practical models. Obtaining specific equations from the general analytical equations requires parameter, or coefficient, estimation or identification processes. Parametric multiple regression techniques are often used to determine optimal (eg, with respect to minimum mean-squared error or maximum likelihood) values for the coefficients of a model’s equations for the available data. Additional complexity and flexibility can also be built into these models by assigning parameters to the coefficients for the various levels of co-factors (eg, demographic or morphologic characteristics) that are known to be significantly associated with the response or dependent variables.


Models derived from analyses using basic biophysical principles are often at least partially represented by systems of ordinary differential equations or partial differential equations with their associated initial and boundary conditions. These techniques are invariably associated with compartmental models that describe the dynamic flux of energy between adjacent and distant volumes having different material properties.7 Such models describe the amount of a conserved, but dynamic, substance in each compartment as functions of time. Typically, the solution of partial differential expressions is facilitated by transforming them into equivalent systems of ordinary differential equations and initial conditions. Linearization can be used to approximate the behavior of nonlinear differential systems about specified points. Such linear models can be concisely expressed using vector and matrix notation, thereby making the model’s high-level structure more apparent and facilitating attempts to obtain analytic solutions.8 Nonhomogeneous partial differential equations, however, can be difficult to solve. Often various transformations are required. Because the nature of the necessary transformations may not be apparent to those without substantial experience or training in solving nonhomogeneous partial differential equations, some expertise in mathematical modeling may be required. Time constants for outputs of a compartment model can be determined from the roots of the characteristic equation of the systems. Also, outputs will have exponential components to create predictable behavior (eg, increasing to an asymptotic or steady-state value, oscillatory, or unstable) and will extend out in time in a manner that remains valid, unlike polynomial models whose outputs are typically valid for relatively well-defined time intervals.

Alternative approaches for model development are more dependent on the evaluation of experimental data than on developing a priori mathematical constructs that represent well-established facts or assumptions regarding causative processes. Developing models directly from analysis of experimental data is the empirical, or “black box,” approach. For this type of model, multiple regression techniques, including minimizing variance and statistical hypothesis testing, are typically used to select the best equations for the model, including specific values for the coefficients. The equations that result from applying this approach might have no or only fortuitous relationships to the underlying physical processes; their primary merit is that they best fit the data according to predefined criteria. Often, experienced subject matter experts will use a hybrid, or intermediate, method of model development. These modelers will usually specify from experience and descriptive theory, without formal derivations, forms (eg, sigmoidal, simple exponential, harmonic, and polynomial) for regression equations that comply with at least a high-level abstraction of underlying mechanisms and that will also result in a good fit to experimental data. Graphical visualization of the data being used for model development can assist in selecting the best form for a model’s regression equation when using this intermediate model development approach. Hybrid empirical quasi-parametric model development methods used by experienced modelers and subject matter experts often result in surprisingly accurate and robust models (eg, the heat strain model developed by USARIEM) that perform as well as models derived from formal mathematical descriptions of basic biophysical and physiological processes. The present version of the USARIEM heat strain model is labeled the heat strain decision aid (HSDA).9,10

The black box (or purely empirical) as well as intermediate (or hybrid) model development methods result in equations that usually have a narrower range of validity than those derived from basic principles. The black box method results in equations that can be trusted to reliably predict responses for only a limited range of the independent variables, usually the approximate limits of the original data set.

Thus, an application of an empirical or hybrid model beyond the scope of the original conditions is of uncertain validity. For example, data from a study evaluating a process known to cause asymptotic responses can be seemingly well-modeled, along limited intervals of the independent variables, by linear or polynomial functions. However, extrapolating significantly beyond the range of the independent variable used in the studies from which the data were obtained would soon result in large errors, as the response predicted by the polynomial functions and actual asymptotic data increasingly diverged. Because equations in an empirical model typically do not represent actual processes, their selected forms primarily illustrate convenient mathematical representations that approximate experimental or observational data to specified tolerances. In contrast, the equations and terms in analytically derived models usually can be expanded to cover a broader range of phenomena, provided those conditions represent a series of similar mechanistic relationships. The coefficients and intermediate output values from such algorithms allow for state-space representation, with state variables that might be fully observable and measurable in the corresponding real system.


A HISTORICAL OVERVIEW OF THERMAL MODELS AND INDICES

Indices vs Models

When the mathematical model results are expressed as a single value, and interpreted or indexed with a reference scale rather than used directly, the model is referred to as an index. For example, the original windchill index (WCI) values11 had to be interpreted according to a range provided by the authors. As computers have become more accessible, there is a diminished appeal for expressing modeling results as indices. Users are beginning to realize that more sophisticated predictions and guidance are just as accessible as simple indices. For example, versions of the USARIEM heat strain model12,13 directly predict tolerance times, water needs, and/or changes in rectal temperature or heart rate. At present, a transition from indices to more detailed models is occurring despite the persistence of older indices such as wet bulb globe temperature (WBGT)14 and new indices such as the environmental stress index.15

Equivalent Temperatures

The use of a single environmental parameter to categorize the overall thermal environment is a convention followed by most individuals. Actual environmental conditions can be a combination of temperature, wind, radiation, and humidity, but it is more convenient just to say it will be “in the 70s” (°F). We can refer to the effects of high and low temperatures on human physiology when in fact we are referring to thermal environments that represent a strong potential for either heat gain (hot environments) or heat loss (cold environments) between the environment and the body. As noted previously, the thermal environment is the product of four parameters. To visualize the interaction of those parameters would require a four-dimensional space. In any discussion of the thermal environment, it would be much easier if we could use only one parameter instead of four, and temperature is the most easily measured and conceptualized environmental parameter.

Characterizing the net effect of the thermal environment on heat exchange in the units of temperature is the basic premise behind equivalent temperatures. A given combination of all four parameters is equivalent to an air temperature that is higher, lower, or equal to the measured air temperature. Thus, a windchill temperature is usually lower than air temperature; and, on a warm, humid day, the equivalent temperature is higher than the measured air temperature. One problem has been that, when the actual conditions are milder than normal or standard conditions, the equivalent temperature is also milder than the measured temperature. These phenomena result from assumptions inherent in the equations, such as assuming that an individual is walking at a fixed rate, and hence a “calm” state includes some convective transfer. Weather forecasters might not have much trouble convincing people that, because of a strong wind, the temperature at –20°C is actually “colder” than the –20°C value the thermometer reads. However, people are less likely to believe that, if wind speed is less than normal, the temperature is less than –20°C.

In indoor office studies, where air velocity is usually a low, constant value, humidity is low because of central heating or air conditioning; the mean radiant temperature is near air temperature, thus using only air temperature to represent environmental variability is often accurate. To adjust the comfort level, the temperature setting of the thermostat should be adjusted. That action can, in fact, alter all four parameters, but the most noticeable change is in air temperature. In a room with an indoor swimming pool, the large water surface area of the pool virtually ensures a saturated relative humidity of 100%. In that environment, an air temperature that differs from the office temperature would have the same effect on comfort or thermal state. If the office environment is identified as the standard environment, the equivalent temperature in the pool room would be the air temperature required to achieve the same standard of comfort or thermal state. It is important also to identify the standard for equivalency, because thermal balance and comfort are not always achieved in the same thermal environment. It should be noted that thermal balance is dependent on an individual’s activity and clothing. Equivalent temperatures generally assume equivalent clothing and metabolic rates. A principal shortcoming of all of these instruments (ie, WBGT, the Oxford index, and WCI) is that metabolic rate and clothing are ignored. Those indices, as originally presented, are environmental rather than physiological indices, because they are not scaled for differences in metabolism and clothing.

General Environmental Indices

An example of a general environmental index is operative temperature.16–18 The original concept of operative temperature was to calculate a single value, expressed as a temperature, that would account for heat exchange by convection and radiation, if all temperatures were at the same operative temperature. Operative temperatures and the derivative new effective temperature (ET*) and standard effective temperature models are discussed in detail in Chapter 8 to illustrate the integration of weather and biophysics into a biomedical model.

Indices for Heat Exposure

Not surprisingly, there are many different indices for calculating heat exposure. These include the following:


	ET,

	WBGT,

	weather service indices based on temperature humidity,

	the Oxford (wet-dry) index (WDI),

	the predicted 4-hour sweat rate (P4SR),

	the required sweat rate (Sreq), and

	ET*.


Effective Temperature

ET is an index based on wet bulb (Twb) and dry bulb (Ta) air temperatures and air velocity (u), which associates actual conditions to equivalent still air, saturated (100% relative humidity) conditions. It originated as a comfort index,19 but was modified to index physiological strain.20 ET is often represented as a nomogram (Figure 2-1), which is similar to a psychrometric chart. Corrected ET (CET)21 substituted globe temperature (Tbg) for Ta. The basic criticisms of ET and CET are that the indices are based on light or sedentary activity, and they cannot be adjusted for metabolic activity. Only two levels of clothing—(1) nude and (2) light, indoor clothing—were included in the original scales. In common with other indices, later research has provided some guidance for adjusting ET and CET for different metabolic rates. For example, Lind22 has calculated that CET upper limits ranging from 30.2°C to 26.9°C for different work levels correspond to metabolic rates of 209 to 488 W. An additional criticism is that the original derivation of ET was based on initial or transitory sensations; therefore, it is not as useful for predicting responses during a prolonged exposure. ET and CET are also considered appropriate for only moderately warm climates, rather than extreme environments. The basic concept of ET has been modified several times to eliminate these criticisms. ET and CET have gradually been replaced by newer measures of heat stress, such as ET* and standard ET, which are discussed in Chapter 8.


[image: art]

Fig. 2-1. Nomogram for corrected effective temperature for light, indoor clothing.
Illustration: Adapted with permission from Ellis FP, Smith FE, Walters JD. Measurement of environmental warmth in SI units. Br J Ind Med. 1972;29:361–377.




Wet Bulb Global Temperature Index

The WBGT index has been described23 as an effort to simplify an earlier climatic index (ET). To establish the WBGT, three temperature sensors—(1) a shielded dry bulb thermometer to measure Ta; (2) a “naturally aspirated” wet bulb thermometer to measure primarily humidity (Tnwb); and (3) a 15-cm (6-in.) Vernon black globe thermometer (Tbg) to measure the combined effect of wind speed, air temperature, and radiation—are used to calculate indoor and outdoor WBGT values. These values are interpreted according to guidance provided by Yaglou and Minard24 and later researchers. The equations for indoor and outdoor WBGTs are:


(1) 0.7Tnwb + 0.2Tbg + 0.1Ta [outdoors, °C or °F]

(2) 0.7Tnwb+ 0.3Tbg [indoors, °C or °F].



Indoors, without significant drafts or radiation sources, the assumption is sometimes made that the black globe temperature is the same as the ambient temperature.25 Botsford26 discusses other equations for WBGT. The original empirical scale was developed to provide guidance for the training of acclimatized and unacclimatized military personnel. Application of the original equation is limited by the original database; fit, young US Marines in a summer military uniform engaged in moderately intensive exercise. WBGT is a simple index that uses simple sensors and minimal calculations. WBGT is not recommended for conditions with high humidity.27 It has been widely used by the military, particularly in the United States. Adjustments to WBGT have been made for different work rates and clothing. Sources for guidance include the US Army’s Technical Bulletin 507 on the prevention, treatment, and control of heat injury,14 the National Institute for Occupational Safety and Health recommended standards for exposure to hot environments,28 the American Conference of Government Industrial Hygiene handbook,29 and the International Standards Organisation guideline 7243.30

Weather Service Indices Based on Temperature Humidity

The US National Weather Service (NWS) uses a temperature-humidity index (HI) derived from Steadman’s heat index. The NWS approach was to generate a fourth-order polynomial using only air temperature (TF in °F) and percent relative humidity from Steadman’s model31,32 for apparent temperature.33 The rationale for developing the derived equation for HI was to save computation time and computer resources. The lowest thresholds for HI are possible fatigue, with prolonged activity beginning at HI = 80°F, and an increasing potential for heat injury—defined as “sunstroke,” heat cramps, or heat exhaustion—at 90°F to 105°F. Those injuries become likely between 105°F and 130°F, with a potential for heatstroke; when HI ≥ 130°F, heatstroke is highly likely.

A similar temperature-HI (Humidex [HD])34,35 is used by Meteorological Services Canada. The input variables are Ta (°C) and a different variable for humidity, Tdp (°C). Critical values for HD are ≤ 29°C and are comfortable; discomfort begins at 30°C, and a majority of individuals should be uncomfortable when HD reaches 40°C. At HD ≥ 46°C, some activity restrictions are merited.

In 2001, the US and Canadian weather services worked together to adopt a new way of calculating windchill temperature. The working group was also tasked with considering a common HI rather than HI in °F and HD in °C, and different scales for interpretation. To make a comparison between the two indices, a USARIEM mathematical model was run with constant values for all parameters except Ta and humidity to calculate core temperature (Tc). By setting most of the inputs as constants, the model was essentially converted into a temperature-HI. The model Tc values were plotted against the respective HI or HD index values calculated for different combinations of temperature and humidity. The results indicated a linear relationship between HI and predicted Tc, and an exponential relationship for HD and Tc.35

Oxford Index

Lind et al36 developed the Oxford index (also known as the WDI) from data on mine rescue workers.23,37 Weighted values of Ta and Twb are used to calculate WDI. There are no specific corrections for radiation, wind speed, clothing, or metabolic rate in the equation. WDI is most appropriate for environments similar to mines. McIntyre37 cites later work to calculate safe tolerance times for different metabolic rates. Eissing38 classifies WDI as a climatic index based on algebraic combinations of climatic parameters and cites several additional examples. Of Eissing’s listed indices, the Belgian ET39 was virtually identical to the WDI. A similar index for military chemical protective clothing, the heat-HI40 (HHI) uses an equal weighting of Ta and Twb (HHI = 0.5 Ta + 0.5 Twb) to derive a value that is interpreted using the WBGT index scale. Bell and colleagues41 proposed a basic equation of

T = p • Twb + (1 – p)  • Ta

and presented different p values for sitting (0.12), standing (0.05), and working (0.10). Gagge and Nishi42 used 0.7 Twb + 0.3 Ta for indoor WBGT.


Predicted Four-Hour Sweat Rate

The P4SR43 is also based on the assumption that sweat can be equated to the level of physiological strain. The P4SR is based on an empirical derivation of the relationship between the observed responses (sweat rate) of subjects and environmental stress. The authors assumed a maximum sweat rate of 5 liters in a 4-hour period. If the P4SR is less than 4.5 liters, it is assumed that a healthy young population would not experience heat-related injuries. To use the equation, values for Ta, Twb, Tbg, wind, and metabolism are used to derive a basic 4-hour sweat rate from a nomogram (Figure 2-2) similar to a psychrometric chart. A second equation is then used to calculate the P4SR based on clothing and metabolic rate. The original P4SR was based on only two clothing conditions. McIntyre37 indicated that, whereas the P4SR value increases when clothing insulation (and clothing amount) increases, in reality, actual sweat loss would decrease. Another criticism is that the index applies only to acclimatized subjects.

Required Sweat Rate

Required sweat rate (Sreq), ISO 7933 (1989),44 is a rationally derived index based on a calculation of the sweat required to maintain thermal equilibrium. Vogt and colleagues45 cite Givoni’s index of thermal stress as the theoretical basis for Sreq. However, to determine Sreq, in place of Givoni’s empirically derived estimates, heat exchange coefficients are used to calculate terms in the heat balance equations. Consequently, Sreq is more of a modernization of Belding and Hatch’s heat stress index. Required environmental inputs are values for Ta, Tr, v, and Pa (ambient water vapor pressure). Clothing factors are represented by Re (a term for clothing vapor permeability resistance) and Icl. ISO 992046 presents methods for estimating Icl and Re. Methods are presented for deriving or estimating other clothing parameters, mean skin temperature ([image: art]), and M (or metabolic heat production). A term for sweating efficiency was adopted because not all sweat produced contributes to evaporative cooling. Sreq is the basis for ISO 7933.44 Parsons47 presents the equations and regression relationships for calculating Sreq as it is presented in ISO 7933.44 Allowable exposure times, or duration-limited exposures (DLEs), are based on either heat storage (DLE1) or water depletion (DLE2) for a maximum 8-hour shift.
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Fig. 2-2. Nomogram for the predicted 4-hour sweat rate.
WB: wet bulb.
Illustration: Adapted with permission from Ellis FP, Smith FE, Walters JD. Measurement of environmental warmth in SI units. Br J Ind Med. 1972;29:361–377.



Indices for Cold Exposure

Windchill is a concept that has been used by both the military and civilian sectors for a considerable period of time. This section will discuss the evolution of the concept, as well as ways to prevent cold injury by identifying adequate levels of clothing insulation.

Windchill Index and Windchill Temperature

By far, the most widely recognized index for cold weather exposure is the WCI.11 It is based on the intuitive relationship between heat loss or chilling and increasing wind speeds. The WCI was an effort to calculate an index number for the cooling rate of wind and air temperature on bare skin. The authors of the index recognized that solar effects were neglected, and the index does not relate to clothing or a high activity level.

The idea of a windchill equivalent temperature (WCET) is based on the same assumptions as other equivalent or standard temperatures.48 WCET is the same combination of wind speed and air temperature that results in the same WCI as still air. However, equivalent temperatures are based on the assumption of a minimal wind speed of 4 mph (1.8 m • s–1).

Shortly after the introduction of WCI, criticisms began.49 The flaws in WCI, especially the derivative WCET, were known for more than 50 years. As noted previously, even the authors11 identified some limitations of their index in the original publication. In 2000, a US and Canadian Joint Action Group for Thermal Indices, sponsored by the Office of the Federal Coordinator for Meteorological Services and Supporting Research,50 undertook an effort to develop a new windchill model.50–52 The principal modelers were Osczevski53 and Bluestein and Zecher.54 A team of researchers at Defence Research and Development Canada (in Toronto [DRDC Toronto]) conducted human testing that supported the modeling effort.55 In a situation parallel to the derivation of the NWS predictive equation for HI, the original iterative program required too great an allocation of computing resources. Thus, simplified equations in metric and English units were developed to predict the new windchill temperature (WCT). Figure 2-3 illustrates the relationship between Ta and WCT. Figure 2-4 presents the revised WCT values for different combinations of Ta and wind speed. The metric WCT equation is:


(3) WCT = 13.12 + 0.6215Ta – 11.37V0.16 + 0.3965TaV0.16 [°C]
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Fig. 2-3. Comparison of air temperature and windchill equivalent temperatures at the US Marine Corps Mountain Warfare Training Center, January 27, 1988. Frostbite from wind exposure cannot occur above 0°C.
PST: Pacific Standard Time



V is the wind velocity in kilometers per hour (kph) measured at 10 m. To use the chart for a ground-level wind speed, multiply the ground wind velocity by 1.5. In addition, an equation to predict the time for freezing of the exposed skin on the face was developed. The shading on Figure 2-4 represents various calculated time intervals to facial frostbite. The equation that calculates time to facial frostbite is based on assumptions concerning the insulation of human skin that, in turn, varied with the age of the subjects. A revised equation for predicting time to frostbite for exposed faces was developed by Tikuisis and Osczevski.56,57 Thus, the values in the WCT table—especially the values for time to frostbite—should be considered advisory rather than absolute.
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Fig. 2-4. National Weather Service windchill calculation chart.
Illustration: Reproduced with permission from the National Oceanic and Atmospheric Administration (NOAA). http://www.nws.noaa.gov/om/windchill/index.shtml. Accessed May 24, 2007.



As presently used, WCT is related to the danger of frostbite on bare skin. Among the most direct criticisms of windchill is the fact that a simple wind barrier (clothing or shelter) rapidly negates the effect of high wind speeds, but the “equivalent” combination of extreme low temperatures and low wind speed cannot be readily alleviated by clothing or a simple shelter. A calm day with an air temperature of –40°C is always dangerous, whereas an equivalent WCT of –40ºC for a combination of –25ºC (–13ºF) Ta and 35 kph at 10 m (6.5 m • s–1 at ground level) wind speed does not pose a great danger to an experienced or well-informed individual with adequate clothing or shelter. The difference is best demonstrated by using the example of an individual stranded inside an automobile. Eventually, the interior of the car may cool to the outdoor air temperature, but no matter how strong the wind blows, the interior of the car will never become colder than air temperature. The only direct effect wind speed will have on the interior temperature will be on the rate or time that it takes to cool it down to the outside air temperature.

Most windchill tables suggest that there will be little danger of frostbite above an air temperature of –10°C, regardless of the wind speed. For the face, which has enhanced circulation, this might be true. However, the situation is more complex. Military epidemiology from World War II58 indicates that frostbite injuries appear when the air temperature goes below 0°C. The incidence of frostbite on other parts of the body, especially from contact with cold surfaces, probably starts to occur when the air temperature is approximately 0°C, and the freezing point for human tissue is about –0.6°C.59–61

A reason for confusion is that frostbite might not occur until the skin surface temperature drops well below –1°C. This phenomena was first reported as supercooling at approximately –10°C by Wilson and Goldman.62 Danielsson59,60 subsequently explained that their values were 3°C to 4°C too low because of an instrument error. Danielsson has estimated that the skin surface temperature when frostbite first occurs would be between –4.6°C and –8°C.

Even though WCT overcomes some of the problems of Siple and Passel’s11 original work, some of the inherent limitations of indices remain because selection of the standard conditions for any index requires compromise. For example, the activity level is walking at 1.34  m • s–1, so the “calm” condition still involves a forced convection equivalent to a 1.34 m • s–1 wind. There is no adjustment for higher or lower activity levels. Although WCT is based on human data, the resistance or insulation of the facial skin layer varies.51,52,55 Selected skin resistance is most representative of middle-aged or older individuals. WCT has been presented in terms of the time to facial frostbite, but subsequent work by Tikuisis and Osczevski56,57 has raised questions regarding the efficacy of those predictions. In addition, WCT has no established relationship to the potential hazard for hypothermia. An effort was made to adjust for solar radiation by adding a few degrees to WCT, but the basis for this adjustment is limited.60

Required Clothing Insulation

The presentation of WCI/WCT has become focused on the prevention of frostbite rather than hypothermia. In its original form, WCI is a climatic index.38 Like ET and WBGT, no adjustment is made for clothing or physiological factors. Burton and Edholm63 brought clothing and metabolism into their calculation of the insulation required to maintain a safe core body temperature.

Holmér64 calculated the required insulation using equations from Burton and Edholm,63 Umbach,65 and Holmér’s66 own equations for required clothing insulation. Holmér concluded that the results for predicting required insulation were essentially equivalent, except that his equations allowed an adjustment for changes in [image: art] and sweating rates.

Burton and Edholm63 recognized that adjustments were required for wind speed and radiation by proposing the calculation of still air-shade temperature and equivalent shade temperature.23 Holmér67 incorporated adjustments for different wind speeds, radiant load, humidity, and the effect of wind and motion on clothing insulation into his required clothing insulation index (IREQ). The IREQ index is presented in ISO-TR 11079.68 Two levels of insulation can be calculated.

IREQmin is based on a sustainable nonhypothermic state with a [image: art] of 30°C, whereas IREQneutral refers to maintaining thermoneutrality under specified conditions. For IREQ, neutral condition is actually a state of comfort, whereas the minimal condition is probably at the lower limit of an unimpaired functional state. It is a guideline based on average individuals, assumes an even distribution of insulation, and does not address the problems of local cooling.23,69

US ARMY RESEARCH INSTITUTE OF ENVIRONMENTAL MEDICINE MODELS FOR PREDICTING CONSEQUENCES OF EXPOSURE TO ENVIRONMENTAL STRESSORS

Various types of physiological stress-strain models have been developed that have proven useful for generating prevention guidance, assessing environmental health hazards, and predicting environmental stress casualty rates and performance decrements for work-related tasks. Of the suite of environmental models developed at USARIEM, model-based applications have been developed for evaluating the physiological strain associated with exposure to heat stress, cold stress, and altitude-related hypoxia. Modeling in these areas, however, has not proceeded at an equal pace.70 Heat strain models are currently the most mature and extensively validated. Considerable additional effort will need to be expended to produce equally valid, operationally capable models for other environmental stressors. Eventually, it might be possible to integrate separate models for evaluating different types of environmental stressors into unified applications.71,72 This would facilitate evaluation of a spectrum of environmental threats to health and mission effectiveness when planning operations that span seasons and environmentally disparate terrain. Likewise, mathematical modeling applications can be embellished to include links to medical handbooks or to evaluate environmental health hazards.73 Another potential placement for thermal models is on a portable device such as the PDA-based Battlefield Medical Information System–Tactical, which features electronic medical record keeping; electronic medical references, such as the Special Operations Forces Medical Handbook; and a telemedicine linkage.74

USARIEM Heat Strain Models

The history of the development of heat strain models at USARIEM includes multiple models with differing origins. The first USARIEM thermal model—the USARIEM heat strain model—is labeled the HSDA to differentiate this first, exclusively USARIEM model from the later USARIEM models of heat strain that include elements originating from other sources. The basic structure of the heat strain hybrid model was empirically derived over the course of approximately 30 years, starting in the early 1970s, using data from numerous laboratory and field heat stress studies.12,75,76 One strength of the HSDA model, and the USARIEM modeling program, is the strong empirical element derived from the physiological studies conducted at the laboratory. The model has been continuously refined and updated. The major strength of this algorithm has been its careful, methodical development and extensive validation.77 It is a well-accepted model used for many purposes.78,79 It requires user input for initial environmental conditions (eg, temperature, humidity, wind speed, and radiation), personnel characteristics (eg, height, weight, heat acclimatization status, initial dehydration, and initial core temperature), type of uniform, and metabolic rate or type of activity.80 Outputs from the model can include the following: maximum recommended work–rest cycle times, maximum single-shot work time, water intake per hour, and core temperature and heart rate as functions of time. Limitations of this model include the validation envelope for core temperature and sweating rates, which, although broad, does not yet include every possible heat stress scenario; heart rate prediction, which has not been as well validated as core temperature and is therefore not used in decision aid applications; predicted heat stress casualty rates, which have not been well validated; and estimates of prediction errors, which are limited and not provided for any of the outputs.

The generic USARIEM heat strain model has been implemented using various computer programming languages and incorporated into progressively more capable and robust decision aids. For example, a prototype, customized, handheld calculator was developed in the mid-1980s that had an executable version of the model embedded in a read-only memory microchip.13 User estimates of environmental conditions and work rates were entered via the calculator’s keyboard. Some inputs, such as type of uniform and activity, required selection of the desired item from a scrolling list. After all necessary inputs were entered, the calculator displayed work–rest cycle and hourly water intake recommendations. It was intended that the heat stress calculator be used by small unit leaders as a heat stress management tool. However, its development did not progress beyond concept demonstration and a prototype. Software for the pocket calculator was adapted for use on personal computers by contractors.9 This version of the USARIEM heat model, including menus for uniforms and activities, became the basis for the various versions of the HSDA. At present, the process has gone full circle; and, in cooperation with the Army Research Laboratory–White Sands Missile Range, a simplified version of the HSDA has been developed for use with PDAs or similar handheld electronic devices, initially named the mobile heat stress monitor (MoHSM) (Exhibit 2-1).

An obvious drawback of the USARIEM heat stress calculator was that it was not equipped with environmental sensors. A follow-on portable, digital heat stress monitor prototype, however, did incorporate miniature sensors. The HSDA model was embedded in the heat stress monitor. Using the sensor readings, the model generated accurate, location-specific, recommended work–rest cycle times and hourly water intake.25,81 The sensors included a miniature black globe thermometer and a dry bulb thermometer, but substituted a humidity sensor for the natural wet bulb thermometer. The sensors permitted calculation of the WBGT using an iterative equation to calculate natural wet bulb temperature. This information is displayed on a small screen on the face of the device. The sensors can be stowed to form a compact, hardened package. Despite limited use by US Marine Corps biohazard and chemical clean-up teams and other units, the heat stress monitor did not become a general issue field item. It is currently manufactured in Australia, but only some elements of HSDA are available in the output of the current version. Some of the benefits of the heat stress monitor are available in the MoHSM format installed on a PDA. The concept of incorporating an HSDA model into a device that directly measures weather inputs continues to be pursued in various configurations, including handheld weather instruments.

An example of an effort to implement the USARIEM HSDA and other thermal models has been to incorporate thermal models into integrated meteorological software/hardware systems for acquiring, analyzing, and extrapolating meteorological data in real time. This approach was initially demonstrated as the prototype MERCURY/OMEGA82,83 system. MERCURY, which produced digital terrain overlay images from gridded weather data, was originally developed by the Army Research Laboratory–White Sands Missile Range in New Mexico. However, the US Army Medical Research and Materiel Command (MRMC) at Fort Detrick, Maryland, assumed oversight for the further development of MERCURY. Under MRMC, MERCURY, which evolved into OMEGA, merged the gridded weather overlay with output from HSDA. It was successfully demonstrated during a pilot project (Figure 2-5) at Eglin Air Force Base. However, MERCURY/OMEGA is a stand-alone product and was therefore difficult to support. Capabilities similar to MERCURY/OMEGA were incorporated into the Integrated Meteorological System (IMETS), which is now a component of the Distributed Common Ground System–Army (DCGS-A).84

DCGS-A allows mobile combat planning staff to continuously evaluate and predict the effects of terrain and weather on sensor systems, weapons, and mission. It also uses three-dimensional digital terrain and meteorological databases with near real-time weather data from satellites and scattered ground sensors. DCGS-A software provides a variety of weather products (including models for meteorological forecasting), and the prediction of weapons and sensor system performance as a function of environmental conditions. A number of these weather-related decision aids are incorporated into a virtual toolbox—the Integrated Weather Effects Decision Aid (IWEDA).84 DCGS-A can generate contour overlays depicting isopleths or contours for temperature, humidity, wind, visibility, and other meteorological properties.

HSDA has been incorporated into DCGS-A and IWEDA. Map overlays depicting the risk of heat injury can be generated by IWEDA. DCGS-A—using user-selected values for uniform ensemble, acclimatization, and work rate—will estimate maximum work time, recommended work–rest cycles, and hourly water requirements. Thus, many of the OMEGA capabilities are provided as part of DCGS-A and IWEDA. Figure 2-6 shows a gridded color-coded HSDA output from IWEDA. Access to IWEDA is available only at higher echelons, but a more accessible version for personal computers (PCs) or laptops—My Weather Impacts Decision Aid (MyWIDA)—is being developed that utilizes weather data from DCGS-A or other weather resources.85 Additional models for both terrestrial cold exposure and water immersion may be added to the decision aid toolbox. These cold models are based on another USARIEM model, the Six-Cylinder Thermoregulatory Model (SCTM),86 which is described in Attachment B.

USARIEM also developed a six-node analytic heat strain model called SCENARIO.87,88 This model has a similar function to that of the empirical model described previously, except that the module that simulates the thermal dynamics of the body is a system of ordinary differential equations derived from basic principles of heat exchange. This model can generate temperature profiles for each body compartment, sweating rate, heart rate, and changes in cardiac output. The model was named SCENARIO to indicate the capability to input a file or stream of inputs, thus recreating an operational “scenario.” There is some potential for confusion when SCENARIO is used to evaluate operational scenarios, and as SCENARIO evolves, it will be renamed to avoid this confusion. Core temperature, sweating rate, and heart rate predictions generated by this model have been extensively validated. The ability to predict accurately other compartment temperature profiles or changes in cardiac output, however, has not yet been extensively validated. This model currently predicts heat stress casualty rates using the same mechanism as the empirical model.

A novel derivative of SCENARIO and work by Gagge et al89 and Moran et al90 is the initial capability decision aid (ICDA).91,92 As described in Exhibit 2-2, ICDA uses noninvasive surface measurements collected with the Warfighter Physiological Status Monitor to predict core temperature, mean skin temperature, and sweat rate in near real time. This provides unit leadership with a snapshot of the thermal status of each individual soldier as a physiological strain index based on core temperature and heart rate,90,93 and provides a basis for projecting water requirements and the potential for near-term heat injury with continued heat exposure.

Cold Strain Models

Operations and training in cold areas expose individuals to risks of cold weather injuries and hypothermia. Very cold weather can dramatically reduce individual and unit operational capabilities. Preventing cold injuries keeps experienced soldiers on the line so that missions can be completed as efficiently and quickly as possible with minimum casualties. Personnel evacuated for cold injuries can be replaced by less experienced personnel who will be at higher risk for becoming combat casualties and for succumbing to cold injuries.

Because most individuals cannot reliably estimate safe durations of cold exposure, model-based decision aids can be useful for quantifying cold stress injury risk and generating exposure limit recommendations to reduce the risk of cold injuries to as low a level as possible. A specific use for cold strain models is to generate cold exposure tables based on minimum allowable extremity or core temperatures. Such guidance can then be incorporated into safety and casualty prevention standard operating procedures (SOPs) and doctrine. The WCT is an example of how a simple cold model has been incorporated into military doctrine.92

Lumped- and distributed-parameter compartmental models for the entire body and extremities or representative digits have been developed for predicting generalized hypothermia and peripheral cold injuries. Because the transition of physiological responses to heat and cold stress is not linear, a compartmental heat strain model cannot be used directly for also predicting hypothermia. Separate models for heat and cold strain, however, can be linked within a software implementation of a generalized temperature response model so that the appropriate set of coefficients and parameters are used for the desired range of environmental conditions. If only one compartment model is used to span the physiological responses to both heat and cold, the single set of coefficients must be calculated using appropriate data from both heat and cold exposure studies. This would also require that validation spans both cold and hot conditions, whereas using separate, previously validated models would require verifying the transition points at which the algorithm switched from one model to the other and did not cause factitious transients.


EXHIBIT 2-1

MOBILE HEAT STRESS MONITOR GUIDE*,†

The US Army Research Institute of Environmental Medicine has spent years developing and improving models to predict human thermal responses. Through an ongoing Memorandum of Agreement with the US Army Research Laboratory, one of these decision tools is deployed for use on handheld Personal Digital Assistants (PDAs). It is still considered developmental and is not available for purchase. The latest modifications of the biophysical algorithms are used (heat strain decision aid [HSDA] 2004C model), and current system specifications follow, although the model can be installed on various platforms. The PDA with the HSDA model installed was initially named the mobile heat stress monitor (Exhibit Figures E1-1 and E1-2).

Other applications of HSDA use real-time weather information via network connection. This version of the model requires user input of weather, work rate, and clothing prior to calculations. Unlike the PC version that requires numerical inputs for weather parameters, work rate, and clothing heat transfer properties, the mobile handheld version uses more limited data input. Default standard values are used in calculations instead of soldier-specific data, such as height, weight, acclimation, and dehydration status. These simplifications allow the user to make general predictions for a group of soldiers with minimal data entry. Finally, many standard outputs of the PC version of HSDA are suppressed in the PDA version for simplicity and visual clarity.


[image: art]

Fig. E1-1. The PDA used for the mobile heat stress monitor is the Microsoft Pocket PC (Microsoft Corporation, Redmond, Washington). Model ID: Hewlett-Packard iPAQ h545 (Hewlett-Packard Company, Palo Alto, Calif) with the HSDA2004C model installed using the PDA version of decision support tool files. HSDA: heat strain decision aid; PDA: personal digital assistant.



PDA Inputs


	Geolocation (latitude and longitude; current default is Natick, Mass)

	Month, day, and time of day

	Temperature (°C or °F)

	Weather: clear or partly cloudy or cloudy or precipitation

	Wind: calm or light or moderate or strong

	Humidity: dry or normal or moist

	Work rate: resting or very light or light or moderate or heavy

	Clothing: BDU (battle dress uniform) or MOPP-1/-2 or MOPP-3/-4 (with other uniform configurations to be added). The term “Mission-Oriented Protective Posture” (MOPP) refers to the level of chemical protective clothing worn.


PDA Outputs


	Probability of heat stress injury (%)

	Optimum work–rest cycle time (≤60 minutes/hour)

	Maximum endurance time (up to 300 minutes)

	Water Requirements (canteens/hour, 1 canteen = 0.9 liters)

	WBGT (°F)


How to Use the PDA


	Turn on PDA power by pressing the on/off button.

	Next, use the stylus to tap “Start” at the top left of the screen display to show menu choices.

	Tap “LocalHeatStress” or its icon shortcut to launch the decision support tool. To change numeric inputs, first use stylus to highlight item to be changed.

	Then, use stylus taps on keyboard to change inputs as desired.

	Tap stylus on list boxes to choose from options. All environmental inputs, except air temperature, are selected from short menus of conditions. For example, the choices for humidity are dry, normal, or humid, which correspond to 20%, 50%, and 80% relative humidity, respectively.

	The solar load is computed using the location in latitude/longitude, date, local time, and the menu input for sky condition. If the PDA has a Global Positioning System capability, the location can be accessed automatically, and the fault date/time can be automatically retrieved from the system.

	To obtain the output information, tap the COMPUTE button for calculations and EXIT button to stop simulations.
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Fig. E1-2. Mobile heat stress monitor input and predicted heat strain at Fort Benning, Georgia, on July 4. (Left) Selected inputs, including a high air temperature (100°F), moderate humidity, full sunlight, the battle dress uniform (BDU), and a light work rate. (Right) Outputs indicate a relatively high probability of heat injury if the maximum work time of 85 is exceeded or hydration is not maintained, and no work–rest cycles are sustainable for this exposure and activity level. Max: maximum; Prob: probability; WBGT: wet-bulb globe temperature.
Photograph: Courtesy of the US Army Research Laboratory, White Sands Missile Range, New Mexico.



____________

*Laurie A. Blanchard, Biomedical Engineer, US Army Research Institute of Environmental Medicine, Natick, Massachusetts.

†David P. Sauter, Meteorologist, US Army Research Laboratory, White Sands Missile Range, New Mexico.



As indicated previously, cold model development has proceeded in two directions. Most cold models can be categorized as either whole-body or extremity/digital models. Whole-body models usually address hypothermia, whereas frostbite or loss of function tends to be the more immediate concern for the extremities. This reflects the circulatory response to cold exposure, which essentially sacrifices the extremities by vasoconstriction to preserve the core body temperature and function.
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Fig. 2-5. Schematic diagram of the MERCURY/Ranger Test Bed at Eglin Air Force Base in Florida. AF: Air Force; RF: radiofrequency; USARIEM: US Army Research Institute of Environmental Medicine.



Frostbite of the fingers, toes, and face tends to be the primary risk for active soldiers. In addition to the initial pain and loss of digital function, the appearance of frostbite, with the discoloration and the fear of or actual occurrence of gangrene and amputation, can have a psychological effect disproportionate to the immediate danger. The loss of manpower, strain on medical facilities, and long-term disability caused by frostbite are, however, very real. In addition to the WCIs, other models have been developed to predict probability of frostbite for a given set of exposure conditions.

Cold digit compartment models require that users input digit dimensions, blood flow, initial compartment tissue temperatures, the biophysical properties of gloves or boots, plus air and ground temperatures. The typical operational output of interest is the time for the tip of the digit to reach a threshold temperature (eg, 5°C or 41°F), below which there is increased risk of peripheral cold injury.

Some peripheral hypothermia models mathematically incorporate the effects of cold-induced vasodilation (CIVD).93 This phenomenon effectively balances competing requirements for heat-conserving vasoconstriction and nutritive vasodilation. Unfortunately, readily identifiable individual factors that can predict CIVD have not been adequately established to include this in these models. Furthermore, without being able to reliably predict which personnel will respond to declining digit temperatures with CIVD, the longer exposure times predicted with a CIVD model would put those without CIVD at risk for peripheral cold injuries.

A numerical model of a generic distal extremity (eg, finger) exhibiting simulated countercurrent arteriovenous heat exchange for predicting temperature response of digits to cold stress has also been developed by Shitzer and colleagues94 at USARIEM. The model (Attachment A) is based on the geometry of a multilayered cylinder and sophisticated control theory. At the time of its development, the computational requirements for a complex, multinode model exceeded the computational resources that would be available in an operational setting. Obtaining the requisite, detailed data to expand the validation of the model has also been difficult. The focus at USARIEM is to link a simpler extremity model to the whole-body model.

A limitation of WCT and other windchill models presently incorporated into military doctrine92 is that these models predict only local frostbite of the extremities and/or comfort. Although frostbite tends to be the primary risk for well-dressed soldiers who engage in activities that result in significant levels of metabolic heat production, when soldiers are forced into a sedentary state or exposed to extreme cold without adequate clothing, hypothermia is a significant risk. Present windchill models do not address hypothermia. In addition, partial immersion is a confounding condition.

Tikuisis and colleagues,95 working at USARIEM and DRDC Toronto, developed several versions of whole-body cold models for both dry and immersed individuals. Through access to the cumulative USARIEM database, Tikuisis et al were able to quantitatively identify the importance of body fat during immersion. More recently, Xu and colleagues86 developed an improved model, the SCTM, that incorporated both heat and cold effects for both terrestrial and immersion states. Additional applications using SCTM are discussed in Attachment B.

Models of the more extreme immersion state are easier to validate because of both greater availability of data and the less complex biophysics of immersion in a liquid when, in the nude state, virtually the entire body surface is exposed to the same convective stress. Whole-body cold models become more complex with clothing, partial immersion, wet clothing, or the greater complexity of conductance through foot and hand contact, convection to air at varying velocities, evaporation, and radiant exchange in different directions. Because terrestrial cooling is sensitive to variations in clothing, wind speed, and activity over a wide range of air temperatures above and below freezing, it is particularly difficult to develop an adequate database for model development.


Moran and colleagues96 proposed a cold strain index (CSI). They improved the version of CSI97 for dry or terrestrial cold exposure, suggesting that cold strain is a product of both core and extremity surface cooling. It is unlikely that an individual with severely frostbitten hands will be able to function as a soldier during operations, nor survive for an extended period of time without assistance. A successful cold model must therefore account for both extremity and whole-body cooling. Thus, recent efforts at USARIEM, such as SCTM, have attempted to link whole-body and extremity cooling.

High-Altitude Models

There is currently no operationally useful, validated model for accurately predicting soldier responses to acute, subacute, or chronic exposure to the hypobaric hypoxia of high altitudes.70 One fairly comprehensive physiological response model exists, but it does not link predicted physiological responses with altitude illness rates and has not been validated for use in military operational settings.98 Adding to the complexity of developing a comprehensive casualty prediction altitude exposure model is that ascent to high mountain altitudes is typically associated with simultaneous exposure to cold, harsh, and labile weather, causing significant risk for hypothermia and peripheral cold injuries, increased intensity of direct and reflected ultraviolet radiation (which predisposes one to skin and ocular injuries), and exposure to rugged terrain (which predisposes one to traumatic injuries). Also, an operationally useful high-altitude casualty prediction model should include the effects of prophylactic medications that have been found effective in reducing the risk and severity of high-altitude illnesses. A comprehensive high-altitude exposure model ideally would integrate these disparate but related factors to accurately predict the physiological strain, injury, and illness rates for proposed high-altitude missions or, conversely, generate recommended ascent profiles to limit altitude illness rates below a specified maximum level.

Independent or predictor variables for constructing high-altitude physiological and medical outcome models would necessarily include environmental, mission, and personal factors. Mission-related factors would be extremely important for predicting physiological strain and medical consequences of ascent to high altitude. Absolute altitudes and proposed rates of ascent determined by command-imposed time lines for reaching mission objectives would be major environmental and mission determinants of altitude illness rates.

Estimated compliance rates with prescribed prophylactic medication regimens against altitude illness before and during ascent would be another important factor. Predicted environmental temperatures and biophysical properties of uniforms; solar intensity; number of hours of day versus night operations; percentage of personnel who will not have or will lose their sunglasses; estimates of amounts of potable water available per person per day; and an index of terrain ruggedness could all qualify as predictor variables for altitude, solar, cold, and traumatic injuries and illnesses that would be of operational importance for missions in high mountain areas. A comprehensive predictive altitude model, therefore, could be useful to commanders and their staff, and for advising medical officers to develop reasonably accurate quantitative estimates of the injury and illness rates associated with alternative approaches to achieving combat, peacekeeping, civil action, or disaster relief objectives in high mountain areas.

Without a trusted prediction model to quantify these types of potentially preventable health risks, operational and tactical planning staff might not adequately consider the relative importance of these problems when selecting among alternative mission strategies. Medical planners could also use a comprehensive predictive altitude model to develop balanced medical support requirement plans. This would include better specification of evacuation and treatment resources. For example, evacuating ill or injured personnel in high, rugged, stormy, mountainous environments will often be resource intensive.

Assumptions and Biomedical Models

Assumptions are an inescapable aspect of model development (including notional models). It is recommended, though, that they be explicitly identified, categorized, and their existence and information disseminated to users of related models. Users of model-based analysis and decision tools should understand a model’s operationally important explicit and inherent assumptions and determine to what extent they might affect the accuracy and validity of its predictions for specific applications. For example, the USARIEM heat strain model has been used to develop recommended work–rest cycles and water intake tables for various deployment handbooks.27 Such tables are accompanied by a list of the important assumptions that the user must check before utilizing the tables. The assumptions include the following: that the troops for which the recommendations will be applied are basically healthy and adequately nourished (because the data used to develop the model were obtained from healthy nourished soldier volunteers), and that everyone starts out adequately hydrated (because the tables were created using an initial condition of no more than 1% dehydration). Other assumptions are that it would be impractical to create separate tables for every possible combination of the situationally less important independent variables. Therefore, representative values are used. The extent to which actual conditions deviate from these assumptions, as well as how the recommended or assumed values should be adjusted, needs to be assessed by the users if direct consultation with the modeling group that created the tables is not feasible.


EXHIBIT 2-2

INITIAL CAPABILITY DECISION AID THERMAL PREDICTION MODEL*,†

The initial capability decision aid (ICDA) model is a heat stress prediction model developed for monitoring the physiological status of soldiers. It is a basic and abridged model derived from elements of the US Army Research Institute of Environmental Medicine (USARIEM) human thermal physiological simulation computer model, SCENARIO,(1) and the Gagge model.(2) The model can be loaded with anthropological characteristics of an individual (ie, height, weight, and clothing), group means, or default population values. Real-time inputs of measured heat rate and local weather (eg, temperatures, wind, relative humidity, and estimates of radiant load) are used by the computer model to make real-time predictions and estimates of the subjects’ physiological status or other physiological parameters.

A main purpose for constructing this model was to predict time estimates of the internal body temperature (Tcr), sweat rates (SR), and hydration status of soldiers in a battlefield situation. For instance, Tcr is the traditional and common physiological parameter for heat strain assessment, as it reliably indicates impeding injury.(3,4) However, measuring Tcr is invasive and can be impractical for real-time monitoring of soldiers dispersed over a large area and exposed to heat stress while engaged in long hours of varied and unpredictable tasks. Although obtaining “true” values of many parameters from environmental, physiological, and operational conditions is desirable and increases the model’s accuracy to assess soldiers’ status, alternatives for the worst-case scenario (eg, losing signals from sensor devices, wrong calibration, or conflicts between sensors) still need to be considered. For these reasons, ICDA was developed to predict physiological responses to battlefield situations from a minimum number of noninvasive inputs.
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Fig. E2-1. Schematic of core, skin, and clothing compartments.
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Fig. E2-2. Summary comparisons between mean measured and predicted core temperatures from different heat studies. Heat study 1 (27°C, 75%; hot weather Battle Dress Uniform; n = 9).
ICDA: initial capability decision aid
Illustration: Adapted with permission from Santee WR, Berglund LG, Cardello A, Winterhalter CA, Endrusick TL. Physiological Assessment of Volunteers Wearing Battle Dress Uniforms (BDUs) During Intermittent Exercise. Natick, Mass: US Army Research Institute of Environmental Medicine; 2006. Technical Report T06-06, unpublished data, June 2006.




The thermal physiology of the ICDA model is represented schematically in Exhibit Figure E2-1, where the human is modeled as two physiological compartments (core and skin) surrounded by a passive clothing compartment. Within a compartment, the properties are uniform (ie, everywhere within the core at time t, Tcr has the same value). All metabolic heat production (M) occurs in the core. Some heat is lost directly from the core to the environment by respiration; all of the other heat from the core is transferred to the skin by conduction or convection with skin blood flow. The primary method used to regulate Tcr is achieved by controlling blood flow. Exhibit Figures E2-2 and E2-3 present the results for Tcr predictions from two of three heat studies used to validate the model. More complete information, including data from all three studies, are presented in other reports and publications.(5) Recent reports from wars in Iraq and Afghanistan indicate that faster access to medical/surgical care and identifying evacuation situations would save more soldiers’ lives.(6,7) The current strategy to shorten the time lag between injury and treatment is to position a small surgical care unit near the battlefield.(7) The model can contribute this effort by forecasting both real-time and future probabilities of soldiers’ health status by notifying unit medical personnel and command elements on the battlefields. The ICDA will also provide a longitudinal projection of SR, which can be used to predict soldiers’ dehydration status and water requirements. Thus, logistics personnel can plan for water delivery to meet the projected demand and the associated cost, and soldiers can sustain their physical and cognitive performances by preventing dehydration.
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Fig. E2-3. Summary comparisons between mean measured and predicted core temperatures from different heat studies. Heat study 3 (35°C, 45%; protective garment; n ≤ 8).
ICDA: initial capability decision aid
Illustration: Adapted with permission from Latzka WA, Sawka MN, Montain SJ, et al. Hyperhydration: tolerance and cardiovascular effects during uncompensable exercise-heat stress. J Appl Physiol. 1998;84:1858–1864.



Predictions of soldiers’ thermal status during heat stress are promising, particularly for Tcr, using this simplified model. To improve predictions of skin temperature ([image: art]), the existing databases should be evaluated to determine which [image: art] measurement site best represents the combined impact of individual variability, clothing, environment, and operations on [image: art], and is, therefore, the best site to use for model development and validation of [image: art] predictions. Similarly, for SR predictions, the trends of individual SR patterns need to be carefully evaluated to further refine this model. Lastly, it is recommended that ICDA be applied to real-time situations in both laboratory and field training exercises for future Tcr sensitivity analysis and further model development.

____________

*Miyo Yokota, Research Scientist, US Army Research Institute of Environmental Medicine, Natick, Massachusetts.

†Larry G. Berglund, Biomedical Engineer, US Army Research Institute of Environmental Medicine, Natick, Massachusetts.
Data sources: (1) Kraning KK, Gonzalez RR. A mechanistic computer simulation of human work in heat that accounts for physical and physiological effects of clothing, aerobic fitness, and progressive dehydration. J Therm Biol. 1997;22:331–342. (2) Gagge AP, Fobelets AP, Berglund LG. A standard predictive index of human response to the thermal environment. ASHRAE Trans. 1986;92:709–731. (3) Amos D, Hansen R, Lau WM, Michalski JT. Physiological and cognitive performance of soldiers conducting routine patrol and reconnaissance operations in the tropics. Mil Med. 2000;165:961–966. (4) Pandolf KB, Goldman RF. Convergence of skin and rectal temperatures as a criterion for heat tolerance. Aviat Space Environ Med. 1978;49:1095–1101. (5) Yokota M, Berglund LG. Initial Capability Decision Aid (ICDA) Thermal Prediction Model and Its Validation. Natick, Mass: US Army Research Institute of Environmental Medicine; 2006. Technical Report T06-9. (6) Bilski TR, Baker BC, Grove JR, Hinks RP. Battlefield casualties treated at Camp Rhino, Afghanistan: lessons learned. J Trauma. 2003;54;814–822. (7) Gawande A. Casualties of war—military care for the wounded from Iraq and Afghanistan. N Engl J Med. 2004;351:2471–2475.



Numerous legitimate assumptions are frequently invoked during model derivation and development. They might be necessary to simplify complex processes, to make the modeling effort tractable, or to permit spanning knowledge gaps that would otherwise prevent model completion. Assumptions might be necessary when users want a practical, easy-to-use model in lieu of a cumbersome, full-featured, high-resolution version. Assumptions can also be necessary to account for the effects of uncertainty and the seemingly random variations. In addition, they might be necessary during, or an inevitable consequence of, the model implementation process. For example, the form of derived or empirically selected equations, the numerical methods used to generate output, and the inherent logic in a software realization can affect the accuracy and stability of the model. Furthermore, although the many equations in a complex model might be stable and well-behaved when evaluated individually, often there remains the unproven assumption that the overall model will also be stable and well-behaved within the variable space over which each equation individually was determined to be valid.
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Fig. 2-6. Graphic representation of the risk of heat injury generated by the Integrated Weather Effects Decision Aid (IWEDA). Color-coded output for the risk of heat injury, based on the USARIEM Heat Strain Decision Aid (HSDA), which is incorporated into the IWEDA component of the Distributed Common Ground System–Army (DCGS-A) weather “toolbox.” The map represents, for each colored pixel, the highest risk of thermal injury projected for an area in Afghanistan for a 24-hour period (0700 on May 10, 2011 to 0800 on May 11, 2011) for warfighters wearing the Army Combat Uniform with body armor while engaged in moderate activity, and assumes partial (5 days) heat acclimatization. Red represents a greater than 50% risk of heat injury, amber indicates a risk between 25% and 50%, and no color (usually represented as green) indicates the risk is below 25%. The color coding may be adjusted to reflect different risk levels. For the whole area, each colored pixel represents a 15-km area, and the temporal resolution is 3 hours. For the smaller area outlined in blue, a more detailed weather forecast, a Weather Running Estimate (WRE)—based on interpolation, surface observations, and upper air soundings—is available. For the WRE, the resolution is 1.5-km pixels for 30-min intervals. Information for this area, with an associated projection of risk from IWEDA, is presented in a colored chart that presents the threat level for an expanded 48-hour timeline. Additional information regarding maximum work times, work–rest cycles, and water requirements is available from DCGS-A.
Photograph: Courtesy of US Army Project Manager, Distributed Common Ground Station–Army.



Most users of model-based products will not have the technical background, interest, or time to verify model correctness or validation. Therefore, they must usually assume that the model was developed properly, that algorithms are correct, that the forms of the associated regression equations are appropriate, that the implementation is debugged, and that the model and implementation have been validated. As referenced in chapter 1, there is a formal process for validation, verification, and accreditation (VV&A) of models. Model developers must systematically establish the credibility of their products. This can be accomplished by organizing a model development process with documented control mechanisms that will ensure (to the greatest extent feasible) and certify model correctness and validation prior to product release. Incomplete, operationally invalidated models, however, are useful for proof-of-concept demonstrations and to elicit feedback from prospective users during the concept development and exploratory development phases of a modeling project.73

Physiological heat strain models, for example, are often associated with a number of important assumptions. Algorithms that generate predictive core temperature profiles versus time do not explicitly model the effects of skin temperature. However, skin temperature is clearly a relevant factor in thermoregulation. It determines the core-to-skin and skin-to-ambient temperature gradients that influence rates of conductive heat flow from core to skin and skin to environment. Also, the vapor pressure and rate of evaporation of the layer of sweat adhering to the skin’s surface are functions of skin temperature.

A certain amount of inaccuracy in some types of predictive heat strain algorithms might be related to not explicitly including terms for skin temperature. However, skin temperature effects will be implicitly included in heat strain models whose coefficients were obtained using data from heat stress studies. The experimental data in such situations implicitly reflect all the thermoregulatory processes affecting changes in core temperature. For example, actual core temperature measurements include the effects of skin temperature, sweating, and changes in skin blood flow. Therefore, an empirical regression model can predict core temperature quite reliably, even though skin temperatures are not explicitly delineated in the model. In such circumstances, the effects of skin temperature are in the model, but distributed among its coefficients in a manner that is not separable or directly discernable. These types of predictive thermal strain models will be algorithmically less complex than if skin temperature effects were explicitly included. Initial skin temperatures during use of such a model are necessarily assumed to be those from the data from which the model was developed. If skin temperature is modeled explicitly, users may then have a mechanism for entering situation-specific initial skin temperatures that can result in more accurate core temperature predictions.

A serious mistake of modeling the effects of skin temperature could occur, however, if an analytically derived model with empirically determined coefficients, but not modeling skin temperature, was “enhanced” or upgraded with additional skin temperature equations or terms having coefficients calculated from separate data. This could result in an incorrect model, because skin temperature effects would be duplicated, to some extent, using such an approach. A similar, but incorrect, alternative that is sometimes used in practice is the inclusion of terms to explicitly model a new process variable, such as skin temperature (or any other factor not in the initial model), and then “tweaking” miscellaneous parameters in the new and original terms until the predictions from the enhanced model match experimental data. With this approach, the modeler, in effect, arbitrarily reallocates the un-modeled thermoregulatory effects between new and previously defined coefficients.

The preferred method for expanding a model requires that parameter identification and model validation be completely redone. This can be facilitated by the availability of a robust statististical analysis application for performing complex multiple regressions conveniently linked to large data sets from an extensive database of heat stress study results.99

The body tissue compartment is a common abstraction used in the formulation of biomedical and pharmacological models. It involves important simplifying assumptions. In compartment models, portions of the body (eg, the digits in models for predicting maximum cold exposure times) are neatly partitioned into a small number of discrete stereotypical geometric volumes (eg, concentric cylinders) having homogeneous tissue and biophysical properties. A typical compartment structure depicted graphically has a central blood compartment and a solid cylindrical core compartment representing viscera, intrathoracic, and cranial tissues surrounded by successive concentric hollow cylinders representing muscle, fat, vascular skin, and nonvascular skin. Each compartment can also be represented as a single point having the temperature and biophysical properties of all other points in the compartment. This is one reason why a compartment model is also referred to as a lumped-parameter model. Except for the outer skin surface, the surface areas of the intercompartmental interfaces are not actually measurable. They are calculated in accordance with the geometric model using best obtainable estimates of average compartment volumes and densities. This type of model implicitly assumes that properties and values of the predicted variables are time-dependent, but not functions of location along the interface.

Heat and cold strain models for predicting tissue compartment temperature profiles intrinsically assume that all points in a compartment are always at the same temperature and change simultaneously by identical amounts. Therefore, this results in a low-resolution model that admits transcompartmental, but not intracompartmental, temperature gradients. This restriction necessarily implies that heat flows infinitely fast within compartment boundaries. This would be an untenable assumption if it were not for the extensive and fairly uniform plexus of blood vessels that traverse most tissues. This allows rapid convective heat transfer between compartments, thereby creating the tendency for temperature equalization within tissue compartments. The compartment assumption is, in a sense, an abstraction of the details of this convective blood flow process. For most practical applications, this assumption results in a sufficiently accurate and reliable heat or cold strain prediction model.

Greater predictive accuracy and spatial resolution can theoretically be obtained with distributed-parameter models; however, their solutions are often more difficult to derive. This class of mathematical model also uses compartments, but the biophysical properties of tissue within each compartment are specified with greater resolution as functions of specific location. Likewise, values for predicted variables are functions of exact intracompartmental location and time. Distributed-parameter models determine time-dependent heat conduction from point to point within each compartment. There is not just one temperature per compartment; rather, there are as many separate temperatures as permitted by the spatial resolution of the solution method. As advantageous as that might be, this type of model is not as commonly used as the lower resolution, lumped-parameter type, because it is much more difficult to identify the functions or specific values describing spatially varying tissue properties and initial conditions. Also, a distributed-parameter model is generally more difficult, expensive, and time-consuming to validate, if it can be done at all. This is because validation requires that initial values for the predicted variables be obtained for points throughout the volumes being modeled. For many variables, the technology might not exist to make this possible. Also, even if a distributed-parameter model can be validated in carefully controlled experimental settings, it can be impractical during operational use to fully and accurately determine or specify the functional form of a large number of initial and boundary conditions.

Other modeling assumptions that do not involve simplification of morphological characteristics and the natural distribution of tissues and biophysical property gradients can be illustrated by examining the link in the USARIEM heat strain model between predicted core temperature response and likelihood of heat stress casualties. The more mathematically complex portion of the model is the empirically derived algorithm that predicts core temperature as a function of numerous, situation-specific personnel and environmental factors. The other component predicts heat stress casualty rates as a single function of the calculated core temperature. A 50% rate of heat stress casualties is predicted when core temperature reaches a mean of 39.5°C (103.1°F). The casualty rate function has an effective standard error of approximately 0.3°C (0.54°F), so that a 95% heat stress casualty rate is associated with a core temperature of 40.1°C (104.2°F).

The predicted casualty rate refers to heat stress-related illnesses that require evacuation to a medical treatment facility. Unfortunately, the model, as it currently exists, cannot partition the predicted total heat stress casualty rate into diagnostic categories, such as dehydration, dermatological conditions, heat exhaustion (mild, moderate, recurrent), or heatstroke (moderate, severe, lethal). This limitation restricts the ability of extending the model in ways that would be useful for medical planners. For example, diagnostic resolution is required for estimating the medical resources necessary to transport, treat, and rehabilitate different types of heat stress casualties. The heat strain model would need to be expanded to be able to predict different types of heat illness. It is unlikely that such an extended heat illness prediction module would be accurate if the output were a function of core temperature only. Additional variables—including skin temperature, dehydration, and rate of core temperature increase, as well as direct dependency on mission (eg, work rates) and environmental input factors—would be necessary considerations. To link casualty and required medical logistics support would require adding a third component to the current model.

Development of a component for predicting the logistic requirements for a potentially complex and dynamic mix of the types of heat illness would need to be derived by obtaining data retrospectively from treatment records, or preferably by conducting prospective studies that would collect, in an unbiased and as complete a manner as necessary, representative medical logistical data on heat stress illness. In Chapter 12, an example of a database of medical records—the Total Army Injury and Health Outcomes Database—is described. Logistical support requirements for the evacuation, treatment, and disposition of heat stress casualties could be modeled as a function of available medical evacuation and treatment personnel and technology, type of operational scenario, terrain, tempo, and other complex variables.71 To develop a predictive logistics component for the overall model, observational or experimental data regarding requirements for evaluation, treatment, and evacuation resources required for each type of environmental stress casualty would need to be obtained.100

Validation of Biomedical Models

All models used for training or decision-making should be validated.101 Although, as noted previously and referenced in Chapter 1, there is a formal process for VV&A (MIL-STD 3022), the application of the process to physiological models presents a challenge. This is a process that verifies that there is no statistically significant difference between measured and predicted outcomes. From a practical standpoint, however, the deployment of model-based products usually cannot await complete validation. The number of inputs for the mathematical algorithms of the models and the alternative branching in the traversal of many logical structures in the software implementations can be so complex and numerous, or span such a wide range of plausible values, that it is not feasible to validate predicted effects of every possible combination of values for the independent variables. Validation of models and simulation algorithms can be performed for only points or small areas or volumes at a time in a hyperdimensional space defined by the plausible range of values for the independent variables. Because the envelope for the validated region can usually be expanded only by a limited amount through any particular validation study, extensive validation of a model can become very costly and extend over many years or even decades. The envelope of the independent variable regions for which a model has been validated expands as successive validation studies are performed.

Statistical evaluation is required during validation because, although models are often deterministic, measured data contain noise or variability for a wide variety of reasons, including the changing influences of variables and factors that are not measured or controlled. Compared with the output from deterministic models, which always generate the same output values for the same initial conditions, real-world data always include noise; that is, model-based predictions will not usually precisely match actual results. Because model-based predictions are not always exactly correct, some individuals categorically reject their use. However, well-constructed and validated models, even if not always precisely correct in their predictions, are often more accurate, consistent, and able to evaluate more factors simultaneously than unaided subjective estimation processes.

The “failure” of models is sometimes the result of inflated expectations. Physiological responses to equivalent stress, even for the same individual, demonstrate a degree of variability. In addition, measurement methodology allows some error. Under field conditions, any claim of a precise replication of conditions should be suspect. Thus, a categorical rejection of a model when it does not exactly match field data is naive. In addition, no event can be completely physiologically isolated. Wallace et al,102 for example, in an epidemiology study, determined that heat injury was strongly correlated to a history of cumulative exposure to heat stress over at least the previous day. A practical demonstration is that the NWS issues a heat wave warning based on the persistence of high air temperatures over a 3-day period, rather than exposure to high temperature, per se. In a similar manner, as an operation progresses, most individuals are unable to maintain peak physiological conditioning as progressive sleep deprivation, muscle fatigue, nutritional short falls, and mental fatigue take a toll. At present, no model compensates for all aspects of a sustained operation.

Pielke and Conant103 used weather forecasts to illustrate how a better understanding of models could establish their utility despite some inherent error. As they indicate, weather forecasts are model predictions, and practical experience indicates that those predictions are not wholly accurate. However, most people do not completely reject or dismiss the forecasts due to that inaccuracy. Certainly, no one rejects weather reports based on a one-time over- or underprediction. Rather, we learn to work with the limitations of the predictions and, as we become more familiar with the inherent error, we learn to take the possibility of error into our decision-making process. Familiarity with predictions from a specific model promotes better use of the model. By incorporating models into training doctrine, units will be prepared to use the guidance during actual operations.

Most models are deterministic abstractions of natural processes that exhibit considerable variance when repeatedly measured at each value of the independent variables. Mathematical models can be constructed to incorporate such variation if error terms, obtainable from regression analysis results for the parameters of interest, are incorporated into the model rather than discarded, as is often the case in practice. The parameters or coefficients in modeling equations would then be statistically parameterized with corresponding means and standard deviations (for determining variance of predicted results for individuals) or standard errors (for determining variance of predicted results for a group). Although the estimates of true (often unknowable) model parameter values are usually assumed to be normally distributed, the distribution of the predictions might not be. When simple mathematical algorithms incorporate parameter variances, it might be possible to analytically determine distribution (eg, normal, chi square) of the predicted output. This is usually not possible for a complex mathematical algorithm; Monte Carlo simulation and hypothesis testing methods are required to characterize the statistical distribution of the output.

Differences between predicted variables and measured values will always occur because a model cannot fully account for all the complexities (manifesting as apparent randomness) of personal, environmental, and mission-related processes. Another source of disparity between predicted and actual responses is measurement error for user inputs. Primarily, this refers to the uncertainty or error in ascertaining the true values for the initial conditions. For example, a heat strain model might require the user to input a value for the ambient WBGT, and/or the three weather variables used to compute WBGT. However, WBGT values, as a function of dynamic weather patterns and terrain, often are a relatively rapidly changing set of inputs. For example, WBGT values obtained 5 km, 1 km, 100 m, or 1 m away from a group of working individuals can result in significantly different model-generated recommended work–rest cycles. WBGT values obtained in the immediate work area are the most appropriate (assuming a properly functioning and calibrated WBGT instrument), because they will most accurately reflect actual conditions and result in more accurately predicted physiological responses. When personnel are wearing thick or impermeable uniforms, however, ambient WBGT values will usually not be a good predictor of the rapid onset of heat strain, because the ambient WBGT values in such circumstances will not accurately reflect conditions within the microclimate in the layer between the skin and inner layer of clothing. It is the microclimate in this layer that is most influential in characterizing the heat strain response rather than the ambient WBGT values. Ambient and skin–clothing microclimate values can differ substantially, because air movement in the skin–clothing microclimate layer is limited to air pumping from body movements. Occlusive clothing restricts the venting of microclimate air into the ambient air, thereby seriously reducing convective heat loss potential. In addition, the increased humidity in the microclimate skin–clothing layer has a positive feedback effect on increasing heat strain from reduced sweat evaporation rates.

The correlations between distant to local WBGT might be weak and nonstationary. They might be time-shifted, as the effect of clouds, wind, and other meteorological phenomena on spatial-temporal variations of WBGT traverse from one location to the other. However, variations in terrain features can be independently associated with substantial differences in WBGT readings. If only dry bulb temperatures are available, a model might require the user to measure or estimate ambient humidity, wind speed, and solar load. Such estimates will always be fraught with error. However, similar estimations are routinely made when exercising unguided judgment to decide how long to work when the weather is hot. In this respect, the model is no more susceptible to measurement inaccuracy than comparable unaided decision-making processes. Of course, ad hoc mental modeling is analogous to fuzzy logic algorithms, which are generally better suited than mathematical algorithms for processing imprecise inputs.104 Fuzzy logic typically generates imprecise, but easy-to-comprehend useful recommendations or predictions. With fuzzy logic, precise measurements for the input variables are not necessary. If they are available, they must be “fuzzified” (ie, the precise input data must be appropriately categorized with respect to defined levels). In some instances, this “fuzzification” process can negate the effects of incorrectly specified initial values. Even though certain input variables must be estimated, model-generated predictions can still be more accurate than subjective opinions.


TABLE 2-1

FAMILY OF THERMAL STRESS MONITORING SYSTEMS PROPOSED BY USARIEM

[image: art]

BMIS-T: Battlefield Medical Information System–Tactical; HSDA: heat strain decision aid; ICDA: initial capability decision aid; IWEDA: Integrated Weather Effects Decision Aid; MoHSM: mobile heat stress monitor; PDA: personal digital assistant; PHC: US Army Public Health Command (formerly CHPPM [US Army Center for Health Promotion and Preventive Medicine]); PSM: (Warfighter) Physiological Status Monitor; TB MED: technical bulletin medical; USARIEM: US Army Research Institute of Environmental Medicine; WBGT: wet bulb globe temperature.

 

Some methodologies—such as Monte Carlo techniques to develop statistical probability boundaries, or the use of individual training sets with neural network models—can help address the issue of individual variability. Generally, however, models cannot predict precise responses for any specific individual. The predicted responses are mean responses for a group having the specified characteristics. Hence, models usually are not designed to handle the effects of natural variations within a group of individual characteristics or differences in clothing and workloads. A number of factors influence how this affects prediction accuracy.

The operational use of model-based decision aids should be incorporated into staff and medical services processes, as delineated in SOPs or guidance. Model-based products can then become ingrained into normal workflow and their use sanctioned in organizational publications. This helps ensure that decision aids will be used appropriately. Such references can also provide guidance for the proper use of model-based tools, including acceptable assumptions for nonmeasurable input variables.

There are two aspects to the USARIEM thermal modeling effort. The first, more scientific endeavor has been to develop a suite of thermal models, such as HSDA, SCENARIO, and SCTM. The second effort has been an attempt to transition the scientific knowledge to field applications. To that end, USARIEM has proposed a family of environmental health monitoring systems, as depicted in Table 2-1. This family of systems could help prevent heat injury or illness at the individual war fighter, small unit, and corps or division level. The plan, as conceptualized in Table 2-1, has not been achieved, but IWEDA incorporates the USARIEM thermal models as weather products on the system. SCENARIO has been developed as a PC-based analytical tool; and the simplified MoHSM does provide access to thermal models at the small unit or individual level. The heat stress monitor—because of a lack of a formal requirement, weight, cost, and bulk—was not accepted by the military, but the basic concept of the heat stress monitor continues to be pursued using other platforms, such as handheld weather instruments. These or similar modeling products should help provide the war fighter with a vital link to prevent thermal injury or illness.

SUMMARY

Models and simulations allow exploration of the likely consequences of high-risk situations or alternatives that are too dangerous, expensive, numerous, or time-consuming to actually test and evaluate. There are, however, some potential disadvantages in the use of models and simulations. The fidelity of models and simulations will always be limited to some extent. Transfer of training from model-based simulation to actual situations will never be perfect and, in some cases, there might be negative training transfer. The range of valid outputs will always be constrained to varying degrees by inherent assumptions. Model-based algorithms will become outdated as new information becomes available through experience or research. Also, the use of model-based products needs to be integrated into organizational practices, doctrine, and guidance. Models can be plagued by technical problems that are not readily apparent. For example, models that generate plausible outputs for certain ranges of input variables can have an algorithm that is partially or entirely incorrectly formulated. Thus, models should be verified as correct by subject matter experts. The structure and logic of a model might be correct, but biased because of the coefficients obtained from data in which test subjects or study conditions were not representative of the more general conditions for which model outputs are more commonly applied. The model results should be validated for the range of conditions and characteristics of populations for which the model will be considered applicable. Also, models almost always include simplifying assumptions. Therefore, results will be accurate insofar as the assumptions used in developing the model apply to the specific situation under consideration. A unit responsibility is that model assumptions or limits need to be disseminated. These qualifiers should be used as part of a checklist or other method to ensure that model limitations are understood and any restrictions are followed. This important step to ensure the appropriate use of models is often neglected or poorly done. Lastly, model development is often a lengthy and expensive process that frequently necessitates conducting research studies. A project management plan should be implemented in the early stages in the development of modeling applications that includes provisions for life-cycle product support.

Neglecting how the characteristics of prospective users and their corporate or military environments will affect model-based product acceptance and compliance with usage guidelines are common oversights in attempting to institutionalize the use of models and simulation-based applications. A comprehensive life-cycle project management approach for modeling and simulation products should be delineated, documented, and initiated during the early design phase. This type of long-term management approach for the development of biomedical models should also address and guide processes for identifying the technical competencies required for their effective use in operational settings. Provisions should also be made for product marketing and testing, document development and distribution, and product introduction and training. To maximize acceptance and integration of model-based applications into organizational processes, their use should be formally endorsed by leadership, starting with a formal, peer-reviewed requirements certification process based on MIL-STD 3022. Authority to modify doctrine and SOPs should be obtained from the organization’s leadership and appropriate committees so that they support use of the new modeling or simulation product, because it adds capabilities or efficiencies useful to the organization or decreases operational risks and costs. If these administrative actions are not planned and accomplished, distributed model-based products that are fielded will largely be ignored and classified by intended users as the latest curiosity among a seemingly unending parade of unendorsed technological toys. The needs and potential usefulness of proposed model-based applications should be clearly and honestly identified and promulgated long before the product is ready for distribution. One practical reason for this is that individuals do not have the free time to learn new software or modify well-developed work processes to accommodate new, model-based applications that do not seem to offer significant or profitable new function, the use of which has not been explicitly mandated by leadership.

During military operations, the human costs of bad decisions can be serious. For example, miscalculation of the limitations of heat stress tolerance or water intake requirements in hot desert conditions, the difficulties and dangers to life and health of cold weather, or the susceptibility of personnel to incapacitating or lethal altitude illnesses can result in operational debacles, with the loss of not just a few personnel, but entire units. All military personnel should know the following facts without having to rely on elaborate mathematical models:


	that heat stress can kill;

	that running out of water, especially in hot desert areas, in hot desert areas can mean death from dehydration;

	that excessive lengthy immersion in cool-to-cold water, or exposure to cold, windy weather without adequate protective clothing and shelter can result in frostbite or eventual death from hypothermia; and

	that ascending to high altitudes too quickly can result in high rates of acute mountain sickness and death from rapidly progressive high-altitude pulmonary edema and high-altitude cerebral edema.


Common sense, foresight, analysis of observations and individual experiences, attention to practical details, and effective leadership have been and will continue to be of paramount importance in preventive medicine efforts during field operations. When environmental stress casualties occur, lapses in basic leadership and supervision, and failure to adequately consider and protect against the many potential adverse effects of conducting physically and psychologically demanding missions will almost always be at the root of the problem.

Models for predicting the effects of environmental strain are a modern refinement that can assist planners and preventive medicine personnel in detecting those circumstances in which apparent common sense or superficial qualitative evaluations might be fooled by effects that are more serious than expected. They can also be useful in identifying nonlinear effects that we cannot accurately sense, such as nearness to threshold of sudden performance decrements, or a sudden increase in heat stress casualty potential caused by seemingly slight changes in mission or environmental conditions. Model-based decision aids have been shown to be effective in refining plans for minimizing rates of environmental stress casualties that are already low, and even more so when attempting to maximize less visible—but operationally important—personnel effects, such as physiological reserve and performance potential. Environmental strain models broaden the capacity of planners to rapidly and accurately evaluate the effects of many combinations of environmental, mission, and personnel variables on the risks of environmental stress casualties.
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ATTACHMENT A: FINGER-COOLING MODEL

A generic, numerical finger-cooling model exhibiting simulated countercurrent arteriovenous heat exchange for predicting temperature response of digits to cold stress has also been developed at the US Army Research Institute of Environmental Medicine (USARIEM).1 This type of model is of considerable interest because the fingers and toes are among the most vulnerable parts of the body to cold stress. Also, a whole-body thermoregulatory model can be formed by linking sets of cylindrical models for the extremities to a central body cylinder. At USARIEM, Shitzer and colleagues2,3 developed a series of sophisticated models to predict the cooling and risk of frostbite in a single finger. The finger models included the effects of


	heat conduction,

	metabolic heat generation,

	convective heat transfer by blood perfusion,

	heat exchange between tissues and large blood vessels, and

	arteriovenous heat transfer.


The effects of handwear on heat transfer to the environment were also simulated using biophysical data from handwear insulation testing.4

The generic digit was modeled with four concentric compartments, from the center to the outer surface, consisting of core, muscle, fat, and skin, with heat flow along both the radial and axial directions. A system of distributed-parameter differential equations mathematically described the dynamics of heat balance within and between compartments and to the environment, metabolic heat generation, as well as countercurrent arteriovenous heat flow. Solutions for the time-dependent distribution of digit temperatures were obtained via use of the Thomas alternating direction method, which was extensively tested for convergence, accuracy, and stability. Interrelated parameters describing geometric tissue density, specific heat, basal metabolic rates and blood flow, and minimum nutritional blood flow were required for each compartment to complete the model description. Heat transfer coefficients, defining rates of heat transfer from skin to ambient air, were also identified for still air and moderate breeze for both bare and gloved fingers.

Shitzer and colleagues2,3 provided an excellent example of how benchmark testing can be used in verifying stability and convergence of the software implementation of a complex thermoregulatory model. Through such testing, for example, they determined that, when the numerical algorithm used less than 20 nodes, results were a function of the number of nodes or temperature points within compartments. The complexity of the model has thus far limited its utility, but the countercurrent model serves as an excellent tool for illustrating the relative effects of countercurrent arteriovenous heat transfer on finger temperature patterns for various levels of ambient cold temperatures.
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ATTACHMENT B: WATER IMMERSION MODEL

Examples of immersion models are the lumped-parameter compartmental models developed for predicting body temperature responses to cold water immersion. For example, the US Army Research Institute of Environmental Medicine (USARIEM) developed SCTM, a six-segment (head, trunk, arm, hand, leg, and foot), whole-body cold immersion subprogram that included countercurrent arteriovenous heat transfer in the extremities.1 The trunk and extremity segments were each modeled as solid cylinders containing four concentric compartments—(1) core, (2) muscle, (3) fat, and (4) skin—and associated blood flows. The head was modeled as a sphere having spherically concentric compartments. The passive intercompartmental heat transfer process was represented as a system of first-order, lumped-parameter differential equations. The lumped parameters represented compartment-specific values for thermal conductance, heat capacitance, blood flow, and metabolic rate. Simulation of the active vascular and thermogenic (shivering) processes added the necessary thermoregulatory feedback components to the cold water immersion model to make it dynamic and consistent with known cold stress-induced compensatory processes. The immersion model was validated against measured core temperature data for military test subjects immersed in 20°C and 24°C water. The model closely predicted core temperature changes in those conditions.

This model will be an excellent candidate for predicting safe cold water immersion times and will therefore be suitable for inclusion in various environmental stress analysis applications and decision aids. For example, this type of model could be incorporated into MyWIDA (My Weather Impacts Decision Aid), a PDA (personal digital assistant), or other handheld electronic device. The system or device would be capable of providing unit-level, site-specific, time-limit guidance for immersion in cool to cold water (eg, units that must consider routes that require wading across ravines or marches to achieve their objectives), as well as for heat stress evaluation and prevention in other settings.

If incorporated into MyWIDA,2 this type of cold immersion model could provide contour overlays of recommended safe immersion times (based on reaching a selected core temperature limit) for training or operational areas where water immersion is a significant risk. This could then be used to direct units to avoid areas that pose an excessively high risk of immersion hypothermia or to recommend maximum exposure times that would be disseminated to the potentially affected units.

Another possible application of this type of tool is to assist in the planning of search-and-rescue operations. An example is the Probability of Survival Decision Aid (PSDA), based primarily on SCTM, that was developed for the US Coast Guard as a supplemental tool for search-and-rescue decision support.3,4
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INTRODUCTION

Background and Definitions

It is widely believed that a full night’s sleep is an unnecessary, inefficient luxury. However, this belief is even stronger in military and political settings in which a reduced need for sleep is seen often as a badge of honor. Throughout history, it has been reported that many noted individuals (eg, Alexander the Great, Napoleon Bonaparte, and Winston Churchill) only slept a maximum of 4 to 6 hours/day. Whether they slept for a short time every day—and did not get longer sleeps and/or naps regularly—is open for debate. More importantly, whether these individuals performed at an optimal level is another issue for discussion, which leads to the following questions:


	How is sleep assessed quantitatively?

	What measurable performance effects exist?


By addressing these questions, a clearer picture of minimum and optimal sleep needs emerges.

Throughout this chapter, there are specific terms used to describe this process and the performance measures affiliated with it, including:


	sleep,

	sleepiness,

	circadian,

	fatigue, and

	impairment.


At the most basic level, sleep is a reversible behavioral state in which there is disengagement from the environment.1 There are many proposed functions of sleep, including restoration2 and memory consolidation.3

Sleepiness is a state of wakefulness in which an individual has an increased inclination to fall asleep.4 Both sleep and sleepiness can be measured objectively using standardized methods.5 Most people are awake during the day and asleep at night. People who do not work at night—especially between 0000 and 0600 hours—are most likely asleep. This is not surprising because the physical and psychological pressures to sleep at this time are often irresistible, even in people who are motivated to maintain wakefulness. The daily rhythm of wake and sleep states is a result of the circadian system, which is a persistent, internal, homeostatic mechanism controlled by the suprachiasmatic nucleus (a distinct group of cells located in the hypothalamus).6

Unlike sleepiness, it is not possible to measure fatigue quantitatively.7 Fatigue relates to both physiological performance decrements and psychological impairments, such as decreased morale, judgment, and mood.8 Impairment is equally difficult to define because the degree of impairment depends substantially on the task, the individual’s environment, and the level of sleepiness. Operationally, the definition of impairment should encompass the necessary task(s) and the level of acceptable risk for the circumstances.

Operational Context

Success in military operations depends on effective performance at all levels of command and control. Effective performance at the individual level depends on the successful completion of complex cognitive tasks (eg, a commander must maintain near-constant concentration and an awareness of the overall mission goals and progress in the face of competing demands, including detection and management of threats and errors, while successfully firing and maneuvering). There are many factors that shape military effectiveness, including the following:


	battle intensity,

	combat experience,

	training,

	morale,

	hydration,

	nutritional status, and

	sleep.9


 Falling asleep while on duty in an operational setting can lead to catastrophic accidents. Less well appreciated is the fact that sleep deprivation systematically degrades performance long before people actually fall asleep. There is a cascade of degradation that predictably reflects a decline in mood, communication, reaction speed, reaction accuracy, and physical capacity. The natural endpoint of this spectrum is involuntary sleep. Figure 3-1 shows a representation of this cascade (see also Exhibit 3-1 and accompanying Exhibit Figure E1-1).
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Fig. 3-1. Schematic representation of (from left to right) the psychological and physical degradation associated with increasing sleepiness.





EXHIBIT 3-1

HISTORY OF INADEQUATE SLEEP IN GULF WAR OPERATIONS

On February 25, 1991, at 1800 hours, during the 100-hour ground war, a platoon of Bradley Fighting Vehicles from the Second Armored Cavalry Regiment (2ACR) was ordered to halt its advance and go into a screen line (Exhibit Figure E1-1a). They were to resume their advance the next morning. They remained awake and monitored their thermal sights for “hot spots,” which indicated a possible Iraqi approach to their position.

About 7 hours later—at approximately 0200 hours—the Bradley crews observed hot spots approaching (Exhibit Figure E1-1b). They were uncertain whether these were friend or foe; regardless, the crews continued to observe. The Iraqis had no thermal sights of their own; therefore, the Iraqis were unaware of the Bradley screen line and proceeded forward. Only when the lead Iraqi vehicles reached the screen line did the Bradley crews realize that these were the enemy. A brief firefight ensued, during which all the Iraqi vehicles were destroyed (Exhibit Figure E1-1c).

During the firefight, the two Bradley crews on the right flank of the screen line had turned to their left; they were no longer parallel to the other Bradley crews, but were instead facing into their own screen line (Exhibit Figure E1-1d). However, the crews of these two Bradleys were unaware that they had turned to face their own screen line. They still believed that they were facing in the correct orientation to the other Bradleys; therefore, they also believed that forward of them was the enemy. Because of this disorientation, the crews mistook the two Bradley crews on the left flank  (which were maneuvering around burning Iraqi vehicles) for enemy vehicles and proceeded to enfilade their own line with fire. They destroyed the two Bradley vehicles on the left flank (Exhibit Figure E1-1d).
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Fig. E1-1. Sequence of events from the 100-hour ground war—friendly fire incident (Gulf War, 1991). Black triangles represent US Bradley fighting vehicles. White triangles represent enemy vehicles.



Because the Bradley Fighting Vehicles were equipped with Kevlar (E. I. Du Pont de Nemours and Company, Wilmington, Delaware) spall curtains and Halon (H3R Performance, Larkspur, California), fire suppression, and the crew members wearing Nomex (E. I. Du Pont de Nemours and Company) fire-retardant suits, all of them escaped without injury. A medical officer with the parent unit of the Bradley platoon was able to assemble the platoon members a few days later and conduct a reconstructive debriefing of this incident.(1) By their own report, the Bradley crews had obtained only 3 to 4 hours of sleep per night over the previous 5 days and would have been performing at a level much lower than their optimal capacity. In addition, the firefight took place during the early morning hours, when the crew members’ complex mental operations were naturally waning because of their circadian rhythms.

___________________

Data source: (1) Belenky G, Martin JA, Marcy SC. After-action critical incident stress debriefing and battle reconstruction following combat. In: Martin JA, Sparacino LR, Belenky G, eds. The Gulf War and Mental Health: A Comprehensive Guide. Westport, Conn: Praeger; 1996: 105–113.



MEASURING SLEEP AND PERFORMANCE

Laboratory Sleep Measures

Behaviorally, it is possible to characterize sleep as a broadly homogeneous state of quiescence and reduced responsivity to sensory stimuli. Physiologically, it is dynamic, with intermittent/phasic changes in brain activity, as well as in endocrine and peripheral nervous system activity. The gold standard for determining sleep/wake state is polysomnography.

In the sleep scoring system currently accepted as the standard,10 sleep is divided into five stages—stages 1 to 4 and rapid eye movement (REM)—which are determined visually based on the pattern of polysomnography activity. Stage 1 sleep is characterized by low-amplitude, mixed-frequency electroencephalographic (EEG) activity and is considered a transitional state between wakefulness and the deeper (and more recuperative) non-REM sleep stages 2 to 4.11 Characteristically, stage 2 sleep has the appearance, in the EEG, of sleep spindles (12- to 14-Hz activity occurring in 0.5- to 2.0-second bursts) and K-complexes (a sharp negative excursion followed by a slower positive excursion and often quickly followed by a sleep spindle).

High-amplitude delta or “slow” waves (slower than 2 Hz, with peak-to-peak amplitude of at least 75 µV) can emerge during stage 2 sleep. When delta waves comprise 20% to 49% of a 30-second epoch, then that epoch is scored as stage 3 sleep. Epochs composed of 50% or more delta wave activity are scored as stage 4 sleep. Because of the waveforms that characterize sleep stages 3 and 4, these stages are collectively known as slow-wave sleep (SWS) stages.

REM sleep is characterized by a low-amplitude, mixed-frequency EEG (similar to that seen during stage 1); reduced muscle tonus (relative to the other sleep stages, as well as to wakefulness); and intermittent REMs. REM is the sleep stage during which most dreaming occurs.

Until recently, little was known about the neurophysiology underlying the various stages of sleep. The advent of imaging techniques (eg, positron emission tomography) has made it possible to create images of the living human brain during sleep. Recent results show that those brain regions mediating the ability to maintain alertness and vigilance, and so-called executive functions (eg, information assessment, problem-solving, and detection of conflicting information), are deactivated to a greater extent than other brain regions during sleep. This is true regardless of sleep stage; these brain regions deactivate during REM, SWS, and stage 2 sleep, with stage 2 sleep and SWS differing mainly in degree of deactivation (greater deactivation during SWS than during stage 2 sleep).12 Also, these are the same brain regions most deactivated by sleep deprivation.13 On awakening, activity is restored to these regions.14

The various functions and mechanisms of sleep will continue to be studied and debated. But, in this chapter, we will focus on the apparent role of sleep in the restoration/sustenance of metabolic activity in brain regions that mediate (a) the ability to maintain wakefulness under nonstimulating conditions and (b) executive functions. Questions regarding the extent to which sleep stages are differentially recuperative for performance are obviously important when attempting to quantify the relationship between sleep and subsequent operational function. However, previous experiments have failed to discern stage-dependent differences in the rate that performance recuperation accrues during sleep. This does not mean that sleep-stage–related differences do not exist. Rather, the lack of experimental control over sleep stages has precluded definitive comparisons (ie, studies have failed generally to compare sleep periods that are equivalent in all potentially relevant respects, except for sleep stage of interest).15

There are good (albeit nonexperimental) reasons to hypothesize that SWS has greater recuperative value than the other sleep stages. First, stage 3 and stage 4 (SWS) sleep tend to predominate during the first half of the night, whereas REM occupies more of the latter half of the night—an order suggesting that SWS might be the more important stage of sleep. Furthermore, the finding that even relatively brief sleep periods (eg, a 4-hour daily nap following 90 hours of continuous wakefulness) can restore performance to near-normal (presleep deprivation) levels on some tasks16 suggests that the recuperative benefits of sleep are, to a significant extent, “front-loaded,” in much the same way that SWS is front-loaded within a typical sleep period.

Finally, recovery sleep (ie, sleep following significant sleep loss) is typically characterized by increased (or “rebound”) SWS, both in terms of the percentage and the absolute amounts of SWS obtained. Because normal performance levels are restored recovery sleep periods that include much less sleep time than the amount actually “lost,” the implication is that SWS is likely to be the most “restoratively efficient” sleep.

Accuracy of mathematical models describing the relationship between sleep and subsequent performance—as detailed in the section on Predicting Sleep and Performance—can be enhanced if the relative recuperative powers of the various sleep stages are known and quantified. However, at this time, the importance of determining the relative recuperative value of the various sleep stages is not critical to modeling, because total sleep time is known to impact subsequent performance capacity. Obtaining polysomnography is impractical in most operational environments; and the extent to which sleep stages are differentially recuperative, if they are at all, is unknown.

Field Sleep Measures

Under operational conditions, obtaining adequate sleep can be viewed as a managerial problem similar to other items of logistic resupply (eg, water, food, fuel, and ammunition). For example, to manage fuel consumption effectively, a commander must know (a) how much fuel is on hand and (b) how far that fuel will take the unit, given the anticipated mission profile. This information is critical in planning for timely and adequate resupply. The same is true for sleep.

Historically, commanders had to manage the sleep of their soldiers based primarily on their experience and assessment of the need for sleep relative to other mission requirements. This is at least partly because of the following reasons:


	they did not know objectively how much sleep their soldiers had obtained over the previous days or weeks (ie, they had no means of measuring the relative amounts of sleep state versus the wake state in the field), and

	they were unable to predict how long any sleep obtained would sustain readiness (ie, they had no miles-to-the-gallon equivalent for sleep).


Basic sleep management awareness material has been provided to leaders and soldiers in a card format (Figure 3-2), but recent research will make more sophisticated assistance available to the commanders.

For purposes of managing sleep to sustain performance before and during deployments, the Walter Reed Army Institute of Research (WRAIR) has developed a sleep management system (SMS).17,18 This system consists of six components:


	a wrist-worn activity monitor to continuously record wrist movements,

	an algorithm to score sleep time versus wake time from recorded activity,

	a mathematical sleep/performance model to predict real-time performance based on scored sleep,

	recommendations for stimulant usage to sustain cognitive performance when sleep is not possible,

	recommendations for the use of sleep-inducing agents to induce recuperative sleep under certain circumstances, and

	guidelines and doctrine for the sleep management systems to manage sleep, alertness, and performance.


A cornerstone of the SMS is the means for measuring the amount of sleep and wake times under operational conditions. Wrist-mounted actigraphy (developed in the 1970s and 1980s) is a portable, field-use method for estimating sleep and wake amounts based on movement data (Figure 3-3).

When compared with the laboratory-based gold standard for recording sleep/wake times (polysomnography), actigraphy is considered to be a less reliable and valid means of measuring sleep. However, given the substantially cheaper cost, higher portability, and overall level of agreement with polysomnography assessments of sleep, actigraphy is considered practical and useful in operational conditions.19 Wrist-worn actigraphy presents a practical method for measuring (in a field environment) daily sleep amounts in a large number of individuals for weeks at a time.

The six levels of the Army SMS were designed to work together to ensure that operational safety and performance were maximized in the field through the management, monitoring, and prediction of a soldier’s sleep and alertness levels. The principal function of the SMS is to create the best opportunity for soldiers to sleep successfully, measure their actual sleep, and predict their subsequent performance. This can lead to an overall shift to ensure that more soldiers have capabilities within the optimal part of the performance distribution (Figure 3-4).
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Fig. 3-2. Example of sleep-related guidelines provided to commanders and soldiers.
Photograph: Reproduced from the US Army Center for Health Promotion and Preventive Medicine.



Of the stressors affecting warfighter operational effectiveness, sleep loss is the most thoroughly studied in the laboratory. To date, however, no study has been published in which sleep-loss effects have been described under actual combat conditions. In several unpublished studies, sleep-loss effects during field training exercises have been evaluated and detailed. Exhibit 3-2 describes several of these studies.

This information leads to one practical question: Given the clear implications of sleep loss on performance, how much sleep is the soldier actually getting? In a series of studies, Colonel Daniel P. Redmond (US Army, Retired) and colleagues at WRAIR used actigraphy to measure sleep/wake amounts during training exercises at the US Army’s Ranger School (Fort Benning, Ga) and at the US Army’s National Training Center (Fort Irwin, Calif). In the US Army Ranger School exercise, soldiers wore the actigraph continuously throughout the 58 days of training across all phases.
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Fig. 3-3. One type of wrist-worn actigraph for the measurement of movement during field operations. From the measurement of activity, it is possible to make predictions of sleep obtained by soldiers using automated sleep-scoring algorithms.
Photograph: Courtesy of the Department of Behavioral Biology, Walter Reed Army Institute of Research.



As shown in Figure 3-5, soldiers were significantly sleep-deprived across all phases of training. Inadequate sleep is a deliberate stressor built into the lesson plan in Ranger training. The average sleep amounts for each phase were less than 4 hours/day—an amount inadequate to sustain optimal performance. The WRAIR group also recorded sleep/wake amounts actigraphically in soldiers during another field exercise conducted at the US Army’s National Training Center. Figure 3-6 shows average sleep per day across the three training phases, broken down by rank and type of activity.

Soldiers of the lowest rank obtained, on average, more than 8 hours of sleep per night—adequate to sustain cognitive performance indefinitely. However, the highest ranking individuals, on average, obtained the least sleep: about 5 hours/night—an amount insufficient for sustaining cognitive performance at high levels for the majority of individuals. This discrepancy was particularly noteworthy during the force-on-force training phase. This phase most realistically simulates combat, in that people and machines fought against each other. During this phase, key leaders got inadequate sleep.
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Fig. 3-4. Schematic diagram of the general shift, due to active sleep management, from a less safe/effective distribution of soldier capacity to a more safe/effective one. Heavy vertical line distinguishes safe from unsafe effectiveness. Shaded area represents the part of the sleep-deprived distribution considered operationally unsafe.



Measuring Performance in the Field

In the laboratory, it has been shown that sleep loss directly impairs many cognitive capacities. However, historical attempts to measure capabilities in the field have met with minimal success because of the difficulties in quantifying effective performance in the operational environment. One solution has been to use simple metrics/tests from which operational performance capabilities are inferred. Exhibit 3-3 describes one example of such an application. The Psychomotor Vigilance Task is a simple reaction time task, developed by Dinges and Powell,20 that is usually administered for either 5 or 10 minutes.

PREDICTING SLEEP AND PERFORMANCE

Theoretical Aspects of Prediction

More than 20 years ago, the first theoretical attempts were made to quantify sleep through the construction of mathematical models. Such models typically conceptualize the timing and duration of sleep as the interaction between prior sleep and wake states. This is referred to as process S21 or process H,22 and the circadian system (typically referred to as process C). In the original models of sleep regulation, the propensity of sleep at any point in time is the sum of processes S and C.23 Sleep occurs when process S extends past a high threshold h, and wake-up occurs when process S drops below a low threshold l. The high (h) and low (l) thresholds are “noisy”; they are not fixed points, but vary over time. These thresholds were determined from sleep/wake structures during internal desynchrony protocols.24


EXHIBIT 3-2

STUDIES TO INVESTIGATE THE IMPACT OF SLEEP LOSS ON OPERATIONAL EFFECTIVENESS

Artillery Fire Operations Simulation

Results from a detailed and realistic simulation of artillery fire operations exemplify the effects of sleep loss on operational effectiveness. In that study, five-person teams were evaluated for their ability to conduct simulated continuous combat operations lasting 36 hours. Each team’s task was to (a) plot target locations; (b) derive range, bearing, and angle of gun elevation; (c) charge immediately on receipt of the target; and (d) update situation maps. Across 36 hours of sleep deprivation, each team’s ability to derive range, bearing, and gun elevation was unimpaired, as was each team’s ability to charge.

However, after approximately 24 hours without sleep, team members stopped updating their situation maps and stopped computing preplanned targets immediately on receipt of new information. As a consequence, the teams disrupted their smooth, accurate flow of work; fired on prohibited targets; and generally lost control of the operation.

Early Call Studies

In a series of studies, Haslam and Abraham(1) evaluated the effects of sleep loss (total or severely restricted) on military relevant aspects of performance. In the first exercise (Early Call I), platoons were assigned to 0, 1.5, or 3.0 hours of sleep per 24 hours (one platoon per sleep group) for 9 days. Shooting, weapon handling, digging, marching, patrolling, and cognitive performance (including map plotting, encoding/decoding, short-term memory, and logical reasoning) were evaluated periodically throughout the exercise.

Haslam and Abraham reported that all soldiers in the 0-hour sleep platoon withdrew from the exercise after four nights without sleep (approximately 96 hours of total sleep deprivation); 39% of the 1.5-hours sleep platoon withdrew after five nights. Just more than half (52%) of the 1.5-hour and 91% of the 3-hour sleep platoons completed the entire 9-day exercise. Encoding performance (number correct) decreased across the exercise in all groups.

The number of on-target deliveries during a 20-minute shooting task decreased across days in all three platoons. Across the last 5 days, performance seemed to drop more precipitously in the 1.5-hour group, compared with the 3-hour group. In contrast to on-target deliveries, “grouping capacity” (the ability to fire five rounds in as small an area as possible) did not vary across days or among sleep groups.

Haslam and Abraham also observed that personal hygiene, self-care, and leadership deteriorated across the exercise. One aspect of leadership deterioration was defined as a change from direct order to exhortation (ie, urging, requesting, or advising), although it was not experimentally tested how lacking in effectiveness this change in communication style actually was. It is, however, possible that the different style was more effective than direct orders for sleep-deprived soldiers and, thus, not a leadership deterioration at all. This specific question would benefit from further assessment.

In the second exercise (Early Call II), 10 experienced infantry soldiers were sleep deprived for 90 hours. This total sleep-deprivation period was then followed for 6 days by 4 hours sleep per 24 hours. Similar to Early Call I, performance on the 20-minute shooting task in this group degraded across the 90-hour sleep deprivation period and showed some rebound during the 4-hour sleep phase. This 10-soldier unit was marked by a high level of unit cohesion and morale. Nonetheless, as the sleep deprivation period continued, the section leader reported increased isolation from his soldiers (who became more docile and more united) and progressive difficulty keeping his soldiers motivated. Based on the results from Early Call I and Early Call II, Haslam and Abraham concluded that soldiers are likely to be militarily ineffective in a defensive role after 48 hours without sleep.

Implications of this case history and field studies are clear: even well-equipped, well-trained, highly motivated soldiers operating within cohesive units with good morale are not resistant to the effects of sleep loss.

___________________

Data source: (1) Haslam DR, Abraham P. Sleep loss and military performance. In: Belenky G, ed. Contemporary Studies in Combat Psychiatry. Westport, Conn: Greenwood Press; 1987: 167–184.



All of these processes (ie, S/H, C, h, and l) are based on physiological parameters that were measured (and subsequently estimated) in a laboratory environment during extended sleep deprivation and internal desynchrony protocols.25–30 A schematic diagram of modeled sleep regulation is shown in Figure 3-7 (step 1).
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Fig. 3-5. Average daily sleep amounts obtained from soldiers during 58 days of US Army Ranger School (Fort Benning, Ga) broken down by training phase in studies conducted in 1992 and 1993. The current Ranger school curriculum does not include a desert phase. Cognitive function was significantly impaired, but recovered with episodes of sleep.
Illustration: Redrawn with permission from Shippee RL, Friedl KE, Kramer T, et al. Nutritional and Immunological Assessment of Ranger Students with Increased Caloric Intake. Natick, Mass: US Army Research Institute of Environmental Medicine; December 1994: p. 6-6. Technical Report T95-5. AD-A290252.



During the late 1980s and early 1990s, the two- and three-process models of sleep regulation and alertness were created based on Borbély’s sleep regulation model.21,27,31 In the three-process model, a third process (W) was introduced to represent sleep inertia, which typically occurs following waking. Sleep inertia is the feeling of sleepiness or grogginess that occurs after arousal from sleep. According to the creators of the three-process model, modeled sleep inertia symptoms disappear completely after approximately 2 hours.21

Recent models have further broadened the scope of the initial sleep regulation models (Figure 3-7, step 2). In particular, such models have since been refined and developed to predict symptoms, for example, changes in subjective alertness21,32–34 and fatigue,7,35–38 changes in objective vigilance27,31 and performance,39,40 as well as variations in sleep latency and sleep length.39,41,42

These models have evolved from being used primarily in a laboratory setting where sleep/wake states and other behaviors are closely monitored and controlled, to extensive use in field environments where large variations in all facets of the sleep/wake schedule exist.43 Recent investigations have discovered that there are a number of variations in the specific formulation, input and output variables, and parameterization of each model that are directly related to their application areas.43
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Fig. 3-6. Average daily sleep amounts of military personnel during military exercises conducted at the National Training Center (Fort Irwin, Calif). Data are presented by rank. COL: Colonel; LTC: Lieutenant Colonel; MAJ: Major; CPT: Captain; 1LT: First Lieutenant; 2LT: Second Lieutenant; SFC: Sergeant First Class; MSG: Master Sergeant; SGT: Sergeant; SSG: Staff Sergeant; PVT/PV2: Private; Assembly Area: drawing, repairing, and organizing equipment; Live Fire: firing actual tank and artillery shells while advancing through terrain dotted with simulated enemy targets; Force-on-Force: battle using laser systems to simulate killing and being killed by a live enemy. The discrepancy in sleep obtained between the ranks is most clear in the most operationally realistic phase (Force-on-Force).
Illustration: Courtesy of Colonel (Retired) Greg Belenky, unpublished data.



Practical Model Use

Models of sleepiness, fatigue, and/or performance are regularly applied in complex field environments. As referenced previously, there is a range of models in the literature that are available for use, with the major differences between these models being related to input requirements. The first group of models22,38 are one-step models that use the actual timing of sleep/wake states to predict fatigue (Figure 3-8a). The timing of this sleep/wake state is obtained using polysomnography, actigraphy, or subjective sleep/wake diaries.

One of the strengths of this modeling approach is that accurate predictions of fatigue, performance, or alertness can be made from observed sleep timing, which differs for each individual. However, this one-step technique can only be used retrospectively—post-hoc rather than as a predictive tool to determine fatigue, performance, and/or alertness—unless there is a reasonable basis for first predicting what the likely sleep pattern will be. Thus, in their most frequently used form, one-step models are unable to determine whether a work schedule is likely to produce excessive levels of sleepiness/fatigue until after the fact. Such models are useful for analysis of incident/accident investigations in which sleepiness/fatigue was a potential factor and can also be used for testing hypotheses about how the model predictions relate to performance or other meaningful measures. In the future, if real-time activity/sleep data were available, then the utility of one-step models in certain contexts would become significantly more valuable. For example, if soldiers wore wrist actigraphs that allowed assessment of current and near-future status, then the one-step model predictions could be of considerable strategic value to a commander. In environments where collecting data from actigraphy or another objective measure was not possible, such as in civilian shiftwork operations, the potential utility of one-step approaches is therefore low.


EXHIBIT 3-3

THE PSYCHOMOTOR VIGILANCE TASK

The Psychomotor Vigilance Task (PVT) is a simple reaction time task, usually administered for either 5 or 10 minutes, developed by Dinges and Powell.(1) A reaction time test, in its most general form, measures the time it takes for a person to respond to the presentation of new information (usually a visual or auditory stimulus). Because the PVT has demonstrated sensitivity to even slight restrictions in daily sleep amounts well in advance of frank errors and accidents,(2,3) it has been adapted for field use and has been implemented using a personal digital assistant (PDA).(4)

The handheld PDA version of the PVT is a field-usable test that is sensitive to sleep loss and has a high reliability, due partly to the steep learning curve associated with the reaction time test. Questions regarding the PVT’s specificity and validity for operational tasks are not yet fully answered, but initial studies show promise. The PVT involves holding a PDA with a right or left thumb poised over the right or left button (as determined by right- or left-handedness) and when a bull’s eye target appears, pressing the button. The score is the time it takes (latency) to press the button after the target appears. Using the PDA-based PVT, McLellan and colleagues(5) at the Walter Reed Army Institute of Research have shown that speed of responding on the PVT correlates with vigilance shooting on a firing range and vigilance in detecting enemy movement in a Military Operations on Urbanized Terrain (MOUT) field training exercise.

However, can one generalize from performance on the PVT to performance on the battlefield? Although this is an empirical question, strategic and tactical analyses of combat operations—put forward by Colonel John Boyd(6)—suggest that the answer is yes. According to Colonel Boyd, operational success depends on being inside the opponent’s decision cycle. In this context, PVT (a measure of reaction speed) seems an appropriate match to the elegant simplicity of Boyd’s conception of the basis for operational success at all levels of command and control.

Future work will link PVT metrics to cognitive capabilities underlying the warfighter’s ability to rapidly recognize and capitalize on emergent battlefield opportunities in the network-centric environment.(7) Consider the following scenario:


An M1 tank is engaged in a battle. The commander is scanning for possible targets; finding one, he confirms identity as friend or foe. Once he identifies the target as foe, he passes the target to his gunner. This process involves a positive hand-off in which both commander and gunner confirm to their mutual satisfaction that they are looking at the same thing. The gunner then ranges the target, decides the round, and communicates this to the loader. The loader loads the round. The gunner fires the gun. This entire process takes time, less time when an otherwise well-trained and experienced crew is rested and more time when the crew is sleep deprived.



This process can be broken down into a series of temporal latencies (eg, latency of the commander to acquire a target, latency to pass to the gunner). The sum of these latencies increases the total time taken to execute the task. If for any given target the crew of the M1 is able to complete its series of tasks in less time than it takes for the enemy to do the same, then the outcome will be favorable; thus, the tank crew will operate inside the opponent’s decision loop. It should be possible in the simulation environment to correlate PVT performance with the latencies to accomplish these real-world tasks. By predicting and summing these latencies, actual operational performance from the PVT can be predicted. Furthermore, it might be possible to measure these latencies directly in operations and use them as input to a performance prediction model.

___________________

Data sources: (1) Dinges DF, Powell JW. Microcomputer analyses of performance on a portable, simple visual RT task during sustained operations. Behav Res Methods Instrum Comput. 1985;17:652–655. (2) Belenky G, Wesensten NJ, Thorne DR, et al. Patterns of performance degradation and restoration during sleep restriction and subsequent recovery: a sleep dose-response study. J Sleep Res. 2003;12:1–12. (3) Balkin TJ, Bliese PD, Belenky G, et al. Comparative utility of instruments for monitoring sleepiness-related performance decrements in the operational environment. J Sleep Res. 2004;13:219–227. (4) Thorne DR, Johnson DE, Redmond DP, Sing HC, Belenky G, Shapiro JM. The Walter Reed palm-held psychomotor vigilance task. Behav Res Methods. 2005;37:111–118. (5) McLellan TM, Kamimori GH, Bell DG, Smith IF, Johnson D, Belenky G. Caffeine maintains vigilance and marksmanship in simulated urban operations with sleep deprivation. Aviat Space Environ Med. 2005;76:39–45. (6) Hammond GT. The Mind of War: John Boyd and American Security. Washington, DC: Smithsonian Institution Press; 2001. (7) Wesensten NJ, Belenky G, Balkin TJ. Cognitive readiness in network-centric operations. Parameters. 2005;Spring:94–105.
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Fig. 3-7. Schematic diagram of the two-process model of sleep regulation and the subsequent fatigue/alertness addition. Step 1: Process C modulates the h and l thresholds. Process S/H rises during the wake state and declines during the sleep state. Interaction between these three functions determines the onset and duration of sleep episodes. Step 2: Latent alertness is then calculated using these estimated sleep/wake periods and sleep inertia information.
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Fig. 3-8. Comparison of the one-step and two-step approaches. (a) One-step models require both work/rest and sleep/wake information as input. (b) Two-step models infer sleep/wake timing either directly or indirectly from the timing of the work/rest state and make subsequent predictions of fatigue, alertness, and/or performance.




The second group of fatigue, performance, and alertness models7,21,32,34–37 are two-step models in which the timing of sleep/wake states is inferred either directly or indirectly from the pattern of work (Figure 3-8b). In the first step, the work pattern is used to estimate probabilistic distributions for the timing of sleep/wake cycles and the circadian phase. In the second step, the estimated sleep/wake states are used in a similar manner to the actual sleep/wake states within one-step models.

Unlike their one-step counterparts, the two-step models can prospectively estimate the timing of sleep/wake states and subsequently make predictions of fatigue, alertness, and/or performance. Therefore, these models can be more useful in complex field environments in which the recording of sleep information can be impractical, expensive, and unethical, and, in which fatigue, performance, or alertness predictions are required prior to the task.

Limitations of Current Models

The strengths and limitations of different modeling approaches must consider the context of their development and intended use. For example, some models were developed and validated in the laboratory,22 and other models were developed in the laboratory but later refined to suit organizational settings.32,38 As stated previously, most of the current models in the literature predict fatigue, performance, and/or alertness levels in the body based on a combination of circadian and homeostatic components.21,22,28,32,38 The circadian component is sinusoidal, and the homeostatic component has been found to be either exponential,21 Gaussian (ie, the normal distribution curve),22 or broadly linear (with circadian variation).38 From a physiological perspective, these models contain elements representing many of the processes that control sleep regulation and subsequent levels of fatigue, performance, or alertness.

Unfortunately, none of the models have been exhaustively validated, and published validation studies have not been typically independent of data used for model development.44 Therefore, further validation of models with previously unused datasets, as well as cross-validation between models, is highly desirable. Thus, a 2002 workshop conducted in Seattle, Washington, compared and examined each of the fatigue, alertness, and performance models currently based in the literature using five previously unseen scenarios.45 These scenarios ranged from laboratory-based total or partial sleep restriction protocols, to field data collected from locomotive engineers, to a theoretical flight schedule for an ultralong-range flight operation between New York and Hong Kong. Van Dongen’s article45 gives specific information on these scenarios.

Each of the models used various inputs to estimate fatigue, alertness, and/or performance for the given scenarios. Estimated and actual measures (including various neurobehavioral performance outputs and subjective measurements) were then compared with each model’s output generating a “goodness of fit” for each.45 Overall, the models produced reasonable goodness-of-fit measures. In general, however, there were relatively small differences between the performances of each model, and there was no model that was consistently better or worse using any of the comparison criteria.45

Models developed using laboratory-based data were able to closely fit scenarios based on other laboratory data, but were less reliable when used in the field. Similarly, models derived from field data generally did not perform as well for the laboratory protocols. This highlights the differences between data collected in a laboratory environment (in which factors such as social interaction, sleep strategies, ambient temperature, caffeine consumption, light levels, and tasks undertaken are controlled), compared with data collected in a field environment (in which those same factors are not controlled). These uncontrolled field situations can significantly reduce the amount of sleep obtained during a given break,46 compared with laboratory protocols in which the influence of these factors is tightly controlled. Currently, most models used to predict fatigue, alertness, or performance are unable to account for these factors, because they were developed and/or validated in a controlled laboratory environment.

Comparison of current fatigue, alertness, or performance models indicates that there was a tendency to underestimate fatigue in chronic, partial sleep-deprivation protocols.45,47 It has been reported that chronic sleep restriction is a major problem encountered by employees in various fields in which shiftwork is prevalent, including individuals in aviation and military settings.48,49 Therefore, the inability of current models to accurately predict fatigue and alertness levels during these conditions greatly limits their immediate applicability in a field environment.



EXHIBIT 3-4

OPERATIONAL EXAMPLE OF INTERINDIVIDUAL DIFFERENCES AND MODELS

Current models used to predict fatigue, sleepiness/alertness, and/or performance do so based on data derived from healthy, young subjects. Recent scientific literature shows that interindividual differences in the neurobehavioral deficits exist and are significant in magnitude.(1) Unfortunately, the present cohort of mathematical fatigue, alertness, and/or performance models lag behind the current literature because they are unable either to account for these large individual differences in deficits or show this variation graphically in their output (eg, through the use of 95% confidence intervals).

This problem is illustrated in the following example taken from a complex aviation setting. Actigraphically derived sleep/wake records of 13 pilots were recorded for a minimum of 15 days, during which time participants were instructed to perform their usual work and social activities. During the recording period, participants were scheduled to complete a routine flight pattern from Sydney, Australia, to Los Angeles, California. After a brief layover in Los Angeles (mean ± SD, 35.9 ± 1.2 hours), crews flew to Auckland, New Zealand, where another short layover was undertaken (23.6 ± 0.95 hours).

A final flight returning to Sydney was then completed. All flight times were similar (SD < 1 hour), as were layover lengths and layover conditions (eg, hotels and lodging). The sleep/wake records were entered into a published one-step model to estimate the alertness of each individual. These individual alertness scores were then compared with the alertness profile obtained when only duty times were entered into the model and the two-step approach was used (Exhibit Figure E4-1). Using the scale of Samn and Perelli,(2) self-rated alertness levels recorded preduty and postduty are also included for comparison.

Analysis reveals that a strong relationship exists between the alertness estimated using the one-step and two-step methods (r = 0.912, P ≤ 0.0001; Exhibit Figure E4-1A). Correlations between the one-step and two-step methods and the self-rated scores indicate a strong negative relationship between the fatigue prediction methods (one-step method and Samn-Perelli scale, r = –0.90, P ≤ 0.0001; two-step method and Samn-Perelli scale, r = –0.85, P ≤ 0.0001). The actual sleep/wake data shown in the raster plot of Exhibit Figure E4-1B indicate that each participant’s sleep period is disrupted, especially on shorter layovers, thus supporting previously published data on transmeridian travel, which stated that sleep is usually disrupted during the time period when circadian rhythms are resynchronizing.(3–6)
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Fig. E4-1. (a) Comparison of one-step and two-step model approaches using data obtained from airline pilots (n = 13) flying from Australia to Los Angeles and returning via Auckland, Australia. Included is a comparison of the alertness levels obtained using the one-step approach (with 95% confidence intervals [CIs]), with the two-step approach output and self-rated Samn-Perelli fatigue ratings completed preduty and postduty. The lower schematic diagram compares the periods during each layover where sleep propensity was greater than 33% and sleep estimations were obtained from the two-step approach. (b) Raster plot showing the timing of both sleep (black), duty periods (dark gray), and local night (red) for the 13 flight patterns included in the current analysis in both Australian Eastern Standard Time (AEST) and Universal Time Code (UTC). This plot highlights the differences in sleep strategies among pilots, and the disruption in sleep timing and duration caused by transmeridian travel.



___________________

Data sources: (1) Van Dongen HP, Baynard MD, Maislin G, Dinges DF. Systematic interindividual differences in neurobehavioral impairment from sleep loss: evidence of trait-like differential vulnerability. Sleep. 2004;27:423–433. (2) Samn SW, Perelli LP. Estimating Aircrew Fatigue: A Technique with Application to Airlift Operations. Brooks Air Force Base, Tex: US Air Force School of Aerospace Medicine; 1982. No. SAM-TR-82-21. (3) Gander PH, Myhre G, Graeber RC, Andersen HT, Lauber JK. Adjustment of sleep and the circadian temperature rhythm after flights across nine time zones. Aviat Space Environ Med. 1989;60:733–743. (4) Samel A, Wegmann HM. Sleep and circadian rhythms of an airline pilot operating on the polar route: a case study. Aviat Space Environ Med. 1988;59:443–447. (5) Samel A, Wegmann HM, Summa W, Naumann M. Sleep patterns in aircrew operating on the polar route between Germany and east Asia. Aviat Space Environ Med. 1991;62:661–669. (6) Kandelaars KJ, Fletcher A, Eitzen G, Roach GD, Dawson D. Layover prediction for cockpit crews during transmeridian flight patterns. Aviat Space Environ Med. 2006;77:145–150.



Recent studies indicate that recovery from chronic sleep restriction can be considerably slower than initially believed.48,50 This implies that chronic sleep restriction can cause relatively longer term changes in brain physiology that are slower to recover. One recent finding suggests that the cumulative effect of excessive wakefulness should be included in future fatigue and alertness models to account for these effects.47–49 Other findings suggest that the current sleep homeostasis function should be modulated to alter the level of total recovery available during sleep.51,52 The findings of both groups are still in their infancy, and further definitive research is required. It is possible that the structure of the existing fatigue, performance, and/or alertness models needs to be altered to fit an updated recovery profile.

Suitability of model use in the field setting versus laboratory setting is not the only factor that can influence model performance. When determining current and future values of a model’s proposed application, it is important to distinguish between its performances when the one-step and two-step techniques are used (ie, when the actual sleep/wake state is used as an input versus using estimated sleep/wake times inferred from hours of work). Goodness-of-fit levels are higher when actual sleep/wake data (one-step approach) are input directly.45 Furthermore, the output derived from different one-step models is significantly correlated, with little systematic difference observed. Good correlation between models, at the very least, represents convergence of the underlying scientific approaches.

However, marked differences in model outputs are seen when using a two-step approach to estimate the probabilistic distribution of prior sleep/wake states from a work pattern and fatigue.45 This discrepancy is caused by the inability of current models to account for key differences in sleep quality, as well as differences in sleep strategy caused by social interaction during break periods, commuting distances, and family responsibilities.

All current models have been evaluated in terms of their ability to predict average rather than individual levels of fatigue.53 Thus, the general goodness-of-fit for group data does not apply when the model is used to predict individual levels of fatigue, or the likelihood that a single event can be associated with work-related fatigue. This is a significant word of caution for those considering the use of models for individual-level assessment without the perspective of group-level interpretation. This observation points to a further step of development for promising current models, which is to extend the predictions to the individual level.

Another approach that could be applied to field-use models would be to start with a model based on data collected under controlled laboratory conditions, then validate the model, and explore generalizability and limitations using data collected under field conditions. Such an approach would not only limit the amount of inherent noise from field data being incorporated into the model, but also provide guidance for commanders on conditions of use. A model built in this way could also be developed further to account for individual differences or, at the very least, provide an indication of variance in addition to the overall predictions (see Exhibit 3-4 and accompanying Exhibit Figure E4-1). 

TACTICAL USE OF SLEEP

In operational settings, where adequate nightly sleep may not be possible, “tactical napping” can be of significant benefit. This confirms the practice of soldiers sleeping whenever they can and as often as possible during extended training or operations. A major reason why naps are a powerful countermeasure is that the improvements that can be gained from a short nap are disproportionately large, compared with a long sleep.54 Research studies have illustrated that napping leads to significant benefits of alertness, performance, and communication.55–58

As valuable and efficient as they can be, however, there are specific aspects of napping that need to be addressed in operational environments:


	Scientific studies have shown that naps that last longer than 10 minutes have many benefits.59,60

	The value of a nap is generally dependent on its duration—the longer the nap, usually the more beneficial it is.56,61

	It is equivocal whether the recovery value of a nap depends on the time of day that it is obtained. Thus, functionally, napping is more important than the time it is taken.55

	Some research has found that the time of day does have an effect on the recovery value of a nap (eg, a nap at 0430 hours has higher recovery value than a nap at 2100 hours).62


During the waking process, performance can be impaired.63–71 When awaken from a nap, most individuals experience a 1- to 30-minute period of confusion.58,60,72–74 This confusion is sometimes defined as sleep inertia or sleep drunkenness.75–77 The impact of sleep inertia on performance is similar to reactions observed during sleep deprivation.68

In military operational settings, when naps are used tactically, positive benefits are available without sleep inertia risks degrading the nap value. The duration of sleep inertia is typically longer when individuals are:


	awakened from sleep, compared with naturally awaking from sleep,78

	awakened from a deep sleep, compared with  light sleep,66,79,80 and

	awakened at a low point of alertness in their biological rhythm. 73


Exactly how long sleep inertia lasts remains a contentious issue. The only consensus is that waking up and eliminating sleep inertia are not physiologically or psychologically instantaneous. Military operations that utilize naps should know that napping can also have effects on the quality and quantity of subsequent sleep.81–83 Because of these additional factors, managing fatigue in operational settings is a major challenge, even despite the potential benefits of countermeasures (eg, napping).84–87

The capacity of warfighters to obtain sleep/naps in theater also relates to other significant factors not discussed in this chapter. For example, pharmacological substances taken to sustain alertness during demanding operations are known to influence falling asleep, remaining asleep, remaining awake, and maintaining certain aspects of performance. Each substance has its own pharmacological properties that need to be considered both in terms of their immediate potential benefit, as well as in terms of their subsequent hangover effects. In this context, a hangover can result from a stimulant’s impact on an individual’s ability to get subsequent sleep or a sleep-inducing agent’s impact on the performance capability. In addition, the environment that people have to sleep in (from both the physical and psychological perspectives) plays a role in their capacity to use any recovery opportunities.

SUMMARY

Sleep is a biological need critical to successful operational outcomes. This is true in both military and nonmilitary settings. Under operational conditions, the need to obtain adequate sleep should be viewed as comparable with other requirements of logistic resupply, such as water, food, fuel, and ammunition. From a practical perspective, adequate sleep sustains mental performance; however, less than adequate sleep degrades performance over time.

Commanders are generally aware of the importance of adequate sleep. However, other than their own experience, and limited information/tools, the proactive management of sleep has been a difficult undertaking. There have been technological advances that help to answer key operational questions. The most practical tool available to measure sleep in the field is the wrist-worn actigraph, which measures movement as an index of sleep and wake states. Actigraphy outputs correlate strongly to much more expensive, less practical sleep measures that are usually used in the laboratory, such as PSG. Any data collected using actigraphy in the field are not only useful for mapping the amounts of sleep that all individuals have obtained, but also for estimating the future performance of each individual, groups of individuals, or when data are aggregated.

Quantitatively measuring performance in the field is a more challenging issue than measuring sleep. Principally, this is because the operational demands of engagement must take the highest priority, and, generally, performance is considered acceptable unless an obvious error is made. This retrospective view is not a particularly sensitive process to assess degrading performance under operational conditions; it is only sensitive to failure, which occurs near the impaired end of the performance spectrum. Currently, more simple tests like the handheld, field-use PVT have been used as surrogate assessments of performance change. Further studies are needed to assess the validity of using surrogate tests to infer performance on operational tasks. Ideally, separate tasks—such as the PVT—would not be necessary because they represent a distraction from a soldier’s primary operational task. Thus, automated measures of efficiency and performance using online assessment of primary task performance is an area of significant interest for future studies.

In addition to the currently available tools to measure sleep and performance, there are also mathematical models that predict sleepiness/alertness, fatigue, and performance. Like most tools, these models have strengths and limitations. Therefore, the predictions of such tools are one meaningful input considered in conjunction with other available sources of information. Relevant information includes criticality of planned missions, boundaries of risk tolerance in the operation, self-reports by soldiers, and expected field conditions.

Current evidence suggests that there are potential benefits for efficiency and safety if the sleep of soldiers can be managed in a more proactive way than it has been managed previously, although there is not yet a single, practical strategy to be applied to all circumstances. There is sufficient evidence to support the prediction of sleep timing and amounts, as well as the tracking of actual amounts obtained for missions, gaming, or simulations. Furthermore, the inclusion of sleep deprivation and associated performance loss needs to be considered in risk assessments and in the development of appropriate countermeasures to specific military operations. This occurs because even adequately equipped, well-trained, highly motivated soldiers operating within cohesive units with good morale are not resistant to sleep loss. Future studies should focus on improving knowledge about the sleep of soldiers and performance behaviors in battle zones. There is a need to investigate the range of differences between individual-level sleep and performance in such conditions.
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INTRODUCTION

This chapter discusses drugs and food constituents that could potentially enhance mental performance on the battlefield or in other intense military operations. Other strategies to enhance cognitive performance, such as behavioral techniques (including training and behavior modification), are not addressed, nor is physical performance enhancement. Psychoactive substances have been used in combat for thousands of years. Alcohol has a long history of use on the battlefield, probably as a result of the euphoric feeling and loss of inhibition it can produce. In modern times, the most extensive, officially sanctioned use of drugs to enhance performance in combat has been the use of amphetamines by most armies, including the US Army, during World War II. These stimulants prevented fatigue and drowsiness, and improved concentration and memory.1 According to a psychiatrist assigned to the 25th Infantry Division during the Vietnam War, Long-Range Reconnaissance Patrol (LRRP) soldiers used methylphenidate and dextroamphetamine regularly.1 He stated that these compounds were standard issue and that—other than mild rebound depression and fatigue when the drugs were discontinued—no adverse effects were reported. In addition, he noted that the LRRPs found that such drugs were particularly useful when a rapid return to base camp was necessary after completing a mission.1 Amphetamines and caffeine have been the most studied performance enhancers in the military, with significant research programs focused on fatigue countermeasures in aviators conducted by the Naval Aviation Medical Research Laboratory (NAMRL; Pensacola, Fla), the US Army Aeromedical Research Laboratory (USAARL; Fort Rucker, Ala), and the Human Performance Effectiveness Division (School of Aerospace Medicine, Brooks Air Force Base, San Antonio, Tex).
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Fig. 4-1. These technologically advanced aircraft permit long duration missions that push the limits of human endurance, requiring special consideration to fatigue countermeasures for the aircrew.
Photograph: Reproduced from the US Air Force. Image ID: 060214-F-6911G-135. Available at: http://www.af.mil/photos.



The medical literature contains few published reports on the use of performance-enhancing or performance-sustaining drugs in combat or in combat-like conditions. To illustrate some of the issues associated with the use of drugs during military combat operations, a detailed discussion of one report is presented to provide a frame of reference for the reader. This report, which provided considerable valuable (albeit anecdotal) information on the use of drugs during a combat mission, appeared in the 1988 issue of Aviation, Space, and Environmental Medicine as the first “Operational Note” ever published in that journal.2 It was written by a US Air Force flight surgeon who provided support to an EF-111A Raven unit that was responsible for electronic warfare during an air strike on Libya in April 1986 (Figure 4-1). The mission originated in the United Kingdom and lasted approximately 13 hours, with the aircraft departing at 1800 hours and returning the next morning. Even though it was only a single 12-hour flight, the anticipated fatigue and stress of this combat mission were sufficient enough for the unit commander to request pharmacological support for his pilots. The flight surgeon was asked to provide go/no-go medications to the unit. Thus, he issued secobarbital (Seconal, 100 mg [Eli Lilly and Company, Indianapolis, Ind]) and dextroamphetamine sulfate (Dexedrine, 5 mg [GlaxoSmithKline, Philadelphia, Pa]) to all crew members. Operational requirements of the one-time mission provided a striking illustration of the complex and difficult physiological and behavioral factors associated with even a single combat mission. Many problems that occur in short duration missions are exacerbated during sustained operations. The severe decrements in cognitive performance associated with sustained, combat-like operations are much greater than those produced by alcohol intoxication or clinical hypoglycemia.3,4 For a detailed discussion of fatigue, sleep, and cognitive performance, see Chapter 3 (Measuring and Predicting Sleep and Performance During Military Operations) in this volume.

Before the Libya mission, almost all aircrew members reported an inability to sleep for 24 hours because of the high level of physical and mental stress associated with preflight preparations. However, none of the crew used the secobarbital reportedly because they did not have confidence in it, although all of them had documented ground testing with the drug in their medical records. Perhaps their prior experience with the drug convinced the crew members that it could have adverse effects on their next-day performance. Indeed, some crew members explicitly reported that they did not trust using the medication before such a crucial mission. This may have been an appropriate decision because barbiturates can impair performance the day after they are used as hypnotics. During the prestrike portion of the mission, the crew members reported nervousness (including gastrointestinal distress), but had no problem staying alert. However, on the return leg of the mission, after their final in-flight refueling, the crew definitely noticed the fatigue and stress of the previous 24 hours. All of them took the dextroamphetamine and reported benefiting from it. This may have occurred at the nadir of the crews’ circadian cycle because they landed between 0600 and 0700 hours. No definitive conclusions should be drawn from this illustration, but military physicians must be prepared to consider the issues associated with the use of drugs and other performance-enhancing strategies in combat.

Similar reports regarding the use of go/no-go medications by aviation units during the sustained, high-intensity air operations of the Persian Gulf War have also appeared in the literature, although they have only been published as abstracts.5–7 One report concluded that approximately 60% of US Air Force Tactical Air Command aircrew occasionally used dextroamphetamine during operations in the Persian Gulf War.7 Dextroamphetamine was also used by the US Air Force during Operation Enduring Freedom in Afghanistan. Its use was widely publicized because several pilots were using it when they were involved in a friendly fire incident, and there was some concern that the pilots’ judgment may have been impaired by the drug.8

This chapter is not intended as a comprehensive review of all the literature available on each class of drugs or food constituents of interest nor has every compound that could potentially enhance performance been reviewed. Rather, classes of compounds that are likely to be considered for use or that have previously been used on the battlefield or in intense, stressful military operations will be discussed. The improvement in our understanding of structure–function relationships of these drugs and advances in neurophysiology should enable a more systematic modeling of when and how drugs and nutritional supplements can most effectively optimize performance (see Chapter 3, Measuring and Predicting Sleep and Performance During Military Operations).

SEDATIVE-HYPNOTICS AND ANTIANXIETY AGENTS

The use of compounds that are generally categorized as central nervous system (CNS) depressants to enhance or sustain performance would, at first glance, seem to be a paradox. However, such compounds have repeatedly been studied and used in military operations to promote sleep at desired times9 (Figure 4-2). By ensuring that soldiers sleep at appropriate times, subsequent mental performance will be preserved or improved. A number of studies have been conducted to induce or maintain sleep at desired times with the use of drugs, as well as other compounds with sedative-like properties (eg, the dietary amino acid tryptophan and the hormone melatonin). Hypnotics or sedatives have also been used in attempts to speed reentrainment of circadian rhythms when military units cross multiple time zones or shift from day to night operations.10–12 Many drugs with hypnotic or sleep-inducing properties also have potent antianxiety effects. Such properties could, in theory, also be useful on the battlefield or in other high-intensity, stressful operations. However, the hypnotic-sedative effects of these compounds, including their adverse effects on mental performance, generally exclude their use as antianxiety agents in combat.
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Fig. 4-2. Marines sleeping on a transport aircraft. Pharmacological fatigue countermeasures must not interfere with opportunities for restorative sleep because this is the best available fatigue countermeasure.
Photograph: Reproduced from the US Marine Corps, Defense Visual Information. Image ID: DM-SD-05-11545.
Photographer: LCPL Andrew Williams, US Marine Corps. Available at: http://www.dodmedia.osd.mil.



Sedative-hypnotic drugs are used to treat anxiety and insomnia, and in some cases to prevent epileptic seizures. Although each drug has its preferred clinical usage, sedative-hypnotics are often capable of inducing various states of sedation, ranging from mild relief to deep sedation, depending on the dose. Thus, a drug commonly prescribed for its antianxiety effects may induce lethargy and sleep at higher doses. The decision regarding which drug to prescribe for a particular clinical condition is often based on its elimination half-life and side-effect profile.

Many of the older sedative-hypnotics, such as the barbiturates, produce widespread depression of the CNS. However, the benzodiazepine sedative-hypnotics—that interact with g-aminobutyric acid (GABA)-benzodiazepine receptor sites—are potent antianxiety agents, have excellent utility as hypnotics, and rarely produce nonspecific CNS depression when used in appropriate doses. Zolpidem (Ambien [Sanofi-Aventis U.S., Bridgewater, NJ]), an imidazopyridine, and similar compounds such as zaleplon (Sonata [King Pharmaceuticals, Inc, Bristol, Tenn]) also act at these sites, although these compounds have a higher affinity for benzodiazepine type 1 receptor sites than the type 2 sites. The traditional benzodiazepines are nonselective, binding with equal affinity to both type 1 and type 2 receptors. The azaspirone compound, buspirone—an antianxiety agent not pharmacologically related to the benzodiazepines, barbiturates, or any other sedating hypnotic—does not seem to have potent hypnotic properties and could, at least in theory, be used for its antianxiety properties in military operations. Although its precise mechanism of action is unknown, it has a high affinity for serotonin receptors, but not GABA receptors. There is a low incidence of nonspecific depression when buspirone is used appropriately.

The following sections are subdivided by class of drug discussed. Barbiturates, benzodiazepines and related compounds, and buspirone are discussed in detail. Melatonin, which has hypnotic properties, will also be reviewed. For practical purposes, a key question for ongoing review is, “What are the residual effects when a sedative-hypnotic is used to promote sleep the night before an important activity?” Another issue is whether the compound impairs performance during the period of time when it is being used to induce and maintain sleep. This is an important issue in military applications, because emergencies may arise even when personnel are off duty. Of course, the answer to these questions varies among drugs, dosages, and even individual subjects; but experimental examples are given to illustrate the most probable effects. From the hundreds of relevant articles, special consideration was given to those with applicability to military situations. Another key issue that has rarely been addressed is whether the use of such compounds in an operational setting actually improves next-day performance in addition to enhancing sleep.

Barbiturates

Barbiturates are fat soluble and are thus rapidly and completely absorbed in the stomach. Therefore, they are usually administered by mouth, with the exception of intravenous use of a very short-acting compound as a general anesthetic. Their duration of action is determined by the drugs’ metabolism and excretion. For example, a short-acting drug such as thiopental is extremely fat soluble. It is very rapidly absorbed, but it is also very quickly redistributed from the CNS to muscle and fat tissue. Then, it is slowly metabolized by the liver and excreted by the kidneys. This explains why individuals who have been sedated or anesthetized by thiopental wake up within a few minutes, but remain groggy for several hours.

A long-acting barbiturate such as phenobarbital, however, is only slowly absorbed by fat tissue and muscle. Thus, the barbiturate circulates in the blood in concentrations sufficient to keep the individual sedated until it can be metabolized by the liver or excreted by the kidneys.13 Barbiturates are no longer generally used as hypnotics. They have been replaced by benzodiazepines and related compounds, and are a particularly poor choice in situations in which next-day performance is important.

McKenzie and Elliott14 studied the effects of secobarbital on the performance of 48 pilots on a simulated air mission. The goal was to investigate the effect of premission sedation, prescribed in instances in which the pilot must retire in late afternoon and be awakened 8 hours later for an early morning flight. The subjects were given 200 mg secobarbital when they retired at 2100 hours. They were awakened for breakfast at 0545 hours. As previously noted, secobarbital was issued by a flight surgeon before an actual combat mission, but a dose of 100 mg was used.2 The simulated mission designed by McKenzie and Elliott14 began at 0700 hours and lasted 12 hours, with two meals given en route. The 200-mg dose produced performance decrements not only at the start of the mission, which was 10 hours postdosage, but also throughout the entire 12-hour simulation.

A thorough review of 23 studies on the effects of barbiturates on performance indicated that administration of these drugs produced impairment in 29.9% of the placebo-barbiturate comparisons. The tasks most sensitive to barbiturate-induced impairment were those involving tracking, concentrated visual searching, and sorting. Tasks that were least affected were those involving manual dexterity, arithmetic, and choice reaction time.15 Although only a limited number of studies tested performance at standardized intervals after dosage, available data for the 7- to 10-hour postadministration period showed a 32% decrement in overall performance, compared with 36% at 11 to 14 hours and 24% at 15 to 22.5 hours. The magnitude and duration of the deficits were not necessarily consistent with the half-lives of the drugs. Overall, these are very substantial and sustained adverse effects on performance. There seems to be little reason to use barbiturates as sleep enhancers in military operations; other compounds (eg, the benzodiazepines) are generally preferred as hypnotics. Furthermore, the adverse effects of the barbiturates on next-day mental performance are probably greater at equipotent doses than those of the benzodiazepines.

Benzodiazepines and Related Compounds

All benzodiazepines are lipid soluble. However, the pharmacokinetic activity of the benzodiazepines varies widely because their solubility can differ by as much as a factor of 50.13 Many benzodiazepine metabolites are also pharmacologically active, effectively prolonging clinical effects. Thus, in choosing an appropriate benzodiazepine, a physician must consider both the desired speed of onset and the overall duration of action.

Typically, chronic anxiety and epilepsy are best treated using a drug with a long duration of action, whereas induction of sleep is optimally achieved with a rapid-onset, short-acting agent. Rapid-onset drugs minimize morning hangover effects, although early morning awakening has been reported when short-duration benzodiazepines are used.16 Benzodiazepines are widely used for their antianxiety, sedative, and hypnotic properties. Zolpidem, a nonbenzodiazepine, acts at the same GABA receptor sites as the benzodiazepines and has nearly identical effects. Adverse effects of these compounds include daytime sedation, motor incoordination, and cognitive impairments, especially anterograde amnesia. Long-term use has additional risks, including physical dependence, withdrawal, and rebound insomnia.17 Buspirone, which acts at serotonergic receptor sites, is widely used as an antianxiety agent and may have advantages over the benzodiazepines and zolpidem for this indication because its sedative effects seem to dissipate when used for several days.18

Benzodiazepines in Operational Scenarios

Cluydts and colleagues19 investigated the effects of the benzodiazepines—lormetazepam and zolpidem—in operational scenarios. Twelve subjects were given either 2 mg lormetazepam or 10 mg zolpidem when they went to bed at 2245 hours. For the next 8 hours, traffic noise ranging from 32 to 77 dB was played continuously. Such disruptions of sleep produced by external stimuli are very likely to occur in operational situations and combat. Although both hypnotics significantly increased total sleep time, lormetazepam had the most profound effects, with a mean increase of 24 minutes, compared with 16 minutes for zolpidem. Although lormetazepam produced a significant decrease in the number of sleep-stage transitions, arousals, and awakenings throughout the night, there was no difference between the drugs on subjective measures of sleep quality, mood, or morning alertness. Behavioral testing the following morning showed significant adverse effects of lormetazepam, but not zolpidem, on the four-choice reaction test, particularly a significant increase in overall reaction time.

Benzodiazepines and Memory Impairments

O’Donnell et al20 investigated the effects of triazolam (Halcion [Pfizer, Inc, New York, NY]), another short half-life benzodiazepine, on performance and sleep after exposure to a stressful movie. At 0930 hours, 49 subjects watched a short movie titled “Subincision,” which was used in previous studies to increase autonomic arousal. The subjects were then given 0.125 mg, 0.25 mg, or 0.5 mg triazolam and instructed to try to sleep in an environment that was similar to that experienced by airline passengers. The 0.5-mg dose of triazolam significantly increased the continuity and duration of sleep. However, at 90 minutes postadministration, that same dosage was also associated with slowed performance and impairments in learning new material. This impairment of short- and long-term memory is a classic side effect of the benzodiazepines. Deficits were no longer apparent at 6 hours postadministration, and no deficits were seen with the lower doses at either time period. In other studies, similar doses of triazolam have been shown to impair performance the next day.

In one of the few military field studies of benzodiazepines, Penetar and colleagues21 administered 0.5 mg triazolam or placebo to 68 airborne soldiers on the first leg of a flight from the United States to the Middle East. During a refueling stop 8 hours later, the soldiers’ mood and performance were assessed. Triazolam did not improve the duration or continuity of sleep as measured by wrist-worn activity monitors, nor did it alter mood or sleepiness. However, significant impairments in memory function were observed when behavioral testing was conducted. The authors concluded that this dose of triazolam was not suitable for use when unimpaired cognitive function was essential immediately on arrival. (For a review of the effects of the benzodiazepines on memory and mood, see the study by Curran.22)

Benzodiazepines and the Sleep-Rest Cycle

Seidel and colleagues23 tested the effects of triazolam and flurazepam on sleepiness, objective performance, and mood during a forced shift in the sleep-rest cycle. For three 24-hour periods, subjects were shifted 12 hours in their sleep-wake cycle by postponing sleep until noon. At that time, they received either 0.5 mg triazolam or 30 mg flurazepam, then went to bed for an 8-hour interval. Triazolam has an elimination half-life of 2 to 5 hours, whereas the major metabolite of flurazepam has a half-life of 50 to 100 hours. Postsleep testing showed that, although both drugs produced similar increases in sleepiness and mood disturbance, subjects receiving flurazepam displayed deficits in vigilance and visual tracking. Triazolam, however, maintained or improved performance on all tests. The authors stated that, by facilitating good sleep, the compound with a shorter half-life—triazolam—was able to preserve daytime performance despite the 12-hour phase shift. Subjects receiving the long half-life hypnotic showed decrements greater than those seen in placebo controls.23

Benzodiazepines and Military Duty

Caldwell et al24 conducted a study at the US Army Aeromedical Research Laboratory (Fort Rucker, Ala) to determine whether aviators who had taken a benzodiazepine as a sleep aid before bedtime could adequately perform their duties the following day. The authors also investigated whether the volunteers could perform their duties if they were awakened in the middle of the night (if, for example, an urgent mission unexpectedly arose). Ten Army helicopter pilots were given 0.25 mg triazolam or placebo 15 minutes before retiring to bed at 2200 hours. Sleep was monitored, and the subjects were assessed on subjective sleepiness, cognitive function, and simulated helicopter flight performance the morning and afternoon following drug administration. Testing occurred after an 8-hour sleep period on one night and after 2 hours of sleep on another night.

Triazolam produced decrements in five of nine simulated flight maneuvers the morning following the full night of sleep.24 Three of these maneuvers were less affected during the afternoon test session. Although testing 2 hours after the dose was taken revealed decrements in only two maneuvers, compared with the placebo, performance at this hour was poorer overall than for all groups in the afternoon sessions. Some subjects who received triazolam were difficult to awaken for this “emergency” test session, but all subjects were able to return to sleep faster than those who had received placebo. There were no differences between triazolam and placebo on subjective sleepiness, but two of the ten pilots were unable to recall portions of the midnight flight following triazolam. Based on these results, the authors state that performance following 8 hours of sleep with triazolam is affected, but not to the extent that an aviator cannot control an aircraft. They suggest that, before triazolam is used as a sleep aid, it should be administered in a controlled trial to determine how long it would take a subject to awaken and whether any other negative effects would occur. In general, preoperational testing of compounds that may alter cognitive performance is recommended, because this gives personnel an opportunity to experience the effects of the drug prior to its operational use and may reveal any idiosyncratic adverse effects.

In a study conducted by Caldwell et al,25 temazepam (30 mg; Restoril [Mallinckrodt Medical, Inc, Hazelwood, Mo]) was tested on helicopter pilots to determine if it would enhance daytime sleep and prevent the deterioration in performance seen during the subsequent night shift. Temazepam is rapidly eliminated and has no long-acting metabolites. The drug clearly improved daytime sleep, as well as cognitive performance that night, as measured by a computerized reaction time task. However, performance in a flight simulator was not clearly improved by enhanced daytime sleep.25

The US Air Force School of Aerospace Medicine conducted a study with FB-111A aircrew members who used 30 mg temazepam as a sleep aid before either a simulated or a real training mission.26 The study was designed to simulate surge operations requiring two consecutive nighttime missions with daytime sleep periods interspersed. Temazepam enhanced sleep duration and continuity, as measured with activity monitors. However, 12 hours after administration, there were some subtle, adverse effects of the drug on cognitive performance.

This study was motivated by a report that, during the Falkland Islands War in 1982, temazepam was extensively and successfully used by British aviators who were required to fly very long flights with limited rest periods.9 Typically, aircrews took 20 mg temazepam at least 8 hours before flying missions. Crew members reported that they could fly as soon as 6 hours after taking the drug without ill effects. It is difficult to interpret this and similar observational reports regarding the use of drugs in actual combat. Obviously, rigorous studies cannot be conducted in such situations, and they are difficult, if not impossible, to adequately simulate in the laboratory.

A number of studies have been conducted by military laboratories comparing various sleep-inducing compounds. For example, Paul and colleagues27 compared the effect of a single dose of zaleplon (10 mg), zopiclone (7.5 mg), temazepam (15 mg), and melatonin (6 mg in a timed-release preparation) on psychomotor performance and attempted to quantify the postingestion time required for return to normal performance. They determined that, “The recovery time to baseline subjective sleepiness levels for zaleplon, zopiclone, temazepam, and melatonin were 4.25, >6.25, 5.25, and >4.25 hours, respectively. However, they noted that, “[i]n spite of a prolonged period of perceived sleepiness, melatonin was superior to zaleplon in causing no impact on performance.”27 The remaining drugs listed in increasing order of performance impact duration are zaleplon, temazepam, and zopiclone. The hormone melatonin is discussed later. A study by Whitmore et al28 also indicates that zaleplon is a useful sleep aid that has few residual effects, which is consistent with its relatively short half-life, compared with benzodiazepines and similar compounds. However, it is reasonable to anticipate that a drug with a shorter half-life will maintain sleep for a shorter period of time, compared with one with a longer half-life. Melatonin also has an extremely short half-life29 unless it is administered in a time-release preparation, as done by Paul and colleagues.27

Risks and Benefits

Overall, the documented adverse effects of many of the benzodiazepines and related compounds, even those that are widely used with shorter half-lives (eg, triazolam [Halcion] and zolpidem [Ambien]), on performance the day after they are administered makes their use in combat or other intense operations a difficult medical/operational judgment. These compounds, like any drug, may sometimes have greater risks than benefits. As demonstrated in a study by Paul and colleagues,27 the shortest-acting compounds (eg, zaleplon) probably have the lowest risk. Although the value of sleep cannot be overestimated, the adverse effects that these compounds have the next day could be potentially life-threatening in combat conditions. For a discussion of the importance of sleep and the effects of sleep deprivation, see Chapter 3 (Measuring and Predicting Sleep and Performance During Military Operations) in this volume. Unfortunately, there is limited evidence demonstrating that the use of benzodiazepines to improve sleep also improves subsequent military performance, although it does appear that short-acting benzodiazepines speed reentrainment to new daily schedules of activity. The benzodiazepines and related compounds are particularly useful when it is likely that duty the next day will not be required. When military physicians consider the use of these drugs operationally, they must consult official doctrine and carefully weigh the risks and benefits.

Belenky30 has advanced a possible solution to the problem of next-day hangover effects induced by the benzodiazepines, as well as the issue of emergency awakening soon after benzodiazepine administration. He has suggested that an antagonist of the benzodiazepines, flumazenil, could be used operationally to rapidly reverse the effects of the benzodiazepines.30 Although flumazenil is a US Food and Drug Administration (FDA)-approved drug, it is currently available only as an injectable formulation. It has been shown to reverse the adverse effects of both triazolam and zolpidem on memory.31

Antihistamines

Antihistamines are another class of compounds that can clearly have sedative effects and are sometimes used as mild sleep aids. These drugs are most commonly used to treat allergic rhinitis and other allergic symptoms. Newer forms that have little or no sedative effects (eg, loratadine and terfenadine) have been developed. Several of the older antihistamines (eg, doxylamine and diphenhydramine) are sold as over-the-counter (OTC) sleep aids, but they do not appear to have the potency of the barbiturates or benzodiazepines. These antihistamines may be useful in military operations as substitutes for more potent sleep-inducing compounds; however, even in low doses, antihistamines with sedative properties can impair performance.32

Melatonin

One compound that may provide an alternative to the use of traditional hypnotic drugs to enhance sleep, and thereby improve performance, is the hormone melatonin.33 In humans, melatonin is secreted by the pineal gland, predominantly at night in the dark. Its function is unknown. When administered in pharmacologic doses, it has sedative-like properties and rapidly induces sleep.33–35 Melatonin is extremely potent and has a very short half-life.29,36 This hormone has sleep-inducing properties even when it is administered in doses (0.1 mg) that produce plasma levels not much greater than human nocturnal plasma levels.36 Melatonin is sold as a dietary supplement in the United States, as permitted by the Dietary Supplement Health and Education Act of 1994 (DSHEA). However, from a scientific perspective, it should be considered a drug. Because of its unique regulatory status, sufficient data are not currently available to conclude with certainty that it is an effective hypnotic or to determine its optimal dose, although evidence-based reviews conclude that melatonin is effective as a sleep aid and circadian synchonizer.37–40 Although it can be sold as a dietary supplement in the United States, the FDA does not require any demonstration of efficacy or safety. Doses of melatonin ranging from 0.3 to 10 mg have been suggested as appropriate for inducing and maintaining sleep.11,36 It is typically sold in doses of 3 or 5 mg.

Several studies suggest that melatonin may be useful in operational scenarios as a potential treatment for transmeridian desynchronization (ie, jet lag). In a study with an operational US Army Special Forces aviation unit deploying across multiple time zones to evaluate melatonin as an operational anti–jet-lag treatment, administration of 10 mg melatonin each day before the sleep period significantly improved vigilance and sleep, as measured indirectly with activity monitors.11 Unlike the benzodiazepines, melatonin does not seem to impair memory and has considerably fewer adverse effects on cognitive performance, even when administered in much higher doses than required to enhance sleep.27,33 Paul and colleagues12 conducted a study that compared sustained release melatonin (2 mg) with 5 mg zopiclone, a benzodiazepine-like drug, in aircrews who were flying transatlantic missions. They found that both compounds were equally effective. A systematic review of the literature addressing the utility of melatonin for circadian resynchronization was conducted.37 It concluded that: “Melatonin is remarkably effective in preventing or reducing jet-lag, and occasional short-term use appears to be safe.” However, its classification as a dietary supplement in the United States is an obstacle to its sanctioned operational use, because legally such products are not approved for specific medical uses. It should also be noted that, even when melatonin is administered in very low doses, it does acutely impair certain aspects of cognitive performance.34,36

Buspirone

As described previously, buspirone is an antianxiety agent not pharmacologically related to the benzodiazepines, barbiturates, or any other sedative hypnotic. It exerts its effects by binding with high affinity to 5-HT1A (5-hydroxytryptamine [serotonin] receptor 1A) receptors. Although its precise mechanism of action has not been conclusively demonstrated, a number of studies have found that buspirone rarely produces nonspecific depression, unlike the other traditional sedative hypnotics. Buspirone is a water-soluble compound, it is rapidly absorbed and metabolized, and its average elimination half-life is 2 to 3 hours.

Buspirone is used primarily as an antianxiety agent to treat various psychiatric disorders, especially generalized anxiety disorder. Like many drugs used in psychiatry, buspirone has a very slow onset of action, requiring several weeks of administration before its therapeutic actions are maximal. Even before it was available in the United States, Jones1 suggested that it might be useful on the battlefield because of its antianxiety properties and lack of adverse effects on cognitive performance. To date, studies have not been conducted to determine whether this compound would be useful as an antianxiety agent during intense military operations. The high frequency of psychiatric casualties from battlefield stress seen in intense military operations41 suggests that a compound with such properties could, in theory, be of great benefit to soldiers. However, the optimal level of anxiety on the battlefield is a matter of some debate. Very low levels of anxiety in the face of danger are not desirable and could be fatal. It is difficult to envision how appropriate studies to assess the utility of buspirone as an antianxiety agent for use on the battlefield could be conducted in the laboratory or clinic, given the practical and ethical constraints of human research. Several studies have demonstrated that buspirone lacks many of the adverse effects of the benzodiazepines.

Moskowitz and Smiley42—in a study of 48 subjects—administered 20 mg buspirone, 15 mg diazepam, or a placebo for 9 days. On the ninth day, the volunteers were also given alcohol to produce a peak blood alcohol level of 0.10%. On days 1, 8, and 9, subjects were tested on a driving simulator using a divided attention task before and 1 hour after dosage. The divided attention test was also administered at 3 and 5 hours after dosage. Diazepam impaired driving performance and attention performance after both a single day of treatment and following 8 days of treatment compared to placebo. There was no evidence of the development of tolerance to the impairments, as performance decrements were more severe and longer lasting on day 8 as opposed to day 1. However, treatment with buspirone slightly improved performance after the first day of treatment, with an increase in benefits by day 8. Although alcohol potentiated the deficits of diazepam, buspirone offset some of the alcohol-induced impairments. The authors concluded that buspirone could be used effectively as an antianxiety agent for 8 days with little fear of impaired performance.

Lader,18 who conducted a similar study, found some initial increase in drowsiness induced by buspirone (5 or 10 mg three times a day) that wore off by the end of the week, in contrast to diazepam. Because of this relative absence of side effects, buspirone has achieved widespread use since its introduction in 1987. However, caution is warranted. LeWitt and colleagues43 have reported instances of dyskinesia and dystonia associated with prolonged buspirone use. Whether buspirone induced or exacerbated an existing movement disorder is unknown.

STIMULANTS

CNS stimulants are drugs that increase alertness and improve mental performance. Several types of drugs are referred to as stimulants, and they vary widely in their structure and mechanism of action. The most important compounds with potential for use on the battlefield are amphetamines and drugs with similar actions.13 Another well-known stimulant-like compound, caffeine, is found in a variety of foods and is consumed on a daily basis by millions of people.44 The stimulant-like action of caffeine is from its effects on central adenosine receptors. The drug theophylline—even though similar in structure and mechanism of action to caffeine—is not typically used for its stimulant-like actions, but rather to treat asthma. Newer stimulant-like compounds, which include modafinil and armodafinil, are now available for operational use; but, to date, only modafinil has been used operationally.

The following sections describe the effects of stimulants on various aspects of performance by using examples from the scientific literature. From hundreds of relevant studies, those with performance measures that generalize to military operations were selected. The discussion is limited to behavioral stimulants and does not include drugs such as strychnine, which is also classified as a stimulant.

Amphetamines and related drugs are sympathomimetic amines that structurally resemble the neurotransmitter norepinephrine. They are typically used in the treatment of narcolepsy and attention-deficit hyperactivity disorder (ADHD). Amphetamines exert their central effects by increasing central norepinephrine and dopamine, although each stimulant may do so by a different mechanism.45 The most common amphetamine derivatives are dextroamphetamine and methamphetamine. Comparatively, dextroamphetamine has a greater effect on the CNS, with less pronounced effects on the cardiovascular system than the l-isomer or the racemic mixture. Methamphetamine and dextroamphetamine are essentially equivalent in their effects.

The stimulants methylphenidate and pemoline, which are used primarily in the treatment of children with ADHD, are classified as “nonamphetamines.” Methylphenidate and pemoline are structurally similar to amphetamines and affect the same brain receptors. Thus, although they are technically not amphetamines, their pharmacological effects are quite similar.13 Several OTC drugs or dietary supplements, such as phenylpropanolamine (PPA) and ephedra, are also stimulants with structural similarities to amphetamines and they, too, seem to increase alertness. However, in recent years, there has been increasing concern about their safety. PPA was removed from the market, and ephedra/ephedrine cannot be sold as a dietary supplement, although it is available as an OTC drug to treat asthma.

Modafinil and armodafinil have been evaluated as potential performance enhancers. Both compounds are novel stimulants that are pharmacologically distinct from the amphetamines and methylphenidate. A number of studies demonstrate that modafinil enhances mental performance and wakefulness, without sympathomimetic side effects.46–53 The following sections discuss the most common amphetamine derivatives dextroamphetamine and methamphetamine, the closely related compounds methylphenidate and pemoline, and the atypical stimulant modafinil.

Dextroamphetamine and Methamphetamine

Medical applications of amphetamines are primarily related to the treatment of attention deficit disorders in children and adults or as an alternative to methylphenidate in patients with narcolepsy.45 Although these agents have been used as appetite suppressants, this practice has been strongly discouraged because of the rapid development of tolerance and the high potential for abuse.45 Amphetamines are readily absorbed after oral ingestion and are excreted by the kidney. Their half-lives can range from 7 to 30 hours.45 At therapeutic doses, the amphetamines produce increases in blood pressure, relaxation of bronchial muscle, increased plasma glucose and blood flow to skeletal muscle with a concomitant decrease in blood flow to internal organs, and pupillary dilation.13 Typically, administration of an amphetamine will increase alertness, elevate mood, and improve concentration. However, adverse behavioral side effects can include increased irritability, restlessness, anxiety, and perhaps aggression.13 At higher doses, the drug effects are exaggerated. A slight tremor may be induced, respiration and motor activity increase, and insomnia occurs. Although amphetamines prevent fatigue, sleep cannot be postponed indefinitely, and rebound increases in sleep time will occur.13 The limits of this effectiveness have never been tested in controlled military studies, although an elegant study was proposed in the 1990s by Dr John Caldwell that would have continued amphetamine dosing and attempted sustainment of wakefulness out to 105 hours; ultimately, the greatest challenge was in the establishment of an effective placebo control group for comparison of effects produced by continued wakefulness and the effects produced by the drug.

In an effort to determine whether dextroamphetamine could overcome the effects of sleep loss on arousal, mood, and cognitive functioning, investigators at Walter Reed Army Institute of Research54–56 gave 5, 10, or 20 mg dextroamphetamine to 36 male subjects who had been deprived of sleep for 48 hours. The subjects were then deprived of sleep for an additional 12 hours for testing. Dextroamphetamine, in a dose-related manner, reversed the decrements in cognitive performance and self-rated vigor produced by sleep deprivation. The drug also antagonized the decrease in sleep latency produced by sleep deprivation. A dose of 20 mg dextroamphetamine returned subjects to normal levels of performance on arithmetic and verbal reasoning tasks, and normalized sleep latency for several hours. Effects of the 10-mg dose were smaller and briefer, whereas the 5-mg dose produced no significant changes.

Although these performance-enhancing effects are significant, this study also provided evidence of the residual effects of amphetamine administration on subsequent sleep.56 When the test subjects were permitted to sleep 14 hours after amphetamine administration, there was a significant decrease in total sleep time following the 20-mg dose of amphetamine, largely because of a significant decrease in time spent in rapid eye movement (REM) sleep. The 20-mg dose reduced total sleep time from 8.1 hours on placebo to 7 hours. Latency to REM sleep was shortened after the 5-mg dose and the 10-mg dose, but not with the highest dosage. Latency to sleep, however, was not affected by any dosage. The authors suggest that these effects on sleep more than 15 hours after drug ingestion indicate a prolonged drug effect.56

Shappell and colleagues57 studied the effects of methamphetamine on simulated sustained flight operations and performance. Twenty-five subjects simulated extended operations by following a schedule of 9 hours of work and 4 hours of rest, followed by 14 hours of work. Then they rested for 6 hours before repeating the work-rest-work schedule. Thirteen subjects were given 0.14 mg methamphetamine per 70 kg of body weight approximately 4 hours and 20 minutes into the second work period. Cognitive performance was assessed with a test battery that included four-choice reaction time, pattern recognition, serial addition/subtraction, grammatical reasoning, and time estimation. Various mood states were assessed, including fatigue and self-rated sleepiness. As the simulated mission progressed, reaction time decreased, but response accuracy was stable. This resulted in an overall increase in the number of correct responses, but also an increase in errors. According to the authors, subjects adopted a more risky response strategy. Methamphetamine reduced subjective fatigue and improved performance on two tasks: (1) pattern recognition and (2) mental rotation.

Stanny and colleagues58 investigated the effects of the same dose (0.14 mg/70 kg body weight) of methamphetamine on vigilance, tracking, and long- and short-term memory during a night without sleep. Thirteen subjects were tested every 90 minutes, from 1930 hours to 0900 hours. Seven subjects received methamphetamine at about 0100 hours, whereas the remaining six subjects received a placebo. Memory, vigilance, tracking, and decision speed worsened through the night, but methamphetamine reversed these effects within approximately 2 hours of administration. Furthermore, analysis of the vigilance data showed no tendency toward increased impulsive responses. Thus, the improved performance seen in the methamphetamine treatment group was in all probability the result of a genuine increase in accuracy rather than a change in response strategy. The authors concluded that methamphetamine was effective in counteracting the effects of sleep loss during sustained operations.

Caldwell et al49 have conducted a series of studies to determine whether dextroamphetamine is an effective fatigue countermeasure for use by military pilots who are sleep deprived. In one study, they examined the ability of dextroamphetamine to maintain flight simulator performance during 64 hours without sleep. Dextroamphetamine (10 mg) was administered 3 times a day: (1) at midnight, (2) at 0400 hours, and (3) at 0800 hours. Simulator flight performance, mood, and cognitive performance were assessed and electroencephalographic evaluations conducted. It was concluded that dextroamphetamine “sustained aviator performance and alertness during periods of extended wakefulness, but its use should be well controlled.”49 Recovery sleep was somewhat less restful following dextroamphetamine administration.

In another study, Caldwell and colleagues59 selected data from several controlled aviation studies on dextroamphetamine to substantiate the efficacy of this drug as a fatigue countermeasure. They observed that dextroamphetamine was “effective for maintaining flight skills, psychological mood, and physiological activation (measured via electroencephalograph data) in sleep-deprived pilots.”59 It was concluded that dextroamphetamine was an appropriate intervention for fatigue in aviation-sustained operations, but not a substitute for proper crew-rest scheduling because there is no replacement for adequate restful sleep.56 Dextroamphetamine (Dexedrine) is approved by the US Air Force for management of aircrew fatigue, but “only after all other nonpharmacologic countermeasures have been exhausted.”60

Methylphenidate

Methylphenidate (Ritalin [Novartis Pharmaceuticals, Basel, Switzerland]) is a stimulant primarily used in the treatment of narcolepsy in adults and ADHD in children. (Although concerns are periodically raised about the safety, efficacy, and appropriateness of using this medication with children, it has remained on the market and is extensively used, as is amphetamine.) Rapidly absorbed in oral form, peak plasma levels are attained in 1 to 2 hours, with a 4- to 6-hour duration. About 80% of methylphenidate is metabolized into ritalinic acid, which is excreted in the urine.45 The physiological effects of this compound are similar to those produced by the amphetamines. For example, Oken and colleagues61 investigated the effects of methylphenidate on alertness and attention. Twenty-three subjects completed various behavioral and cognitive tasks, which included tests of spatial attention and visual search. Objective measures included analysis of electroencephalogram results and measurement of sleep onset. The authors found that performance on cognitive tasks improved with methylphenidate. Babkoff et al62 also studied this compound, and their results are discussed in the next section.

Pemoline

Pemoline is an oxazolidine used for the treatment of ADHD in children. It is similar to other stimulants, except that it seems to have minimal sympathomimetic effects. Taken orally, pemoline is rapidly absorbed, with peak serum levels occurring within 2 to 4 hours postdosage. It is primarily metabolized by the liver, and its half-life is approximately 12 hours.63 It has, however, been reported by the National Institutes of Health that “pemoline can cause serious and sometimes deadly liver damage,”64 and thus careful monitoring of liver function must accompany the use of this drug in children.

Babkoff and colleagues62 investigated the effects of both methylphenidate and pemoline on cognitive performance, subjective and objective sleepiness, and mood after 64 hours of total sleep deprivation in adults. Unlike many other sleep deprivation studies with stimulants, they repeatedly administered the two drugs throughout the period of sleep deprivation in an effort to maintain, rather than recover, predeprivation levels of performance. Pemoline was administered in 37.5-mg doses every 12 hours, and methylphenidate was administered in 10-mg doses every 6 hours. Overall, pemoline was more effective than methylphenidate at offsetting the effects of sleep loss. Pemoline significantly reduced both subjectively and objectively measured sleepiness throughout the deprivation period on all but one test, the tapping test, which showed drug effectiveness dropping off 32 hours after the drug was first administered. Methylphenidate was not effective in reducing sleepiness on any measures. On performance tasks, subjects receiving pemoline performed more rapidly than the placebo group on one or more sessions on five of six measures. However, analysis of accuracy showed significant benefit of pemoline on only the four-choice reaction test and a trend toward benefit on digit symbol substitution. Performance on digit span memory, a matrix test, and pattern recognition showed no drug effects. Drug performance was worse than with the placebo in one quarter of the instances in which there was a significant difference between groups. The authors suggested that methylphenidate might have a greater beneficial effect at a higher dosage. It should be noted that comparisons across drugs when based on studies conducted using single doses can be difficult to interpret because optimal doses of each drug may not have been tested. Additional research with these compounds is necessary before clear conclusions can be made regarding their potential utility in combat.

Other Amphetamine-Like Stimulants

As noted previously, several OTC medications and dietary supplements that have been used to treat colds, asthma, or to induce weight loss are sympathomimetic amine stimulants, which resemble the amphetamines in mechanism of action and structure. Amphetamine was synthesized based on the naturally occurring compound ephedrine, which had been used for thousands of years in traditional Chinese herbal medicine in the form of the herb ephedra.65 Ephedrine and its analogs, as well as PPA, share many properties with amphetamines. Although it has been noted that ephedrine’s effects on the CNS are less pronounced than those of the amphetamines,66 it has been demonstrated that this compound antagonizes the hypnotic effect of sedatives.67 Ephedrine also enhances cognitive performance,68 although only a few studies have investigated its behavioral effects. (For a review, see Lieberman.65)

Alone or in combination with caffeine, ephedrine is a potent ergogenic aid that enhances aerobic performance.69–71 Ephedrine, in the form of the herb ephedra, was an extremely popular dietary supplement in the United States that was used to enhance physical performance and increase weight loss. However, the FDA banned its sale as a dietary supplement in 2004 because of the large number of adverse events thought to be attributable to this drug.72 Many of these reported adverse events were serious, including myocardial infarctions, cerebrovascular accidents, seizures, and death.

PPA, which has fewer peripheral effects than ephedrine, has also been reported to improve cognitive function73 and antagonize the adverse effects of environmental stress.74 However, based on evidence that it could increase the risk of stroke, PPA was taken off the market in 2000.

The prescription drug fenfluramine is used to induce weight loss, and it resembles amphetamine in structure. However, it was reported to have significant cardiovascular side effects and was withdrawn from the US market in 1997.75–77

Summary of Traditional Stimulants

There is little doubt that amphetamines enhance some aspects of mental performance in sleep-deprived subjects. Other stimulants, such as pemoline, also enhance cognitive performance, but their effects are not as well documented as those of amphetamines. The effects of amphetamines have been demonstrated not only in laboratory tests of cognitive performance, but also in flight simulators. Unfortunately, these drugs have significant adverse effects. Amphetamines interfere with subsequent sleep and significantly increase blood pressure. They have considerable abuse potential; therefore, medical professionals must carefully supervise amphetamine use (see Roehr78 for a discussion of amphetamine abuse in the United States). Amphetamines have been used in combat, and anecdotal reports from several operations1,2,5–7 suggest that it was effective at preventing deterioration in cognitive performance when military personnel were severely fatigued from sustained sleep loss and stress. Amphetamines improve aerobic physical performance, an additional benefit in combat. There are difficult sociopolitical issues associated with the officially sanctioned use of amphetamines in combat, and these would be greatly magnified if widespread use of the compound occurred in US military operations. The ethical and command issues regarding its use are discussed herein; however, the use of any performance-enhancing drug in military operations must be approved by the chain of command. The previously noted friendly fire incident in Afghanistan is an example of the kind of issues arising from the use of such compounds. In that incident, the potential side effects of amphetamines were used in the legal defense of the pilots who were involved.8

Modafinil

Modafinil (Provigil [Cephalon, Inc, Frazer, Pa]) is a novel stimulant that, unlike the amphetamines, appears to have minimal peripheral side effects, has a low abuse potential, may not induce tolerance, and does not interfere with normal sleep.47,51 Its behavioral effects in healthy, sleep-deprived volunteers are of the same approximate magnitude as those of amphetamines, depending, of course, on dose. Modafinil was initially approved by the FDA for the treatment of narcolepsy, and has been approved to treat excessive sleepiness-associated obstructive sleep apnea/hypopnea syndrome and shift work sleep disorder. Its use in a variety of other disorders that impair daytime alertness is under investigation. A similar compound, armodafinil (Novigil [Cephalon, Inc, Frazer, Pa]), which is reportedly more potent, was also approved by the FDA in 2007 for the treatment of various sleep disorders.79

Saletu and colleagues80 investigated the effects of a morning dose of 200, 400, or 600 mg modafinil on performance and mood. They found that all three doses enhanced concentration, mood, and cognitive function. In another study, Saletu and colleagues81 investigated the effects of 100 or 200 mg modafinil, given at bedtime, and assessed self-rated and polysomnographic sleep parameters over the course of five nights. They found that, unlike dextroamphetamine, modafinil did not induce a reduction in the amount of stage 2 and REM sleep. In addition, subjective sleep quality was rated significantly better when subjects received modafinil, compared with the reference compound. Subjective awakening quality and morning well-being showed no significant decrements following modafinil administration. The authors emphasized the need to differentiate the effects of modafinil and amphetamine, with modafinil having greater benefits and fewer side effects.81

In another modafinil study using a recovery paradigm, Lagarde and Batejat46 tested the effects on performance of 200 mg modafinil given three times a day. Eight healthy subjects were deprived of sleep for 60 hours, during which time they were given part of the STRESS (Standardized Tests for Research with Environmental Stressors) battery of tests, which includes reaction time, memory, spatial processing, and divided attention tasks. When modafinil was administered, the cognitive performance of sleep-deprived volunteers was equivalent to the performance observed in non–sleep-deprived control trials. Furthermore, performance while taking modafinil remained constant until the 44th hour of sleep deprivation, when it began to deteriorate somewhat toward placebo levels (hours 44–60). The authors concluded that modafinil appears to be a vigilance-promoting substance capable of maintaining psychomotor performance during 60 hours of sleep deprivation.46 Like amphetamines, modafinil also enhances physical aerobic performance.82

In a study conducted at a Canadian military laboratory, 41 military subjects received either 300 mg modafinil, 20 mg dextroamphetamine, or a placebo on three separate occasions during 64 hours of continuous cognitive work and sleep loss. Both modafinil and amphetamine improved cognitive performance and mood state, compared with placebo; however, modafinil had fewer side effects. The authors concluded that modafinil was a good alternative to amphetamines for counteracting mood and cognitive effects of sleep loss during sustained operations.48,83

A number of additional studies have been conducted in military laboratories, or with the support of military organizations, to examine the effects of modafinil in militarily relevant scenarios. For example, Wesensten and colleagues52,53 conducted a laboratory study in which 50 healthy young adults were sleep deprived for 54.5 hours. They reported that 400 mg modafinil attenuated fatigue in a manner comparable with that seen with 600 mg caffeine and that the effects were particularly salient during the circadian nadir of performance (0600 through 1,000 hours); 200 mg modafinil also reversed fatigue, but was less effective than 400 mg modafinil or 600 mg caffeine.

Caldwell and colleagues84 have studied the effects of modafinil in several studies. In one study, conducted in a helicopter simulator, they demonstrated that modafinil was a promising countermeasure for sleep loss, but noted that additional studies of possible side effects were needed before it could be recommended for aviators. In a second study, conducted with F-117 Nighthawk (a stealth ground attack aircraft) pilots in a simulator, it was demonstrated that modafinil had beneficial effects on simulator performance and mood state. However, because the dose tested (100 mg) did not have subjectively salient effects, the authors stated that personnel should be cautioned regarding this characteristic of the drug, since they might mistakenly perceive the drug was not working. In particular, they were concerned that the dosage might be escalated by crew members without flight surgeon approval.50

It can be concluded, based on evidence from a number of military and civilian laboratories, that modafinil has considerable potential as an operational performance enhancer because it appears to have the benefits of amphetamines without the adverse risks of abuse potential, increased blood pressure, and interference with sleep. In December 2003, modafinil was approved by the US Air Force for management of aircrew fatigue in dual-piloted bombers only after all other nonpharmacological countermeasures had been exhausted (Exhibit 4-1).60



EXHIBIT 4-1

COMPARATIVE EFFECTS OF STIMULANTS IN SLEEP-DEPRIVED SOLDIERS

In World War II, amphetamines (eg, Benzedrine, metamphetamine) were extensively used by armies to combat fatigue, depression, and to enhance endurance performance.(1) Some of the earliest evaluations were conducted by A C Ivy from the Harvard Fatigue Laboratory and involved caffeine comparisons with Benzedrine.(1,2) This interest was stimulated by the use of methamphetamine by the Germans during the early years of the Blitzkrieg.(1) The US Army continued to use amphetamines even after other countries like Germany and the United Kingdom were beginning to recognize problems associated with unrestricted use of the drugs.(1,3) Both pill and inhaler forms were available (Exhibit Figures E1-1 and E1-2). The Army and Navy evaluated the benefits in fatigued men, published in numerous technical reports.(1) Other studies published after the war noted concerns about impaired judgment and willingness to continue nonproductive or dangerous performance.(4)

Other options have become available, notably two products that originated from French military medical researchers, modafinil (Cephalon, Frazer, Pa; as discussed in this chapter) and sustained release caffeine. The field was substantially advanced by important sleep, fatigue, and jet lag studies by Alain Buguet, Didier Lagarde, and their colleagues in the French military medical research laboratories, in addition to several collaborations with Ross Pigeau at the Defence and Civil Institute of Environmental Medicine (North York, Ontario, Canada) and Paul Naitoh at the Naval Health Research Center (San Diego, Calif). Their studies with modafinil identified this drug as a preferred option for emergency conditions when adequate sleep is not feasible.(5,6) Advantages include reduced side effects, such as behavioral effects, and an improved ability to sleep when sleep opportunities occur.(7,8) Another pharmacological option is sustained release caffeine (“Caffeine LP” or “Libération Prolongée,” 300-mg caplets), studied in a series of transatlantic time zone experiments by Didier Lagarde and his colleagues in collaborations with Jon French from the Human Effectiveness Directorate performance laboratory at Brooks Air Force Base.(9–11) Caffeine LP is produced in the French military bioproduction facility and is available only for military use. Caffeine and modafinil were also shown to have a beneficial interaction with zolpidem in enhancing performance.(12)
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Figure E1-1. Smith, Kline & French Laboratories (Philadelphia, Pa) advertised their Benzadrine sulfate tablets to demonstrate their support for the warfighter. This advertisement originally appeared in Minnesota Medicine.
Data source: Minnesota Medicine. 1944;27(October).
Photograph: Courtesy of the Minnesota Medical Association, Minneapolis, Minnesota.
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Figure E1-2. Amphetamines taken by inhaler were also widely used by US troops in World War II. This advertisement originally appeared in the Journal of the American Medical Association.
Data source: Journal of the American Medical Association. 1943;123.
Photograph: Courtesy of the American Medical Association, Chicago, Illinois.




A series of research studies led by W Scott Killgore at the Walter Reed Army Institute of Research (WRAIR; Washington, DC) provided important insights into drug-specific actions and their interaction with the effects of extending periods of sleeplessness.(13–15) These studies expanded on some of the earlier comparative studies conducted at WRAIR and by John Caldwell at the US Army Aeromedical Research Laboratory and later at the Air Force Research Laboratory (described in this chapter). Killgore identified different effects of modafinil, high-dose caffeine, and amphetamine in healthy subjects with 2 days of sleep deprivation. The many published studies resulting from this work included effects of drug-sustained and placebo-treated sleep deprivation on higher order mental functions, such as moral judgment, executive function, and subtleties of humor appreciation; psychomotor performance; olfactory memory and detection; and personality effects on response to stimulants.

A very significant finding in the work of Killgore and colleagues is the finding that amphetamine, differently than caffeine and modafinil, increased risk-taking at the same time that prolonged wakefulness increasingly impaired judgment.(15) Optimal modafinil dosing for sustained human performance is still being refined for use in combat conditions (French military medical research, private communication, 2011).

___________________

Data sources: (1) Rasmussen N. On Speed: The Many Lives of Amphetamine. New York, NY: New York University Press; 2008. (2) Ivy AC, Krasno LR. Amphetamine (Benzedrine) sulfate: a review of its pharmacology. War Med. 1941;1:15–42. (3) Davis DR. Psychomotor effects of analeptics and their relation to “fatigue” phenomena in air-crew. Br Med Bull. 1947;5:43–45. (4) Tyler DB. The effect of amphetamine sulfate and some barbiturates on the fatigue produced by prolonged wakefulness. Am J Physiol. 1947;150:253–262. (5) Lagarde D, Batejat D, van Beers P, Sarafian D, Pradella S. Interest of modafinil, a new psychostimulant, during a sixty-hour sleep deprivation experiment. Fundam Clin Pharmacol. 1995;9:271–279. (6) Pigeau R, Naitoh P, Buguet A, et al. Modafinil, d-amphetamine and placebo during 64 hours of sustained mental work. I. Effects on mood, fatigue, cognitive performance and body temperature. J Sleep Res. 1995;4:212–228. (7) Lagarde D. Effects of modafinil on the nocturnal activity and behavioural sleep of Rhesus monkeys (Maccaca mulatta). Med Sci Res. 1990;18:397–399. (8) Chapotot F, Pigeau R, Canini F, Bourdon L, Buguet A. Distinctive effects of modafinil and d-amphetamine on homeostatic and circadian modulation of the human waking EEG. Psychopharmacology. 2003;166:127–138. (9) Lagarde D, Batejat D, Sicard B, et al. Slow-release caffeine: a new response to the effects of a limited sleep deprivation. Sleep. 2000;23:651–661. (10) Beaumont M, Batejat D, Pierard C, et al. Slow release caffeine and prolonged (64-h) continuous wakefulness: effects on vigilance and cognitive performance. J Sleep Res. 2001;10:265–276. (11) Lagarde D, Chappuis B, Billaud F, Ramont L, Chauffard F, French J. Evaluation of pharmacological aids on physical performance after a transmeridian flight. Med Sci Sports Exerc. 2001;33:628-634. (12) Batejat D, Coste O, Van Beers P, Lagarde D, Pierard C, Beaumont M. Prior sleep with zolpidem enhances the effect of caffeine or modafinil during 18 hours continuous work. Aviat Space Environ Med. 2006;77:515–525. (13) Wesensten NJ, Killgore WDS, Balkin TJ. Performance and alertness effects of caffeine, dextroamphetamine, and modafinil during sleep deprivation. J Sleep Res. 2005;14:255–266. (14) Killgore WDS, Lipizzi EL, Kamimori GH, Balkin TJ. Caffeine effects on risky decision making after 75 hours of sleep deprivation. Aviat Space Environ Med. 2007;78:957–962. (15) Killgore WDS, Grugle NL, Killgore DB, et al. Restoration of risk-propensity during sleep deprivation: caffeine, dextroamphetamine, and modafinil. Aviat Space Environ Med. 2008;79:867–874.



FOOD CONSTITUENTS THAT MAY ENHANCE OR SUSTAIN PERFORMANCE

The relationship between nutrition and behavior is a relatively new and understudied area, although there are many popular and often unsubstantiated beliefs about the behavioral effects of foods. Recent research has shown that relationships between nutrition and behavior are complex, and certain food constituents have acute effects on behavior. There can also be unanticipated consequences of changes in the diet, such as the adverse symptoms that occur in heavy users of caffeine when it is suddenly withdrawn from their diet.85,86 Interested readers are directed to comprehensive reviews of the militarily relevant literature in this area.87

For many years, it was believed that the blood–brain barrier protected the CNS from the effects of most peripheral metabolic events, such as changes in plasma concentrations of food constituents or metabolites after meal consumption. This assumption was not correct. The blood–brain barrier is selectively permeable, allowing a wide variety of biologically relevant substances to enter the brain.44 Not only is the blood–brain barrier permeable to both endogenous and exogenous behaviorally active, lipid-soluble compounds (eg, melatonin),33 but also a number of non–lipid-soluble substances can enter the brain via special transport mechanisms.88 One such transport system conveys the large neutral amino acids—tryp-tophan, tyrosine, phenylalanine, and others—into the brain; another mechanism transports choline. Furthermore, under certain circumstances, many of these food constituents can affect central neurotransmitter synthesis and, potentially, behavior.44,88 Nutrients such as tryptophan, tyrosine, phenylalanine, and choline are precursors for neurotransmitters, and their availability can, under certain conditions, influence the levels of specific neurotransmitters. Tryptophan is converted to the neurotransmitter serotonin, and tyrosine and phenylalanine are converted to the catecholamines—dopamine, norepinephrine, and epinephrine. The nutrient choline is a precursor of acetylcholine.

Tryptophan

One of the neurotransmitter precursors that most clearly influences behavior, with effects similar to the sedative-hypnotic drugs, is the large neutral amino acid tryptophan. Tryptophan is an essential amino acid found in nearly all protein-containing foods and is the precursor of the neurotransmitter serotonin. Serotonin is believed to have a variety of functions in the brain, including a role in the regulation of mood state, particularly alertness and depression. Serotonin-containing neurons in the CNS also participate in the regulation of pain sensitivity, aggression, and food consumption.87,89,90

Although tryptophan is not approved for use as a hypnotic in the United States, it has sedative-like effects on humans when it is administered in pure form and in sufficient quantity. When tryptophan is administered in doses of several grams, subjects report feeling less vigorous and more fatigued.91 However, tryptophan does not seem to affect performance even immediately after its administration.10,88,89 A number of investigators92,93 have consistently detected the effects of tryptophan on sleepiness, reporting it to be a useful hypnotic, although this is a subject of considerable controversy.87,94–96

Even though tryptophan seems to lack the potency of many hypnotic drugs, it may be useful as a mild sleep aid in operational scenarios when sleep is desired (eg, when soldiers are suffering from jet lag). In a study of US Marines, tryptophan administration was reported to hasten the reentrainment of circadian rhythms of performance following air deployment from California to Okinawa.10 As discussed previously, more potent sedatives (eg, benzodiazepines) impair many types of performance, not only immediately after administration, but also when subjects are tested the day following bedtime administration.15

Unfortunately, ingestion of tryptophan supplements has been associated with a rare disorder termed eosinophilia-myalgia syndrome (EMS).97 EMS was caused by a contaminant found in the tryptophan produced by one manufacturer.98 When EMS was first linked to consumption of tryptophan, public health officials learned that millions of Americans had been taking this amino acid for its reputed therapeutic benefits (as opposed to its nutritional benefits). Because it is a nutrient and, therefore, less stringently regulated than drugs in the United States, tryptophan had been readily available at pharmacies and health food stores without prescription. Because of the association of tryptophan and tryptophan-containing supplements with EMS, the FDA withdrew these compounds from the market. Individuals who were taking tryptophan typically used it as a sleep aid, but it also has been recommended as an antidepressant and for treatment of premenstrual syndrome. The FDA has not approved tryptophan for any of these uses. Melatonin, also sold in the United States as a dietary supplement (as discussed previously), apparently has replaced tryptophan as a widely used, supposedly “natural,” dietary sleep aid, although it is not found in foods.

Tyrosine

The behavioral effects of another amino acid, tyrosine, the precursor of the catecholamines, have also been examined because administration of this amino acid may antagonize many of the adverse cognitive changes associated with severe acute stress. The synthesis and release of central catecholamines, especially norepinephrine, increase when animals are subjected to a variety of stressors. Pretreatment with tyrosine seems to mitigate some of the adverse effects of acute stress in animals74,99,100 and possibly humans.101–104 Tyrosine appears to affect the same neurotransmitter systems as the amphetamines and related drugs and has similar effects in animal models of acute stress.74 A number of studies have been conducted with volunteers—including soldiers, Navy SEALs, and pilots—to determine whether tyrosine may reduce some of the adverse behavioral consequences of exposure to severe stress. To date, tyrosine has been shown to have beneficial effects under a variety of adverse environmental conditions, including cold, hypoxia, and psychological stress. (For a recent review, see the report by the Committee on Military Nutrition Research/Institute of Medicine105 and the summary by Lieberman.87)

For example, in a study conducted at the US Army Research Institute of Environmental Medicine (USARIEM; Natick, Mass), tyrosine (100 mg/kg body weight) was tested during acute exposure to cold and high altitude, and significantly improved cognitive performance and the symptoms associated with both cold and hypoxia.101 Another study conducted by the US Army Natick Soldier Research, Development and Engineering Center (Natick, Mass), in collaboration with USARIEM, used cold-water immersion to induce physiological and psychological stress. Beneficial effects of 300 mg/kg tyrosine, administered in food bars (twice in 150 mg/kg doses), were observed, including significant improvements in the match-to-sample task, a test of working memory (short-term memory).106 Simulated markmanship was also significantly improved by tyrosine in that study.107A study conducted by the Naval Medical Research Laboratory (Silver Spring, Md) demonstrated that tyrosine improved learning and memory in volunteers exposed to the cold.103

Tyrosine (100 mg/kg of body weight) has also been tested in pilots who were required to fly a difficult, all-night mission in a flight simulator. Overall, flight performance was significantly improved when tyrosine (versus a placebo) was administered.102 In a study conducted during a very stressful military training course, tyrosine had beneficial effects on cognitive performance.104 Because tyrosine has no detectable effects when individuals are not exposed to significant stressors and it is normally found in protein foods, it may have a variety of benefits compared with drugs. However, like most or all nutrients, the magnitude of its effects cannot be expected to be as substantial as drugs with similar mechanisms of action. For example, in a recent study of tyrosine conducted in sleep-deprived volunteers, it was found to enhance cognitive performance, but was not as effective as caffeine or amphetamines.108 A review of the literature regarding the use of tyrosine as a component in performance-enhancing rations is available,105 and another review of this literature was also published in 2003.87


TABLE 4-1

CAFFEINE CONTENT OF SELECTED BEVERAGES AND FOODS



	Item
	Caffeine Content (mg)




	Coffee (5-oz cup)




	Drip method

	90–150




	Percolated

	64–124




	Instant

	40–108




	Decaffeinated

	2–5




	Instant decaffeinated

	2




	Tea, loose or bags (5-oz cup)




	1-min brew

	9–33




	3-min brew

	20–46




	5-min brew

	20–50




	Tea products




	Instant (5-oz cup)

	12–28




	Iced tea (12-oz can)

	22–36




	
Chocolate products




	Hot cocoa (6 oz)

	2–8




	Dry cocoa (1 oz)

	6




	Milk chocolate (1 oz)

	1–15




	Baking chocolate (1 oz)

	35




	Sweet dark chocolate (1 oz)

	5–35




	Chocolate milk (8 oz)

	2–7




	Chocolate-flavored syrup (2 tbsp)

	4




	Cola beverages (12 oz)

	36–48




	Other soft drinks*

	12–54




	(Dr Pepper, Mountain Dew, Mellow Yellow, Mr. Pibb, etc)





*Dr Pepper: Dr Pepper Snapple Group, Plano, Tex; Mountain Dew: PepsiCo, Inc, New York, NY; Mellow Yellow and Mr. Pibb: Coca-Cola Company, Atlanta, Ga.
Source: Reproduced with permission from Lieberman HR. Caffeine. In: Jones D, Smith A, eds. Factors Affecting Human Performance. Vol II. The Physical Environment. London, England: Academic Press; 1992: 49–72.

Caffeine

In many countries, caffeine is the preeminent legal stimulant. Caffeine—a xanthine—is a behaviorally active, natural food constituent that is present in only a few foods. For comprehensive reviews of the mechanisms of action of caffeine and its behavioral effects, see Lieberman et al109 and Smith.110 However, these foods are regularly consumed by a large part of the world’s population. Coffee, tea, and colas are particularly popular in the industrialized world. Many individuals mistakenly believe that the primary stimulant in tea is theophylline, another xanthine compound. In fact, caffeine, not theophylline, is the principal, behaviorally active component found in tea.111 Theophylline also improves cognitive performance when administered in clinically effective doses.112 A number of investigators have recommended the use of caffeine as a stimulant in military operations when it is desirable to optimize cognitive and physical performances and prevent the degradation in performance associated with sleep loss.1,3,30,52,105,113–116

Although the levels of caffeine in foods vary greatly, coffee typically contains the most caffeine (about 65–110 mg per cup), whereas tea contains an intermediate amount (about 40–60 mg per cup), and cola and some other soft drinks contain about 40 mg per serving (Table 4-1).65,114 Recently, two new categories of caffeine-containing beverages and dietary supplements have become very popular; these are energy drinks and energy shots. An example is the popular energy drink Red Bull (Red Bull North America, Inc, Santa Monica, Calif), which contains 80 mg of caffeine per serving. 

Caffeine appears to exert its effects on the brain via modulation of the putative inhibitory neuro-modulator, adenosine.111,117,118 Adenosine, a cyclic nucleotide, can be found in many brain regions. Functional adenosine receptors have been localized to specific brain regions, some of which are involved in the regulation of arousal level. Caffeine, which readily crosses the blood–brain barrier, blocks the effects of adenosine on brain neurons.109,111

The beneficial effects of caffeine on specific types of performance in well-rested volunteers are well documented. In particular, it seems that tasks that require sustained vigilance are sensitive to the effects of caffeine in low and moderate doses. Sustained vigilance is a key element of a wide variety of essential military activities, such as performing sentry duty, monitoring surveillance equipment, and operating vehicles. Both auditory and visual vigilance tasks reliably detect the effects of caffeine in doses of 32 to 300 mg.44,87,119–122 In addition, caffeine’s effects on vigilance have been documented in both young and elderly men and women.123 The foods with equivalent doses range from just a single serving of a cola beverage to several cups of coffee.

In a series of studies of direct relevance to potential military applications of caffeine, Johnson and colleagues121,124,125—using an M16 assault rifle marksmanship simulation task—have demonstrated that caffeine in a dose of 200 mg improves marksmanship when there is a substantial vigilance component included in the task (Figure 4-3). Caffeine administration does not increase errors in marksmanship or decrements in other tests of cognitive performance, including those requiring fine motor skills, when it is administered in single doses equivalent to, or slightly higher than, those consumed in foods and beverages.3,120,126

Performance of tasks that do not require sustained vigilance (eg, memory and complex cognitive function) appears less likely to be affected by moderate doses of caffeine, except when volunteers are sleep deprived.3,44,87,113,114,122,123 Caffeine also has effects on self-reported mood states, most notably decreasing fatigue and increasing alertness.87,123 These changes are consistent with the stimulatory effects of caffeine observed in vigilance and other performance tests. Of course, individuals vary in their sensitivity to this substance, apparently because of both innate differences and daily level of consumption.109,127


[image: art]

Fig. 4-3. (a) Sentry duty performance assessed using the Weaponeer M16 rifle marksmanship simulator. (b) Speed of Weaponeer marksmanship target detection in rested volunteers given 200 mg caffeine or a placebo in pill form.
CHO: carbohydrate
Data source: McLellan TM, Bell DG, Lieberman HR, Kamimori GH. The impact of caffeine on cognitive and physical performance and marksmanship during sustained operations. Can Mil J. 2003–2004;4:47–54.



In military operations, caffeine is likely to be particularly useful when soldiers are sleep deprived, as illustrated by a study conducted at Walter Reed Army Institute of Research using doses of 150, 300, and 600 mg per 70 kg of body weight.128 In that study, volunteers were deprived of sleep for 49 hours. Caffeine was administered, and a series of behavioral and polysomnographic tests were given. Caffeine at various doses significantly reduced sleepiness and improved several aspects of cognitive performance, including choice reaction time, serial addition/subtraction, and logical reasoning.
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Fig. 4-4. Navy SEAL trainees in boats attempt to cross the surf line during Hell Week. The boats frequently capsized, thus soaking the trainees. Navy SEAL trainees are subjected to a variety of stressors designed to simulate combat. Hell Week (1 week of training) is especially intense and includes near continuous exposure to environmental, physical, and psychological stressors.



Caffeine also seems to be effective in circumstances designed to simulate combat. We conducted a study with Navy SEAL trainees who were exposed to severe environmental, physical, and psychological stress and were deprived of sleep for 3 days (Figure 4-4). In this study, caffeine in doses of 200 and 300 mg had significant positive effects on both vigilance and more complex cognitive tasks. Caffeine did not impair any aspect of marksmanship in this study, including measures designed to detect any caffeine-induced degradation in fine motor control (Figure 4-5).3,126 In fact, caffeine improved certain aspects of marksmanship in this study,116 a finding that has been replicated by another laboratory.129

A study discussed previously compared 600 mg caffeine with 200 and 400 mg modafinil in sleep-deprived volunteers.52,53 It was observed that caffeine was as effective as 400 mg and more effective than 200 mg modafinil with regard to its ability to attenuate fatigue. However, this high a bolus dose of caffeine may have adverse effects on certain aspects of performance and mood. (See reviews by Lieberman et al,87,109 the 1994 report by the Committee on Military Nutrition Research,105 and Smith.130) Lieberman et al3 conducted a study in a sustained combat-like scenario with Navy SEAL trainees in which the effects of caffeine seemed to be optimal at the 200-mg dose level. The Committee on Military Nutrition Research recommended that caffeine be administered in 100-mg increments with a maximum dose of 600 mg. (See reviews by Lieberman89,109 and the 2001 report by the Committee on Military Nutrition Research.131)
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Fig. 4-5. Navy SEAL trainees during marksmanship testing in a caffeine study.
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Fig. 4-6. Caffeine-containing gum has been developed and tested in a series of studies and is currently in the DoD supply system.



A series of studies have been conducted with caffeine-containing gum (Figure 4-6) to determine if it would enhance a variety of militarily relevant functions in sleep-deprived volunteers.115,116,129 Caffeine was formulated in gum to help speed entry into the circulation.132 These studies demonstrate unequivocally that caffeine in moderate doses improves both physical and cognitive performance. Caffeine is currently used operationally by U-2 pilots in a specially formulated tube food suitable for use by encapsulated personnel (Figures 4-7 and 4-8). This product has been tested and shown to enhance cognitive performance in simulated overnight aviation missions.133 A five-piece pack of chewing gum, which contains 200 mg of caffeine per piece, is included in the US Army’s assault-type First Strike Rations.
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Fig. 4-7. U-2 reconnaissance aircraft in flight.
Photograph: Reproduced from the US Air Force. Image ID: 091021-F-2185F-970. Available at: http://www.af.mil/photos.



Carbohydrate Foods

The scientific literature addressing the effects of macronutrients—protein, carbohydrate, and fat—on cognitive function is quite limited.82 If clearly beneficial behavioral effects of particular macronutrients could be documented, this would be of great use to the military. Parametric studies to address the cognitive consequences of consuming foods varying in protein, carbohydrate, and fat content have not been conducted, and many other studies in this area appear contradictory.87,134,135
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Fig. 4-8. (a) Pressure suit worn by U-2 pilots prevents consumption of ordinary food. (b) Tube foods currently used in U-2 operations.
Photographs: (a) Reproduced from the US Air Force. Image ID: 060905-F-7441T-035. Available at: http://www.af.mil/photos. (b) Reproduced from the US Air Force. Image ID: 060905-F-7441T-016. Available at: http://www.af.mil/photos.



We conducted a study with important military implications in which unequivocally beneficial behavioral effects of providing supplemental energy, in the form of a carbohydrate beverage, were observed.124 The study used a double-blind, placebo-controlled design and was conducted with a US Army Special Operations unit. It was designed to assess the effects of a specially formulated carbohydrate beverage, the ERGO (Energy Rich, Glucose Optimized) drink, on physical and cognitive performance136 (Figure 4-9). Although the beneficial effects of carbohydrate supplementation on physical performance are well documented, the effects of such supplementation on cognitive performance are quite controversial.87 The beverage was formulated at the US Army Natick Soldier Center (Natick, Mass), the food developer for the Department of Defense (DoD). Unlike commercial carbohydrate sport drinks, the ERGO drink was predominately composed of maltodextrin, a complex carbohydrate, in contrast to the simple sugars used in typical commercial products. For the purposes of the study, the military unit that the authors tested was engaged in a training exercise we designed in collaboration with their officers to simulate a typical light infantry combat operation. The exercise—lasting about 10 hours—included marching, running, and a live fire rifle marksmanship test (Figure 4-10). During the study, the authors continuously assessed auditory vigilance with custom-designed and custom-constructed ambulatory vigilance monitors137 (Figure 4-11). Vigilance is the ability to sustain attention to boring stimuli for relatively long periods of time. Many operational duties require sustained vigilance, such as sentry duty. Regular meals provided during the exercise were not sufficient to meet the energy needs of the study volunteers—a typical situation during such training exercises and actual operations.138 The 143 male volunteers were randomly divided into three groups who received, on six occasions over the test day, either (1) a placebo beverage, (2) a 6% carbohydrate beverage, or (3) a 12% carbohydrate beverage (Figure 4-12). These beverages were identical in taste and appearance, and provided equal fluid volumes to the volunteers. In this situation, carbohydrate supplementation not only enhanced physical performance—a well-known benefit of such beverages—but also significantly improved vigilance136 (Figure 4-13). The effects of energy/carbohydrate supplementation were robust and dose-related: the moderate (6%) dose of carbohydrate (35 kJ/kg) had effects on vigilance that were intermediate between the placebo condition (0 kJ/kg) and the higher (12%) dose treatment (70 kJ/kg). Positive changes in mood state—specifically increased vigor and decreased confusion among volunteers receiving the ERGO drink—corroborated the vigilance results. Additional research to extend this work by determining whether other foods have similar effects is necessary.87,136
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Fig. 4-9. The ERGO drink is a 12% carbohydrate beverage base designed by the US Army Natick Soldier Center (Natick, Mass) to act as an ergogenic aid. It is 2% glucose, 9% maltodextrin (a complex carbohydrate), and 1% fructose. It is available in orange, lemon, raspberry, lemon-lime, and tropical punch flavors. A 12% base carbohydrate concentration can deliver more calories and provides flexibility to make less concentrated mixtures for different requirements.
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Fig. 4-10. US Army Rangers (a) marching during the ERGO drink study and (b) on a typical extended patroling exercise where a convenient carbohydrate supplement, such as the ERGO drink, provides specific physical and mental performance enhancements.
Photograph (b): Reproduced from the US Army, Fort Benning. Image ID: 1189641511-TZ2hB-L.
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Fig. 4-11. The latest version of the ambulatory vigilance monitor with all sensors, output devices, and push buttons identified. LED: light-emitting diode.






[image: art]

Fig. 4-12. US Army ranger ingesting the ERGO drink.



POTENTIAL APPLICATIONS OF CAFFEINE

The food constituent with the most definitive, widely replicated ability to enhance cognitive and aerobic physical performance consistently and to be useful in operational scenarios is caffeine3,52,62,66,103,108,113,115,122,126 (Exhibit 4-2). Under many conditions, caffeine can improve specific aspects of performance, most notably vigilance. When individuals are deprived of sleep, caffeine’s beneficial effects appear to be more pervasive, and a number of critically important aspects of cognitive function are substantially enhanced by its administration. Furthermore, decrements in performance attributable to caffeine are not usually observed unless caffeine is administered in pharmacological doses.87

Sudden withdrawal of caffeine from the diet of individuals who regularly consume caffeine can produce adverse psychological and physiological consequences, including headache, impaired performance, and negative changes in mood.85,86 This should be taken into consideration when soldiers who consume caffeine in garrison do not have the opportunity to continue its use in the field, or when physicians or others recommend significant reduction in caffeine consumption. It seems that gradual withdrawal of caffeine-containing foods and beverages would be preferable to a sudden halt in all caffeine consumption. In addition to its documented beneficial effects on cognitive performance, caffeine also improves certain aspects of aerobic performance, although the optimal doses for this purpose have not been established and may be greater than the optimal dose required to enhance cognitive function.139
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Fig. 4-13. Mean differences from baseline in auditory vigilance reaction times over the 10 hours of the ERGO drink study. Each subject’s vigilance was tested continuously by the ambulatory monitor that was worn on the nonpreferred wrist. Each subject’s performance was summed over five time periods: (1) march, (2) 30-min rest, (3) run 1, (4) 4-hour rest, and (5) run 2. Because the values plotted are the differences from baseline values, the higher the number on the y axis, the better the performance.
CHO: carbohydrate; Diff: differences; SEM: standard error of the mean



Overall, it is clear that caffeine can improve key aspects of cognitive performance, especially vigilance. Lapses in vigilance during critical military duties—such as operating vehicles, performing sentry duty, and monitoring electronic surveillance equipment or communications devices—can have devastating effects on a unit. For a discussion of injuries and accidents in a military environment, see Chapter 12 on Injury Control. When individuals are sleep deprived, caffeine’s effects generalize to a wide variety of cognitive functions, including learning, memory and reasoning, as well as militarily relevant activities (eg, marksmanship).3,52,53,115,126 The amino acid tyrosine also has significant potential as a unique performance enhancer that exerts its effects only when individuals are subjected to stressful situations. In addition, the use of liquid carbohydrate supplementation when soldiers are not consuming adequate amounts of food, a situation that typically occurs in the field,138 appears to improve both cognitive and physical performance.3

ETHICAL ISSUES ASSOCIATED WITH THE SANCTIONED USE OF DRUGS IN THE MILITARY

Historically, drugs and other stimulants have been used during many conflicts. The legal use of substances that may enhance performance or alter behavior, such as caffeine or alcohol, is common in our culture. US forces are also facing enemies who may use drugs to alter their behavior. Although some individuals will continue to debate the issue of the use of performance-enhancing drugs in military operations, it is apparent that such use will continue. Therefore, it is not a question of absolute prohibition, but of assigning and defining responsibility and setting limits/boundaries. Should use be limited to a strong cup of coffee and easily assimilated carbohydrates, or should US soldiers be given an advantage over enemy combatants by using a sophisticated regimen of potent prescription drugs? The Byrd amendment (see Exhibit 4-3) reflects an effort to address the use of drugs that have not been approved for a particular application, such as performance enhancement in times of military necessity. It is unlikely that this will ever be used to gain blanket approval of performance-enhancing drugs during military operations. It is important that medical officers are aware of the ethical questions related to the use of performance-enhancing substances that, in some ways, parallel the concerns raised for informed consent in human research. There are four parties involved in the transaction:


EXHIBIT 4-2

MILITARY COFFEE USE THROUGH THE ERAS

In his text summarizing medical research studies on Union soldiers during the Civil War, Dr Benjamin Apthorp Gould described observations on soldier road march performance during campaigns to Gettysburg and elsewhere that included an attempt to quantify energy intake and coffee consumption.(1) Coffee has been a key element of soldier provisioning throughout the US Army’s existence (Exhibit Figure E2-1). It has provided a morale boost in addition to the specific benefits of the caffeine component (eg, countermeasure to fatigue and depression). In 2001, the standing Committee on Military Nutrition Research of the Institute of Medicine issued recommendations for the Department of Defense on appropriate use and safe upper limits of caffeine supplementation to counter fatigue in military operations.(2) This permitted the fielding of caffeine gum, with appropriate labeling for use by service members. Additional benefits of caffeine to soldiers have been discovered since that report and are covered, in part, in a new report from the committee on neuroprotective nutrition.(3) Several studies funded through the Army Neurotoxin Exposure Treatment (Parkinson’s) Research (NETPR) program contributed to the finding that coffee consumption and, specifically caffeine, has a neuroprotective action associated with reduction in long-term neurodegenerative disease risk.(4,5) Thus, coffee drinking and caffeine consumption may be an effective intervention to reduce long-term health risks in soldiers from head impact and other brain injury (no randomized controlled study of this specific benefit has yet been conducted). There are also a wide range of noncoffee caffeine products commercially available today (Exhibit Figure E2-2).
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Figure E2-1. Coffee use through four US military eras, including (a) the Spanish-American War (roasting coffee beans), (b) World War I, (c) World War II soldiers in the field, (d) World War II aviator, and (e) Operation Enduring Freedom.
Photographs: Reproduced from the National Archives and Records Administration, Washington, DC.
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Figure E2-2. Examples of the plethora of caffeine products available today. Clockwise from the upper left-hand corner: Jolt Caffeine Energy Gum (GumRunners LLC, Jersey City, NJ; 50 mg/chiclet); Stay Alert Caffeine Supplement Gum (Mastix Medica LLC, Hunt Valley, Md; 100 mg/stick); Shock-A-Lots candy (Extreme Coffee, Redwood City, Calif; 300 mg/oz candy); CLIF SHOT energy gel (Clif Bar & Company, Emeryville, Calif); CLIF Bar–nutrition bar (Clif Bar & Company, Emeryville, Calif); Penguin caffeinated mints (www.peppermints.com; 7 mg/mint); Caffeine Kicks candy (Caffeine Kicks, Santa Ynez, Calif); UpTime Energy and Diet POWder! fizzy crystals (UpTime Nutrition Company, Inc, Minneapolis, Minn; 150 mg/packet); Ripped Fuel chewing gum (Twinlab, New York, NY; caffeine and ephedra—the ephedra component is now banned in the United States); Black Black chewing gum (Lotte Confectionery, Hangul, South Korea; 5 mg/stick); Warp Energy Mints (Big Sky Brands, Inc, Toronto, Ontario, Canada); XTZ Herbal Energy Mints (XTZ Industries, Inc, Edmond, Wash); chewable Metabo Mints (Metabo Corporation, West Chester, Pa); mocha-flavored HooAH! Nutritious Booster Bar (D’Andrea Brothers LLC, Los Angeles, Calif); Taster’s Choice packet (Nescafé Taster’s Choice, Wilkes-Barre, Pa; consumed dry by Ranger students with dry creamer and sugar, washed down with water); No Doz caffeine pills (Novartis Consumer Health, Inc, Parsippany, NJ; 200 mg/pill); and Celestial Seasonings Morning Thunder Tea (Celestial Seasonings, Boulder, Colo; matte tea).



___________________

Data sources: (1) Gould BA. Investigations in the Military and Anthropological Statistics of American Soldiers. Hurd and Houghton, Cambridge: Riverside Press; 1869: 603–610. (2) Committee on Military Nutrition Research, Food and Nutrition Board, Institute of Medicine. Caffeine for the Sustainment of Mental Task Performance—Formulations for Military Operations. Washington, DC: National Academy Press; 2001. (3) Erdman J, Oria M, Pillsbury L, eds. Nutrition and Traumatic Brain Injury: Improving Acute and Subacute Health Outcomes in Military Personnel. Washington, DC: National Academy Press; 2011. (4) Ross GW, Abbott RD, Petrovitch H, et al. Association of coffee and caffeine intake with the risk of Parkinson’s disease. JAMA. 2000;283:2674–2679. (5) Chen JF, Xu K, Petzer JP, et al. Neuroprotection by caffeine and A2a adenosine receptor inactivation in a model of Parkinson’s disease. J Neurosci. 2001;21:RC143.




	the soldier as the recipient, who may be naive or informed;

	the commander, who has the responsibility to optimize the tactical situation, preferably by achieving tactical victory, and ensuring the health and survival of his or her subordinates;

	society, which as a whole may be technologically inexperienced and unaware of its collective responsibility; and

	the medical officer or scientist, who is the best informed about the effects and will probably bear the most immediate responsibility for the use of drugs on the battlefield.



EXHIBIT 4-3

SPECIAL PROVISIONS FOR THE MILITARY USE OF DRUGS—THE BYRD AMENDMENT

In Operations Desert Shield/Desert Storm (the first Gulf War, 1990–1991), the Department of Defense (DoD) distributed pyridostigmine bromide (PB; Duphar B.V., Amsterdam, Holland) tablets as part of the system of protection against chemical agent attack by the Iraqi forces (Exhibit Figures E3-1 and E3-2). On a more limited basis, a vaccine to botulinum toxin was used to protect soldiers against the threat of a biological weapon. The US Food and Drug Administration (FDA) had not approved these products for these indications even though they were approved as safe and effective for other uses. The products were still designated as Investigational New Drugs (INDs) for these military applications. This urgent military need created a regulatory issue that was resolved with the issuance of the “Interim Rule” by the FDA Commissioner and the Secretary of Health and Human Services. The FDA would allow the use of an IND if (a) informed consent was not feasible; (b) there was an impending combat urgency; and (c) the use would likely protect health and lives, with no alternative protective strategy available. The FDA granted time-limited waivers for PB and botulinum toxin in January 1991.

This highlighted the issue of off-label use of a drug for military emergencies, but the Interim Rule was never finalized by the FDA. This was eventually addressed by the Byrd Amendment (Section 731, National Defense Authorization Act, FY 1999; Public Law 105-261, October 17, 1998), which was titled “Process for Waiving Informed Consent Requirement for Administration of Certain Drugs to Members of the Armed Forces for Purposes of a Particular Military Operation.” This provided rules for the use of an IND or a drug unapproved for its applied use with service members. These rules include that only the President can waive prior consent for the use of the drug. To grant a waiver, the President is required to determine that obtaining consent is (a) not feasible, (b) contrary to the best interests of the member, or (c) not in the interests of national security.


[image: art]

Figure E3-1. During the 1990–1991 Gulf War, PB was classified by the FDA as an IND for use as a pretreatment for soman poisoning. Many veterans reported stopping PB use because they found the side effects unpleasant (eg, nausea, abdominal cramps, urinary urgency, headache). This illustration shows the instructions for use that appear on the blister pack of 21 tablets.
NAPP: nerve agent pyridostigmine pretreatment
Illustration: Reproduced from Field Manual 4-02.285, “Multi-service Tactics, Techniques, and Procedures for Treatment of Chemical Agent Casualties and Conventional Military Chemical Injuries.” Washington, DC: Headquarters, Department of the Army; September 18, 2007. FM 8-285.
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Figure E3-2. Scud missile downed by Patriot. These missiles imposed the threat of chemical weapon attacks.
Photograph: Reproduced from Defense Visual Information. VIRIN: DD-ST-92-07786. Available at: http://www.defenseimagery.mil.



In addition to these overarching considerations, there is an extensive list of requirements and thresholds that must be met, including such things as (a) the evidence for safety and effectiveness relative to medical risk associated with a military operation; (b) the high risk to military personnel of an operational threat, such as from chemical, biological, nuclear, or other exposures; (c) the lack of an available satisfactory alternative treatment or protection; (d) justification for mandatory requirement for individual use or voluntary participation—review of off-label experimental use by an institutional review board; (e) explanation of how, when, and why the product will be used and how its administration to individuals will be tracked, including in the medical records of individual members; (f) provisions for an information sheet to be given to each service member prior to administration of the new drug; (g) a plan for follow-up for any adverse health consequences; and (h) other provisions, such as assurances that the DoD is pursuing full FDA approval for the intended application with all due diligence. These steps are detailed in the Code of Federal Regulations (21CFR50.23), “Informed Consent of Human Subjects—Exception from General Requirements.”

The FDA approved combat use of PB to prevent death from exposure to soman in 2003. As a result of the Gulf War experience of undiagnosed chronic multisymptom illnesses at the same time that PB was in use ahead of FDA approval, the DoD gained new understanding of the impact of this use of PB on health risk communication, disease, and morale.(1) It is less likely that the DoD will seek permission in the future to use IND products ahead of FDA approval, although the Byrd Amendment now provides a regulatory approach for that option. This puts the burden of seeking full FDA approval for new applications of drugs, such as performance-enhancing stimulants, on DoD researchers. Individual care providers can still prescribe a drug for off-label use for an individual, but not for blanket administration to a group of individuals.

___________________

Data source: (1) Friedl KE, Grate SJ, Proctor SP. Neurological issues in modern military deployments—investigation of exposures in the DoD Gulf War illnesses research program. Mil Med. 2009;174:335–346.



The medical officer may be expected to provide guidance to the commander concerning the use of drugs and stimulants on the battlefield, and may have more direct involvement by prescribing the specific agents.

The ethical questions regarding the use of drugs and stimulants to improve or modify alertness, cognitive function, and behavior and to counter fatigue and anxiety during war are part of a larger ethical debate over the role of the physician in the military. An entire two-volume set in the Textbooks of Military Medicine series (titled Military Medical Ethics) is devoted to ethical issues.

SUMMARY

The appropriate use of psychopharmacological and nutritional interventions on the battlefield provides a significant benefit to combat soldiers. A variety of critical situations occur during intense military operations in which preservation of cognitive function is essential, not only for the successful completion of the mission, but also for the very survival of the soldier. An adequate body of knowledge and definite doctrine regarding the use of psychotropic compounds in severely stressful environments does not always exist. Therefore, when an operational requirement calling for the use of such compounds arises, the unit physician should determine if an official doctrine is in place and seek the advice of experts in the field. Unfortunately, there is little motivation for pharmaceutical, nutrition, or biotechnology companies to actively engage in research of direct military applicability. A number of excellent studies, which provide critical information regarding the beneficial effects of various interventions, have been conducted at various DoD laboratories. However, these studies have just begun to address the numerous issues in this complex research area. In addition, political and ethical considerations may preclude the use of performance-enhancing or performance-preserving compounds on the battlefield, especially the use of stimulant drugs. Those considerations will certainly limit the resources committed to this area of research. As noted previously, preoperational testing of compounds that may alter cognitive performance is highly recommended and may be required by official policy, in some instances, because this gives personnel an opportunity to experience the effects of the drug prior to its operational use and may reveal any idiosyncratic adverse effects.
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INTRODUCTION

The field of laser–tissue interactions encompasses almost all branches of science, including basic and applied physics, engineering, meteorology, biology, and medicine. Since the invention of lasers in the middle of the last century, lasers have become ubiquitous, and the study of laser bioeffects has employed the talents and expertise of many scientists, engineers, and physicians around the world. The history of the invention and development of the laser and its multitude of applications is well known. It is a saga of almost unmitigated success in basic and applied research.

The US military’s interest and involvement in laser bioeffects began soon after the laser was first invented in 1960. As the military began to investigate and use laser instruments at wavelengths potentially injurious to the human eye, it realized the need to study the extent of this new potential hazard. Many of the most notable achievements in the field of laser safety research can be traced directly to the original work of Colonel Edwin S Beatrice, MD, and his interdisciplinary team of Army scientists, physicians, and engineers who devoted their careers to the gathering of data necessary to formulate safety standards and procedures. Dr Beatrice’s original scientific approach to determining the safety of laser beam characteristics in the 1970s was later applied to the United States and international standards for the safe use of all lasers.

The US Army established the US Army Medical Research and Development Command and the US Army Materiel Command Joint Laser Safety Team in 1968 at the Frankford Arsenal in Philadelphia, Pennsylvania. The purpose of the Army’s laser safety program was to support development of military lasers by minimizing their potential risks to soldiers in the field. The laser safety research team was a group of highly dedicated investigators who worked at the forefront of all relevant scientific disciplines, including physics, histopathology, psychophysics, and medicine. The history of the research from its inception in 1968 to its discontinuation in 2011 is summarized in Exhibit 5-1. This chapter describes an approach to researching laser-induced changes to visual function, focusing on relating retinal structural changes, anomalies, and damage to changes in visual function based on the accumulated experience of the laser safety research team.

Worldwide today, military laser systems are known to be in use by 49 nations. Military lasers are used to support a wide variety of battlefield needs, including range-finding, communication, illumination, landmine and bomb detection and detonation, target designation, and detection of contamination. All are potentially hazardous to the human eye at tactical ranges. Although prophylactic and protective measures have been eminently successful in limiting the numbers of laser-induced injuries in the medical, laboratory, and industrial environments, these same measures are not easily applied in combat. In fact, the problem of protecting military combatants against laser-induced injury is exceedingly difficult.

VISUAL FUNCTION: SHIFTING FOCUS BEYOND THE MACULA

Laser-induced retinal injury is a function of both the nature of the laser exposure and the retina’s acute and long-term response to the exposure. In conventional classifications of laser-induced retinal damage, classification is based on acute laser-induced central retinal injury,1 with little attention given to the manifestation of secondary functional abnormalities as the effects of the acute damage diminishes. Together with the application of well-targeted functional assessment, advanced imaging techniques have enhanced the understanding of laser-induced retinal sequelae.2 Exhibit 5-2 provides a straightforward summary of military laser ocular hazards and protection, summarizing current knowledge for the soldier.

With the small, but increasing number of laser eye injuries associated with military target acquisition systems, the issue of suprathreshold laser-induced injury became increasingly important.3 These cases revealed that laser-induced retinal damage need not be restricted to the central retina to have significant consequences for visual function. These consequences involve the development of intraretinal scar formation (IRSF), retinal traction generally associated with IRSF, and retinal nerve fiber layer (RNFL) damage. These secondary sequelae extend concern well beyond the macular region and, therefore, require new ophthalmic and functional techniques to assess development, progression, and the long-term consequences to visual function to distinguish normal functioning retina from dysfunctional retina. These new techniques must cover the full spectrum of visual function to include measures of contrast required to resolve features that subtend a range of visual angles, the ability to detect fine differences in hue, and sensory/motor coordination of fixation eye movements. The ability to diagnose deficits in such visual qualities currently limits the ability to evaluate functional consequences of laser retinal injuries, particularly in differentiating between sequelae that is primarily retinal in origin from higher order sequelae.


EXHIBIT 5-1

THE ARMY MEDICAL DEPARTMENT’S ROLE IN DEVELOPMENT, DEPLOYMENT, AND USE OF LASERS BY THE MILITARY

Shortly after the invention of the laser in 1960, the military began to develop ways to utilize the new technology to assist in its many complex missions. Science fiction and the popular press speculated on the laser’s potential and highlighted its use as a “ray gun” that could effectively engage both materiel and people rapidly (at the velocity of light) and with a “magazine” only limited by the power source. The laser was depicted as destructive to materiel at large distances, far exceeding those reached by most conventional munitions, albeit it did require line of sight. Concomitant with the desire to build high energy lasers to engage materiel was the development of low-power devices that could assist in the military’s fire control and training missions. The laser’s attributes included (a) monochromatic emission (one wavelength or color or emissions at multiple discreet wavelengths throughout the visible and infrared spectrums), (b) intense energy in a well-collimated beam (ie, a beam that does not spread much with distance), (c) emissions in extremely short duration pulses (ie, nanosecond exposure durations required for range finders), and (d) repetitive pulse or pulse-coded emissions. Laser range finders, laser target designators, and laser “live fire” training devices were under development to exploit the attributes offered by this emerging technology.

The potential for laser energy to injure the eye was recognized early, and research groups who had studied the ocular hazards of nuclear fireballs shifted their attention to laser radiation. Technology programs began within the Department of Defense (DoD) to exploit the characteristics of the laser for military applications from training and fire control to weapons systems. Potential adversaries also had laser expertise. The technology was scientifically robust and emerging worldwide with new wavelengths, high emission energies, shorter duration pulses, and applications that continue to exploit these advances.

Within a short period of time, a controversy arose surrounding the establishment of permissible exposure limits for the Q-switched ruby laser. The Army was developing the first ruby laser range finder at the Frankford Arsenal in Philadelphia, Pennsylvania. The Army Medical Department (AMEDD) recognized responsibility to ensure the health and safety of soldiers operating laser systems and understood that laser weapons would emerge on the modern battlefield and injure soldiers entrusted to care. Hence, the AMEDD established a joint research team at the Frankford Arsenal that combined the medical expertise of the AMEDD with the electronic, optics, optical fabrication, laser, and fire control systems expertise of the US Army Materiel Command. In 1968, the Joint US Army Materiel Command and the US Army Medical Research and Development Command Laser Safety Team (or the J AMC-AMRDC LST or simply the JLST) was established. The controversy on Q-switched ruby lasers was ultimately resolved, but many other laser issues continued to emerge.

Argon lasers had already made their way to the ophthalmology clinic, but other lasers were relatively new or rare and could not be purchased commercially. To support the biomedical research, optical delivery systems were interfaced to fundus cameras, and laser systems were fabricated on site at the Frankford Arsenal. The group generated data from which exposure limits could be derived; both ocular and cutaneous injury thresholds were determined as a function of laser wavelength, exposure duration, irradiance diameter, and pulse repetition frequency. Biological effects of ruby, neodymium, argon, carbon dioxide, erbium, and gallium arsenide diode lasers were investigated and reported.

In 1974 with the pending closure of the Frankford Arsenal, the AMEDD members of the JLST moved to the Letterman Army Institute of Research at the Presidio of San Francisco, California (Exhibit Figure E1-1). The research conducted in the 18 years at the Letterman Army Institute of Research (LAIR; 1974–1992) focused on medical issues surrounding the Army’s use of lasers in a wide range of systems. High-energy laser systems were developed by the DoD to engage targets at large ranges. Low-energy lasers were used in many fire control and mission assist applications. Laser weapons were prominent in the DoD threat statements. Medical applications of lasers emerged, and by the early 1990s, laser use in hospitals was quite common in most medical specialties. Ophthalmological applications emerged very rapidly. Industrial hygiene and occupational health guidance was established and continually updated to facilitate the safe use of lasers in the workplace. This guidance was based on the maximum permissible exposures or exposure limits for optical radiation that were predominately supported by the triservice DoD research. In 1979, LAIR organized the first Lasers on the Modern Battlefield (LMB) Conference. The LMB quickly became the annual forum for issues surrounding the development, deployment, and use of lasers by the military, and provides a classified forum for interaction across programs and corps, including international partners.
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Fig. E1-1. Key Laser Bioeffects Researchers at Letterman Army Institute of Research (LAIR), San Francisco, California. Pictured (left to right) are David Randolph, Bruce Stuck, Harry Zwick, Jack Lund, and Edwin Beatrice.



A 1980 symposium on Combat Ocular Problems became the watershed event that resulted in the first development of military protective eyewear. The focus of the conference was broader than the laser threat issue and included eye trauma. Colonel Francis LaPiana, an accomplished ocular plastic surgeon, postulated that more than 90% of the injuries from fragments in and around the eye that he had managed in the Vietnam War could have been prevented by a 3–4 mm thickness of polycarbonate (Lexan, a product of the General Electric Company, Fairfield, Conn). Lieutenant Colonel (Dr) Belkin, based on his experience as an ophthalmologist in the Israeli Defense Forces Medical Corps during the Six Day War in 1967 and the Yom Kippur War in 1973, made a similar argument. The human factor issues and limitations of protective solutions (absorptive dyes in glass or plastic) for laser protection were also discussed. The high attenuation of selected visible wavelengths for laser protection limited the overall visible light (luminous) transmission and distorted perception of the color space (inability to readily detect red warning lights with eye protection designed for ruby laser emissions at 694.3 nm). Although polycarbonate provided protection against fragments, there was no specification for fragment protection. Absorbing dyes introduced into the polycarbonate or surface preparations degraded the fragment protection properties, and polycarbonate was “soft” and difficult to edge if formed into corrective lenses. Polycarbonate was also very susceptible to scratches, and the lifetime of a spectacle or an aviator visor was estimated to be very short in a dusty/dirty combat environment. Although technology programs began to develop laser protection, there was no program addressing fragment protection.


Colonel Beatrice (Exhibit Figure E1-2), supported by his Commanding General, MG Rapmund, identified a clear Army need that was focused on protecting the soldier in development of laser and fragment protective eyewear. The team had a full research portfolio already, no budget for an eye protection program, and no official Army requirement, much less a complete picture of the acquisition process for materiel development. The soldier needed eye protection that he could function with day or night that protected against a few select laser wavelengths and ballistic fragments. Nevertheless, over the next 4–6 years, the Ballistic and Laser Protective Spectacles (BLPS) were developed. The laser protective clip-on was less than ideal, provided protection only against two common wavelengths used by the military, and had difficulties meeting the solarization specification. Saturation of absorbing dyes limited the protection against intense nanosecond pulses of laser radiation. The group developed saturation measurement methods, which have been adopted by the American National Standards Institute guidance for commercial laser protective eyewear. The BLPS program also produced visors for the HGU-56/P helmet (Gentex Corporation, Simpson, Pa) through active collaboration with the Army aviation materiel developer. Subsequently, the BLPS system was type classified, and some units in the first Gulf War were equipped. Although the BLPS system was the first fielded fragment and laser protective eyewear for soldiers, it never achieved overwhelming acceptance. However, the development and fielding process formed the basis for subsequent protective eye armor. Technical specifications developed for the BLPS program guide advancements in military protective eyewear development today. The Emerging Laser Threat Eye Protection (ELTEP) program was cancelled in 1991, with an understanding that protection outside the body (“skin out”) would be the mission of the PM (Project Manager) soldier, and the AMEDD would be responsible only for corrective lenses.
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Fig. E1-2. Colonel Edwin S. Beatrice, leader of the Laser Bioeffects Research Team and later, Commander, Letterman Army Institute of Research (LAIR).



Laser bioeffects research at LAIR was as diverse as the developmental laser systems and their applications (both military and civilian). The Multiple Integrated Laser Engagement Simulator (MILES) was a class of gallium arsenide laser-based systems designed to simulate live fire during training with conventional weapons. The M-16 rifle version of the MILES device had soldiers directing lasers at other soldiers in training for the first time. The AMEDD, as well as the developer, wanted to ensure that the system was safe prior to widespread use. The team conducted a series of biological effects studies that expanded the understanding of laser bioeffects through investigations of the additive effects of repetitive pulses, the dependence of the retinal injury threshold on retinal irradiance diameter, and an understanding of the retinal effects of near-infrared laser radiation.

In October 1980, a Los Angeles Police Department helicopter was illuminated by an air-cooled argon ion laser that a technician had taken home to project Lissajous patterns on the wall for a Halloween party. Illumination of the Los Angeles Police Department helicopter crew resulted in evaluation of the pilot’s and co-pilot’s eyes and vision at LAIR, and an assessment of laser and exposure conditions. The laser obtained for inspection was operating at a wavelength of 448 nm; however, there was no retinal injury as would be anticipated by an overexposure at that wavelength. There was a corneal abrasion apparently due to rubbing the eye secondary to the startle when the bright intrabeam viewing experience occurred. The night illumination surprised the crew, and when they momentarily lost their visual cues, they were concerned about their safety and ability to safely fly the aircraft. Evaluation of the emission characteristics of the laser and the distance from the helicopter indicated that the exposure was well below levels required to produce retinal injury, but the laser glare at levels below the permissible exposure limit appeared extremely bright and compromised the crew’s ability to fly the aircraft. Suddenly, it was clear that laser glare, particularly under low luminance conditions (dawn, dusk, or night), could interfere with military operations and pose secondary hazards to soldiers or result in a “soft” mission defeat. Consequently, laser glare studies in a terrain board pursuit tracking simulator built at the LAIR were initiated.

Emphasis was on threshold effects and research addressing the issue of potential long-term effects from laser exposure. Assessment of laser injury through enhanced ophthalmic imaging diagnostics (confocal scanning laser ophthalmoscopy, optical coherence tomography), novel visual function assessments, and emerging molecular biological assays complemented light and electron microscopy characterizations of laser-induced eye injury. The Aidman Vision Screener (AVS)—a 5 × 7 inch card with an acuity chart, Amsler grid, and evacuation criteria—was proposed to assist the combat medic in rapidly assessing laser-induced injury in an operational environment (Exhibit Figure E1-3). The AVS was accepted as a rapid screening tool and was type classified, and a new US Army Field Manual 8-50 titled “Prevention and Medical Management of Laser Injuries” was drafted. US Army Field Manual 8-50 was published in 1990 just before the first Gulf War.
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Fig. E1-3. The Aidman Vision Screener (AVS) assists the combat medic in rapidly assessing laser-induced injury in an operational environment. It provides an Amsler grid (a), a visual acuity chart, and evacuation criteria (b). The AVS is required to triage laser-induced eye injury in accordance with the guidance given in US Army Field Manual 8-50, “Prevention and Medical Management of Laser Injuries.” Washington, DC: Headquarters, Department of the Army; August 8, 1990.
Photographs: Courtesy of the US Army Medical Research Detachment.



In September 1992, the Division of Ocular Hazards moved to Brooks City-Base, San Antonio, Texas, to be colocated with the Air Force Research Laboratory’s Directed Energy Bioeffects Research and the Navy’s nonionizing radiation programs that were being relocated from Pensacola, Florida. Fifty Rhesus monkeys were also moved from the Presidio of San Francisco to Brooks Air Force Base. The US Army Medical Research Detachment–Walter Reed Army Institute of Research (USAMRD–WRAIR) executed its mission at Brooks Air Force Base from 1992 through 2010. The program continued to focus on acute laser bioeffects, addressing gaps in the biological database required to define optical radiation exposure limits pertinent to emerging military exposure conditions. These gaps were driven by military system developments, such as the emergence of the use of the oxygen iodine laser with emissions at 1.315 mm, the emergence of the use of “particle cells switches” against pulse lasers operating the retinal hazard spectral region, and a relook at laser glare issues surrounding the use of green laser illuminators to deter unknown encroachers on valued assets. The team provided vital technical advice and expertise to the Department of State in discussions of the “Blinding Laser Weapon Protocol” negotiated in Vienna, Austria, in 1995. Accidental laser eye injuries continued to occur within the military, and the unit assisted in their assessment through the use of advanced imaging (scanning laser ophthalmoscopy and optical coherence tomography) and measurements of visual function. The Laser Accident and Incident Registry was developed to archive these and other laser exposure injuries and incidents. Although laser-induced eye injuries were infrequent and predominately involved the misuse of lasers in military settings, the information obtained from these and other laser-induced eye injuries that occurred in the private sector were important to enhance the understanding of cases and the collection of cases that occur in industry, medicine, and research laboratories. (This is the focus of Chapter 5.)

Evaluation of corneal, lens, iris, and retinal injury threshold for laser wavelengths in the 1.1–1.4 mm region was driven by the DoD efforts to build high-energy lasers operating at the chemical oxygen-iodine laser (COIL) wavelength of 1.315 mm. Colocation of directed energy bioeffects research program at Brooks Air Force Base allowed collaboration and design of complementary research on these issues. A complex series of experiments addressed both the wavelength dependence and locus of ocular injury for exposures in the near infrared and dependence of the retinal injury threshold on retinal irradiance diameter. These studies resulted in major changes to optical radiation exposure guidelines.

High-powered laser diodes resulted in the proliferation of laser pointers, first red and now green, and the availability of high-power laser illuminators drew attention to laser glare and purposeful exposure issues. The team continued both laboratory and field studies of laser glare to assess the operation impact of noninjuring exposures. Investigations of natural protective mechanisms were conducted. The kinetics of the pupillary response and the aversion response (consisting of head or eye movement, squint, and blink), and a description of laser-induced after-images from the visible laser below the exposure limits were described. Eye movements were measured during deliberate fixations to more accurately assess the hazards of purposeful exposures. Data were used to develop the first retinal thermal injury model, wherein the source moved on the retina commensurate with the measured eye movements during deliberate fixation. With the emergence of wave front-corrected retinal imaging systems and to investigate the “worst” case viewing conditions, a series of experiments was conducted measuring the retinal injury threshold with the wave front correction for the optical aberrations in the eye that were exposed. This research, over a period of several years, was now critical to the adjustment of exposure limits for optical radiation.

Treatment of laser-induced retinal injury was addressed with a comprehensive study of the efficacy of steroids and nonsteroidal antiinflammatory agents on thermal lesions and pulsed lesions. Treatment studies were conducted to investigate regimens that could be initiated by first responders, followed by therapies administered later at higher medical care echelons. Applications of photodynamic therapy in the treatment of laser-induced eye injury were examined, as well as the use of optical radiation in the treatment of laser-induced retinal injury. Multifocal electroretinogram was applied to the assessment of focal, laser-induced retinal injury. Most recently, a series of studies has investigated applications of stem cells in the treatment of retinal trauma. Final treatment approaches will ultimately be based on the taxonomy of the lesion or injury. This work, along with the diagnostic imaging and novel assessments of visual function, stands as the basis for future ocular trauma.



This chapter presents the clinical evaluation of five military laser accident cases representing a range of laser-induced retinal damage. The assessment of each case will highlight the complexity of the structure–function relationship, as well as the importance of combining imaging techniques to more precisely identify structural damage with the application of well-targeted functional assessments. The evidence presented herein demonstrates that functional diagnostic tools cannot be limited to neural mechanisms at the retina. As the structural damage resolves, processing of visual neural code along the visual pathway often produces visual function outcomes not immediately evident from the structural damage at the retina.



EXHIBIT 5-2

SUMMARY OF MILITARY LASER OCULAR HAZARDS AND PROTECTION
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___________________

Reproduced from: the Laser/Optical Radiation Program, US Army Center for Health Promotion and Preventive Medicine (USACHPPM). Aberdeen Proving Ground, Md: USACHPPM. Technical Bulletin 25-013-0498.




The chapter begins with a discussion of imaging and visual techniques to assess retinal structure and visual function. This is followed by a brief discussion of the integration of these techniques to determine structure–function relationships used to assess visual function in each of the five presented cases.

ASSESSING IN VIVO RETINAL MORPHOLOGY

Confocal Scanning Laser Ophthalmoscopy

Confocal scanning laser ophthalmoscopy (CSLO)4 provides the capability for imaging the retina along its axial dimension, yielding image “slices” in eyes with relatively large focal lengths, from the anterior RNFL-dominated retinal surface posterior to the retinal vasculature.5–7 Figure 5-1 shows CSLO images for a nonhuman primate (NHP; Figure 5-1a) and a garter snake (Figure 5-1c). NHP eyes have relatively large focal lengths, and the graph reflects the current state of the art in axial domain resolution (18 mm) for eyes with relatively large focal lengths. The art of the possible axial resolution is demonstrated in the garter snake eye, whose focal length is relatively short. For the NHP, however, the range of confocal slices is greater than for the snake eye. The optical properties of the NHP eye permit an axial range from the RNFL (Figure 5-1a) to the retinal vasculature (Figure 5-1b). The optical properties of the garter snake eye permit, by comparison, a narrower range of axial separation, which is from the RNFL to the photoreceptor layer. However, the optical properties of the snake eye yield finer resolution of retinal structures than those of the NHP eye. This comparative CSLO work, imaging eyes of species with differing optical properties, reveals the advantage of imaging retinal elements and blood flow in the small eye. The small eye model allows for assessing damage to relatively fine retinal structure and for observing the repair cascade over time. New wave-front correction techniques utilizing adaptive optic algorithms to correct for optical aberrations of the imaged eye allow for diffraction-limited imaging in the “large” human eye. Confocal applications now allow observation of the photoreceptor and retinal pigmented epithelium (RPE) matrix in a human eye. These advances promise the detailing of morphological sequelae in the retina from the RNFL to the retinal vasculature to better understand and predict functional loss.
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Fig. 5-1. Comparison of range of confocal slice between the Rhesus monkey (a, b) and the garter snake (c, d).
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.




Optical Coherence Tomography

Optical coherence tomography (OCT) images provide an in vivo cross-section of the retina. Images are rendered in false color to indicate retinal layers and respective structures. Figure 5-2a shows the path of the OCT scan that rendered the image shown in Figure 5-2b. The figure shows the OCT-rendered image taken through the macular region from the superior parafoveal retina into the foveal retina and ending in the inferior parafoveal retina. The thickness of the parafoveal retina is 250 mm and that of the foveal retina is 150 mm. These thicknesses correspond with histological retinal measurements and thus can be used to characterize the condition of the retina.

FUNCTIONAL METRICS AND STRUCTURAL CORRELATES

Assessing Visual Function Along the Visual Pathway

High spatial resolution vision (ie, visual acuity) is mediated by the central foveal region.8 Visual acuity demands a higher order neural integration and augmentation, thus resulting in a relatively robust visual function. It is, therefore, not surprising that foveal retinal damage must be extensive, with a significant degree of secondary damage, to result in a significant loss in visual acuity. Maximal visual spatial resolution, measured as visual acuity, is mediated at the center of the fovea. There, ganglion cells were originally thought to innervate the most central region of foveal photoreceptors in a ratio of 1 ganglion cell to 1 photoreceptor,9 resulting in an off-axis acuity function, with a characteristic peak at the fovea and sharp declines in acuity with distance from the foveal axis.10 However, more recent work by Curcio et al11,12 has demonstrated that the central foveal cones have a 2:1 ratio with retinal ganglion cells. When the 2:1 ratio is accounted for in the off-axis acuity function, a resulting small plateau of maximal acuity over the central foveal retinal space is revealed.12 This structure–function relationship suggests that neural plasticity associated with central foveal cones may actually begin in the inner retina. At the inner retina, central foveal cone innervation with ganglion cells via Henle’s fibers proceed to striate cortical visual space where the foveola (≈150 mm) is represented in a magnification of 7:1. In healthy visual systems, acuity provides a general measure of visual function. In laser accident cases where damage is confined to local areas of the retina, visual acuity is often insensitive to associated visual function changes because there is significant neural plasticity/redundancy associated with visual acuity.
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Fig. 5-2. (a) Vertical scan through the fovea. (b) OCT image yields a full retinal thickness cross-section of the scanned retina.
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Contrast sensitivity, on the other hand, measures the reciprocal of the minimal contrast required (sensitivity) for detection of visual stimuli across spatial (size) or temporal (target flickered on/off) frequencies. Stimuli are modulated sinusoidally across light and dark bands subtending a specific visual angle in the spatial domain and across on/off cycles in the temporal domain. The spatial contrast function yields a relatively lower order assessment of retinal integrity (magnocellular/parvocellular ganglion cell systems) because higher order processing of spatial information tends not to compensate for anomalies at the retina.13 Furthermore, measurements of temporal contrast sensitivity indicate contrast sensitivity of the paramacular retina targeting the more transiently responding magnocellular system, which is involved in directing gaze to the more sustained responding, centrally dominated parvocellular system.14 Thus, the forms of the spatial and temporal contrast sensitivity functions provide a complete picture of threshold sensitivity across target size to register detection and movement predominately at the level of the retina.

As with visual acuity, traditional clinical color vision metrics, such as the Farnsworth Munsell 100 Hue (FM 100 Hue), are of limited utility due to their inability to accurately measure individual cone system damage. This is primarily because they involve measurements along the color (hue) discrimination dimension, which is not a direct measure of individual cone viability, but rather is a measure of the neural reorganization of cone input that takes place in the inner layers of the retina.

The FM 100 Hue presents hues along the entire cycle of the color wheel. Given that the colors and their discrimination scores represent a position in the cycle of hues, one can pattern the data using frequency domain time series models.15 Figure 5-3 shows the FM 100 Hue polar plots and their corresponding frequency density plots for a person whose vision is within normal limits (Figure 5-3a), a person with a congenital color deficiency (Figure 5-3b), and a laser accident case (Figure 5-3c).16 The resultant frequency density plots from a Fourier transform reveal the content of the color vision error function along the color circle, and quantify the relative contributions of the primary color deficit F1 and the primary deficit axis F2. F0 gives the average magnitude of error along the color circle. The remaining components are analogous to harmonics suggestive of the magnitude of sequelae. Relatively symmetrical axis deficits are typical of congenital defects (Figure 5-3b), with weak F1 contributions suggestive of a primary color deficit. In laser cases (Figure 5-3c), significant F1 and F2 contributions exist. The F1 contribution is suggestive of the extent of the retinal ablation of cone type, and F2 is suggestive of disruption of higher opponent processes.

The FM 100 Hue presents a focal target of color and, as such, may be less sensitive to outer retinal photoreceptor assessment with regard to exposure effects that present with minimal ophthalmoscopic evidence of damage, but with subjective awareness of visual dysfunction. Under these conditions, several metrics involving outer retinal assessment have demonstrated the effectiveness of spectral sensitivity measures for visual acuity criteria. These permit measurements of spectral sensitivity functions that are made sensitive to parafoveal and foveal retina by manipulation of spatial resolution (acuity) criteria,17,18 as well as the development of color contrast grating techniques19 and the application of equal luminance color acuity charts.20 The Rabin charts are especially notable in that they bring the capability to assess specific cone system functionality from the laboratory environment to that of the clinical environment. This capability is being applied to the current Aidman Vision Screener.21 The improvement to the screener uses spectral logMAR acuity targets with and without neural opponent chromatic backgrounds; this advancement promises the capability of diagnosing exposure effects that present with minimal ophthalmoscopic evidence.22
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Fig. 5-3. FM 100 Hue test metrics for a human subject with normal color discrimination function (a), a human congenital color-deficient subject showing a bipolar deutan axis with a significant 2nd-order Fourier frequency component (b), and a human laser accident case (c) at 3 months postexposure showing a significant tritan monopolar error score and a highly significant 1st-order Fourier harmonic component. The axes of the FM 100 Hue test indicated in the center of the radial plots are as follows: B, blue; G, green; P, purple; R, red; and Y, yellow.
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.




Integrating Imaging With Visual Function

Two separate techniques have been developed by US Army Medical Research Detachment-Walter Reed Army Institute of Research researchers to assess the functionality of laser-damaged retinal sites. In the first technique, the CSLO raster pattern is modulated to provide a sufficient range of Landolt ring gap sizes (Figure 5-4).23 The technique is used to determine a contrast sensitivity function for local retinal areas. The operator can place the visual stimulus, via the CSLO raster, on areas of the retina that are of clinical interest and that generate contrast sensitivity functions for those areas. In this way, the operator can interrogate morphologically anomalous regions suspected of laser-induced damage. This technique is particularly effective when the ophthalmoscopic evidence is equivocal, even though there is a visual complaint associated with suspected exposure.

A second technique utilizes normal fixation eye movement pattern technology24 to evaluate individuals with laser-induced retinal damage. Such patterns have been shown to produce minimal visitation in retinal regions that are dysfunctional, thereby providing a “map” of functional and nonfunctional retinas based on the frequency of ocular motor visitation (Figure 5-5). Figure 5c shows the typical normal foveal fixation pattern. This pattern takes the general form of an ellipse, with the larger axis along the temporal/nasal extent typically spanning 150 mm. Deviations from this pattern are strongly associated with disruptions in the sensory matrix, which impact governing of the motor system directing eye movements.
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Fig. 5-4. CSLO imaging of visual function test target placement on a patient’s retina during measurement of contrast sensitivity. The schematic shows customized CSLO design, where Amp is amplifier, AOM is acoustic-optic modulator, Det is detector, PC is personal computer, and C is a Landolt C projected directly on the retina.
Photographs/Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



LASER ACCIDENT CASES

The five military laser-retinal accident cases presented here were all associated with laser-induced macular retinal hemorrhage. All cases were evaluated using the techniques described previously. Four were induced by military laser range finders and one was induced by a laser designator. Despite similarities in dose for the first four cases, lesion location is revealed to be critical to outcome, but in ways not predicted by central/peripheral convention. Case 5 is comparable with case 4 in lesion placement and highlights the importance of sensory and motor relationships, as well as the plasticity of the ocular sensory/motor system in reestablishing the visual system’s ability to resolve fine-resolution targets.
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Fig. 5-5. A normal eye movement map (c) acquired using an SRI Dual Purkinje Eye-tracker (SRI International, Washington, DC) (a) from a patient who had reacquired normal fixation. (b) The 1st and 4th Purkinje images that are used to determine fixation to within 1 minute of arc and to differentiate eye rotation from head translation.
Photographs/Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Case 1

Case 1 received multiple accidental exposures to the right eye (OD [oculus dexter; pertains to the right eye]) from an AN/GVS-5 laser range finder with an operating wavelength of 1064 nm at an energy output at the aperture of 15 mJ/pulse. The range finder was held at arm’s length from the eye and delivered several pulses with an estimated total intraocular energy (TIE) of 2.0 mJ per pulse, which resulted in 4 retinal lesions, 2 of which produced vitreous hemorrhages. (TIE is the total energy through the pupil that can be focused on the retina. If the total corneal radiant exposure is 10 mJ/cm2 and the pupil diameter is 5 mm, then TIE = 10 mJ/cm2 * 0.196 cm2 = 1.96 mJ. Pupil diameter is estimated based on light conditions at the time of exposure.) These two hemorrhagic exposures occurred nasal and temporal to the macula, and a bridging scar though the foveal region was evident by 5 days postexposure.25,26 Figure 5-6 shows the resulting intraretinal scar at 18 months postexposure.
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Fig. 5-6. Case 1: multiple exposures about the fovea and IRSF between two of these lesion sites. Retinal traction extending from the IRSF is evident well beyond the macula. Photograph: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Measurement of visual acuity in OD at 24 hours postexposure was 20/400 and at 3 months postexposure improved to 20/200. Measurements of visual acuity for this case, made over a subsequent 2-year postexposure period, remained unchanged at 20/200 (OD) and in the unexposed eye at 20/20 (OS [ocular sinister; pertains to the left eye]). Spatial and temporal contrast sensitivity functions measured at 6 months postexposure, using the CSLO technique described previously, showed both high- and low-spatial frequency deficits. Figure 5-7 shows the maximum difference in spatial (stationary) and temporal (dynamic) contrast sensitivity functions between OS and OD. The spatial contrast sensitivity function shows the largest difference at approximately 4 cycles/degree, with the peak of the normal function at 6 cycles/degree. Furthermore, suppression for targets >4 cycles/degree is greater than for targets <4 cycles/degree. This indicates that there is significant disruption to both magnocellular and parvocellular systems, with the magnocellular system disruption having a larger contribution to the overall visual function deficit.
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Fig. 5-7. Measurements of stationary and dynamic contrast sensitivity (1-Hz luminance modulation) reveal maximum deficits in contrast sensitivity at 4 cycles/degree stationary and 1 cycle/degree dynamic.
Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



The temporal contrast sensitivity function confirms the larger contribution of the magnocellular system disruption to the overall visual function deficit. The temporal contrast sensitivity function (Figure 5-7, dynamic) shows that, for sinusoidal targets, luminance modulated at 1 Hz and maximal deficit is at 1 cycle/degree. Under these measurement conditions, the typical temporal contrast sensitivity function peaks at 4 cycles/degree.27 The fact that the largest deficit for spatial contrast was in the low- to mid-spatial frequency (4 cycles/degree) and that the temporal contrast sensitivity peak is shifted to the higher spatial frequencies (deficit is smallest at 11 cycles/degree) further confirms magnocellular system disruption. Note in the fundus photograph (Figure 5-6) the extensive parafoveal traction, a secondary sequelae from the tension caused by the contracting intraretinal scar. The traction may be contributing to the magnocellular system deficit, since the magnocellular pathway arises principally from the parafovea.

Color deficits were assessed in the exposed eye (OD) with the FM 100 Hue test. Tests were performed 6 months subsequent to exposure and were given with and without fixation restrictions. Figure 5-8 shows the resolving of the color deficit from a large average relatively undifferentiated deficit weighted toward the blue to an average deficit within normal limits, but nonetheless showing anomalies in the blue, green, and purple. Of note are the distinct clusters of frequency components for the restricted fixation conditions measure. The frequency component distribution shows a very large overall deficit (f0) and a strong unipolar component (f1), which is a strong blue weighting. The cluster of frequency components beyond f6 are indicative of the lack of a well-formed system to govern color discrimination, most likely a result of an inability to reliably fixate areas of the retina structurally intact enough to make a discrimination due to test-imposed fixation restrictions. When fixation restrictions were relaxed, the deficit resolved to a more well-formed frequency component distribution showing an overall deficit at f0, a weighting to the blue (f1) with differentiated green and purple contributing anomalies, and a nominal red pole (f4). The persistence of the blue (S cone) anomaly across conditions is consistent with paramacular injury and magnocellular system disruption.28 That is because medium and long wavelength-sensitive cones are concentrated almost exclusively in the fovea, whereas short wavelength-sensitive cones are principally distributed parafoveally, and signals from these cones are carried by the magnocellular pathway. Thus, parafoveal damage impacts the chromatic system principally by disrupting the perception of blue and related hues. The color discrimination results are confirmatory of the contrast sensitivity results, indicating a strong magnocellular system disruption. Furthermore, the fundus showed only paramacular lesions, with the insult to the fovea due to the intrusion of an intraretinal scar. Visual field analysis did show functional central retina in the vicinity of the scar, and, thus, when fixation restrictions for the FM 100 were relaxed, color discrimination improved to within normal limits, albeit with anomalies evident in the blue and related hues.

Case 2
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Fig. 5-8. FM 100 Hue scores for the affected eye (OD) show a shift (a) from a large fundamental indicating a large average error with a strong 1st harmonic that is indicated in the graph as a strong blue deficit that diminishes (b), when fixation restrictions are relaxed, to an average error within normal limits although with significant 1st and 4th harmonic components. The axes of the FM 100 Hue test indicated in the center of the radial plots are as follows: B, blue; G, green; P, purple; R, red; and Y, yellow.
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Case 2 received bilateral accidental exposures from an AN/GVS-5 laser range finder with an operating Q-switched wavelength of 1,064 nm with an energy output at the aperture of 15 mJ/pulse. The range finder was held about 0.6 m from the eyes and delivered at least 2 pulses with an estimated TIE of 1.0 mJ per pulse, which resulted in bilateral retinal lesions that produced macular holes. The focus of this case is the sequela observed in the right eye (OD) over a 2-year period.

OD received a paramacular exposure temporal to the optic disk and nasal to the macula in the papillomacular bundle (PMB). The lesion produced a vitreous hemorrhage in this region that required about 3 weeks of postexposure to resolve. The lesion itself eventually developed into a full-thickness paramacular hole. Immediately following exposure, visual acuity was 25/50 (OD); at 3 weeks postexposure, visual acuity was 20/70 (OD); and by 13 months postexposure, visual acuity deteriorated to 20/800 (OD) postsurgery. At 13 months, contrast sensitivity was not measurable beyond 6 cycles per degree.

Figure 5-9 shows the CSLO image of the paramacular hole, the CSLO image of the PMB-RNFL defect (Figure 5-9a), and an OCT scan through the center of the paramacular hole revealing complete loss of sensory retina (Figure 5-9b). The dotted outline shows the extent of RNFL pruning in the region of the PMB showing a wedge defect. This particular defect was first described by Frisch et al.29 Zwick et al30 later modeled the phenomenon in NHPs to investigate the functional implications of the laser-induced retinal neural pruning that was shown to progress with Wallarian degeneration.

Figure 5-9c shows the fixation eye movement patterns at 18 months postsurgery, which removed epiretinal scar tissue that was producing traction that was inducing retinal detachment. The map of functional retina rendered by this technique allows for the assessment of functional retina from which to interpret the images of structural damage. Normal fixation eye movements map in an elliptical pattern, with the majority of visitation times within the fovea. The average extent of the nasal/temporal axis of the elliptical pattern is ≈150 mm and that of the superior/inferior axis ≈100 mm.31 Comparatively, the fixation eye movement pattern shown in Figure 5-9c suggests a lack of strong sensory input to govern the eye movements. Although there appears some visitation in the area of the fovea, there is also a significant amount of searching around the functional boundary of the macular hole. Together this suggests that the remaining sensory retina produces insufficient signal quality to govern target fixation. Note the irregular shape of the boundary of functional retina, and that the rendered map does not mirror exactly the size and shape of the hole. The functional map is dependent not only on the integrity of the neural elements, but also on the communication between sensory and motor systems. Thus, disruption in pathways will affect the functional map such that areas not visited in the eye movement map may appear relatively well formed in the structural imagery. The Wallerian degeneration of nerve fiber in the PMB can account for the differences between structural and functional imagery. Nonetheless, without the structural image showing nerve fiber track pruning, the functional map cannot be differentially interpreted.
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Fig. 5-9. (a) CSLO image of OD paramacular hole taken after stabilization surgery at 18 months postexposure. Dashed outline shows the RNFL defect. (b) OCT scan through this hole (arrow) showing loss of sensory retina leaving retinal pigmented epithelium and choroidal vasculature. (c) Fixation eye movement map obtained for OD postsurgery. Map shows a dysfunctional fixation pattern, with fixation at any one location minimal. The grid is ≈400 × 400 µm; 1 grid square is ≈9 µm.
Photographs/Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.




Figure 5-10 shows FM 100 Hue color discrimination error scores over 192 days postexposure. There appears to be no trend in total and partial error scores, with all scores well beyond normal limits. The long-term absence of any significant harmonic frequency component indicates that the trichromatic receptor components have been equally affected (Figure 5-10c). This is most likely caused by the Wallerian neuronal degeneration observed in the PMB. These fibers transmit trichromatic cone output from the 3rd-order neuron to higher brain regions that require this input for color discrimination.
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Fig. 5-10. (a) FM 100 Hue scores show no trends in total error scores. The frequency composition shows a transition in the distribution from (b) first harmonic contribution suggestive of a monopolar blue weighted deficit at 4 weeks postexposure to (c) a large f0 undifferentiated error at 192 weeks, suggesting an inability to discriminate color. The axes of the FM 100 Hue test indicated in the center of the radial plots are as follows: B, blue; G, green; P, purple; R, red; and Y, yellow.
BY: blue-yellow; RG: red-green; SQRT: square root error; wks: weeks
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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Fig. 5-11. A full-thickness fundus photograph of the macular hole at 3 months postexposure (a), corresponding CSLO image showing evidence of traction (b), OCT vertical scan through the center of the macular hole (c), and a CSLO indocyanine green image with reflections indicating macula choroidal vasculature blockage (d).
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.




Case 3

Case 3 received unilateral (OD) accidental exposure to a 1,064 nm beam emitted by a battery-operated Nd:YAG laser range finder. The exit port of the range finder was held approximately 0.6 m from the eye. The eye received an estimated TIE of 2.5–3.0 mJ per pulse, which produced vitreal hemorrhage.32 By 3 weeks postexposure, the vitreous hemorrhage had cleared. A full-thickness 100-mm diameter macular hole with evidence of traction was diagnosed at the 3-month postexposure fundus examination (Figure 5-11a,b). An OCT image taken through the center of the lesion site (Figure 5-11c) revealed total loss of sensory retina in the macula hole and a significant choroidal extension beneath the fovea. Reflectance in the CSLO indocyanine green (a clinical imaging technique using dye to evaluate blood flow in the retina) image indicated vascular blockage (Figure 5-11d). At 12 months, CSLO images revealed a reduction in hole size, the disappearance of traction bands, and changes in the choroidal entity appeared weaker in reflectance but broader in extent (Figure 5-12a). OCT showed evidence of tissue bridging the gap of the macular hole consistent with spontaneous reduction of the macular hole size (Figure 5-12b).

Visual acuity changed concomitantly with evidence of improvement in macular integrity. On presentation, visual acuity was 20/150 OD and 20/20 OS. At 3 weeks, visual acuity improved to 20/60 OD, declined to 20/70 at 3 months, and improved to 20/40 by 12 months postexposure. Color discrimination FM 100 Hue functions were within normal limits at 12 months, with no further change observed at 24 months postexposure. Contrast sensitivity measured using the CSLO technique showed a long-term deficit OD in sensitivity for high-spatial frequency targets (Figure 5-13).
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Fig. 5-12. Macula hole diameter is reduced in size at about 12 months postexposure compared with 3 months postexposure (see Fig. 5-11). (a) CSLO reveals an absence of retinal traction about the macular hole. Changes in choroidal entity appear weaker in reflectance at 12 months, but broader in extent. (b) OCT shows tissue bridging the gap of the macular hole.
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Fixation eye movement patterns at 3 months were dominated by a vertical search pattern (Figure 5-14a). The vertical pattern spans an area greater than that of the foveal region. This pattern indicates a search for sensory retina to attract fixation eye movements. At 3 months postexposure, focal areas of functional sensory retina were unable to produce a strong enough signal to govern eye movements. At 12 months postexposure, the fixation eye movements showed an attraction focus and the development of a significant horizontal component. This component spans the typical ≈150 mm extent. However, the persistence of the vertical component suggests that the signal attracting eye movement visitations is weak (Figure 5-14b).

Case 4

Case 4 received bilateral accidental exposures from an AN/GVS-5 laser range finder with an operating Q-switched wavelength of 1,064 nm producing an energy output at the aperture of 15 mJ/pulse. The range finder was held about 0.6 m from the eyes and delivered at least 2 pulses with an estimated TIE of 1.0 mJ per pulse, which resulted in bilateral retinal lesions that produced macular holes. The focus of this case is on the sequelae observed in the left eye (OS) over a 2-year period.


[image: art]

Fig. 5-13. Contrast sensitivity measured using the CSLO technique showed a long-term OD deficit in sensitivity for high-spatial frequency visual stimuli. Note the significant suppression in OD sensitivity from 6 to 30 cycles/degree. Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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Fig. 5-14. Fixation eye movements changed significantly from 3 months (a) to 12 months (b) postexposure. At 3 months, an atypical vertical movement was observed that spanned over a 300-mm vertical range with little horizontal movement. At 12 months, fixation eye movements show a definite focus and a more typical horizontal extent (b). (Scale a: 1 box = 6 mm; scale b: 1 box = 10 mm.)
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



OS suffered an acute macular vitreous hemorrhage, with long-term damage restricted to the fovea. Figure 5-15 shows a fundus (Figure 5-15a) and CSLO image (Figure 5-15b) demonstrating a discontinuity through the center of the fovea. Figure 15c shows an OCT image revealing the extent of a small flat macular hole through the center of the fovea.

Visual acuity at 48 hours postexposure was 20/200; by 8 days postexposure, visual acuity improved to 20/25; and, by 3 years postexposure, visual acuity improved to 20/15. Color discrimination measured with the FM 100 Hue test at 3 years postexposure demonstrated error scores within normal limits, with no significant axis or harmonic components.

Landolt ring contrast sensitivity measured under CSLO retinal observation confirmed that foveal placement was not used in distinguishing small Landolt ring targets normally requiring foveal utilization. Instead, such targets were consistently placed superior and slightly temporal to the fovea. The contrast sensitivity function peaked at the typical 6 cycles/degree, and sensitivity across spatial frequency was within normal limits, although at the lower limit (Figure 5-16).
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Fig. 5-15. The fundus photograph (a) shows a central anomaly in the macular area (light spot in center of the typical darker central macular area). The CSLO image shows a small foveal break in the retina and the track of the OCT scan across the break (b). The OCT image shows a small flat central hole (c).
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



At 4 years postinjury, visual acuity was recorded at 20/15. Figure 5-17 shows the fixation eye movement patterns at this time, the focus of which is consistent with that of the earlier CSLO observation (Figure 5-16a). The focus of the fixation eye movements tracks along the superior boundary of the foveal hole. The map of the eye movements about a focus superior and slightly temporal to the anatomical fovea shows a pattern typical of healthy eyes, indicating the formation of a pseudofovea.33 The eye movement map also shows visitations outlining the extent of nonfunctional fovea, which corresponds to the size and shape of the hole identified in the fundus examination. This case provides functional support to Curcio et al’s11,12 structural findings and suggests that the visual acuity function peak corresponding to the foveola (≈150 mm) is most likely a result of its visual cortex representation, which is magnified at a ratio of 7:1.10
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Fig. 5-16. The CSLO image shows contrast sensitivity test for the preferred retinal location for resolving fine-resolution targets (a). Placement of fine-resolution targets is superior and temporal to the fovea. Contrast sensitivity measured at 912 days postexposure shows a contrast sensitivity function within, although at the lower limit of normal (b).
PRL: preferred retinal location
Photograph/Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Case 5

Case 5 received bilateral accidental exposures from a Q-switched Nd:YAG laser designator, which emitted 10 laser pulses per second at a wavelength of 1,064 nm. The exit beam diameter (10 cm) was large enough to permit a simultaneous bilateral exposure. Eye position at exposure was a few centimeters from the exit aperture, with a received TIE estimated at 315 mJ per pulse. The exposure induced confined bilateral macular hemorrhages. The hemorrhage was slightly larger in OD and centered on the fovea. The patient was treated within 6 hours postexposure with a moderate steroid dose, and a taper continued for a postexposure period of 2 weeks.23 This case will describe sequelae in the OD.
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Fig. 5-17. Fixation eye movements recorded at 4 years postexposure for fine-resolution targets. The pattern confirms the earlier finding with CSLO showing, in relation to the fovea, a superior/temporal fixation locus. Other than the shift in locus and visitation along the boundary of the hole, the fixation pattern is typical of those seen in healthy eyes. Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Figure 5-18 shows the laser designator and a reconstruction of the bilateral exposure scenario. At 4 days postexposure, OCT imaging showed a fovea with a break in RPE integrity beneath the fovea. At 1 month, the RPE break resolved to minimal foveal thickness. Foveal thickness at 4 months showed significant thickening close to the normal foveal thickness, and was accompanied by a return of normal color discrimination, visual acuity, and contrast sensitivity within this same 4-month time frame. In the third column of images, corresponding CSLO images are shown revealing a reduction in the lesion size from 2 days to 1 month, and the disappearance of an ophthalmoscopically visible lesion by 12 months postexposure.16
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Fig. 5-18. The large exit port of the designator makes it possible for bilateral exposure at ocular distances of a few centimeters (a). OCT images (b) show the progression of OD wound healing from 4 days through 4 months, and CSLO images (c) from 2 days through 12 months postexposure.
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.



Visual acuity at 3 hours postexposure was 20/50 OD and diminished to 20/200 OD by 2 days postexposure. Visual acuity recovered to normal levels within 3 months postexposure. Color discrimination was nominally beyond normal limits at 2 days postexposure. At 1 month postexposure, color discrimination functions were within normal limits, as measured with the FM 100 Hue examination.16 Landolt ring contrast sensitivity functions measured under CSLO visualization at 4 days postexposure showed uniform suppression, with peak sensitivity shifted from the typical 6 cycles/degree midspatial frequency peak to a peak at 1 cycle/degree. The peak shift to lower spatial frequencies indicates a disruption in foveal function. At 9 months, contrast sensitivity functions were within normal limits and corresponded to a shift in preferred retinal location (PRL) from fixation superior and slightly temporal to the fovea to within the fovea (Figure 5-19a). Figure 5-19b shows that fixation eye movements at 9 months are consistent with typical human fixation eye movement patterns.24 The map shows no functional disruption within the foveal region.
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Fig. 5-19. The CSLO image shows the shift in preferred retinal location (PRL) for placing fine-resolution targets (<10 cycles/degree) from a focus superior/temporal to the fovea to a focus within the fovea (a). With the PRL return to the fovea, the fixation eye movement map (b) shows a typical pattern with no indication of residual functional damage.
Photograph/Illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.




REVIEW

Five laser injury cases, which involved retinal hemorrhage, were evaluated with ophthalmic techniques, which related structural insult to visual function. The results from these cases indicate the complexity of the structure–function relationship and the scope of resilience of the visual system (Table 5-1). Thus, despite similarities in dose, placement of the lesion on the retina contributed significantly to visual function outcome, but not in a classically expected manner. For example, cases 4 and 5 demonstrate that foveal damage does not equate to diminished visual acuity in that foveal-like function can be recovered through a shift in PRL from the fovea to a position superior and slightly temporal to the fovea.

Structural damage was detailed through the utilization of CSLO and OCT imaging techniques that demonstrated the depth of IRSF and RNFL-PMB damage in vivo, confirming previous NHP histological studies of these secondary damage processes.30 CSLO imaging of retinal traction demonstrated that retinal traction exists above the RNFL and may often extend into the vitreous, possibly altering normal photoreceptor orientation, which has been demonstrated to cause reduction in visual sensitivity.34

Spatial visual function metrics of visual acuity and contrast sensitivity are seriously affected by retinal traction and IRSF. These damage mechanisms alter receptor orientation of large retinal areas, reduce retinal thickness, and induce neural disorganization in the process of their formation. Case 1 showed the most serious example of traction and IRSF effects on spatial vision metrics, affecting both stationary and dynamic measures of contrast sensitivity associated with the global effects of IRSF and traction. The failure of acuity to recovery over the 2-year period is also significant, because acuity is highly “protected” by cortical magnification of the fovea relative to the parafoveal region and by findings that indicate neural receptor field plasticity or expansion that provides added neural redundancy for reduced foveal retinal neural output.35

The mechanism that prevents neural plasticity in case 2 is associated with the interruption in the PMB region of the RNFL caused by induction of the paramacular hole that formed following resolution of vitreous hemorrhage. Evidence that the fovea was still functional, but could not transmit its spatial and chromatic neural output to higher order visual brain systems, was supported by fixation eye movement maps demonstrating foveal visitation capability. Although this lesion was parafoveal, and ordinarily such lesions are given less importance than more central retinal lesions, this particular lesion interrupted the major neural pathway carrying foveal neural retinal code to higher order brain mechanism.

In the absence of secondary damage mechanisms described previously, spatial and chromatic vision may recover, but still require about 3 to 6 months to demonstrate such recovery, as seen in cases 4 and 5. The surprising release of traction in case 3 and the ensuing full recovery of color discrimination and near complete recovery of visual acuity were unexpected, but documented by the capability of CSLO imaging to capture anterior retinal pathology. Nevertheless, whereas acuity continued to recover, presumably via cortical neural compensation for reduced foveal receptor output, contrast sensitivity remained constant showing a consistent deficit in the high-spatial frequencies, which is indicative of this metric’s strong association with lower order retinal ganglion cell systems.36,37 On the other hand, the rapid recovery of color discrimination at 12 months to normal levels may relate to the fact that color vision photoreceptor systems are distributed over broader regions within the fovea, where photoreceptor to ganglion cell ratios are larger than those in the central fovea.

A critical factor in understanding the mechanism of neural plasticity in case 4 is the observation made with the OCT that showed a “break” in the central foveal region. This break may have caused some degree of failure in normal foveal function, resulting in a degree of dysfunction in spatial vision and PRL replacement neural mechanisms. Evidence for this hypothesis was observed in both the development of a new PRL superior and slightly temporal to the fovea and in the fixation eye movements for fine-resolution targets as mapped with the dual Purkinje eye tracker. The latter confirmed the establishment of a new PRL and further showed optical accommodation with this shift of about .25 diopters, sufficient to produce a baseline acceptable point spread function.31

Case 5 initially showed a PRL superior and slightly temporal to the fovea, identical to that of case 4. However, during this time, other visual functions—including visual acuity and sine wave contrast sensitivity—were still recovering through the 3 to 6 months postexposure period. During this recovery period, CSLO Landolt ring contrast sensitivity showed frequent, but not sustained, placement of Landolt ring contrast sensitivity targets within the fovea, prognostic of the recovery of foveal function. This function did recover between 6 and 9 months postexposure. Color discrimination measured with the FM 100 Hue examination had recovered in both eyes within the first month postexposure, indicating that cone mechanisms had recovered or were sufficiently active to minimize possible residual selective cone dysfunction. This is most likely due to a greater inherent redundancy of the cone-to-ganglion cell ratio in the foveal regions and further magnification of this relationship to the visual cortex.


TABLE 5-1

SUMMARY OF CASE FINDINGS
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OD: oculus dexter (pertains to the right eye); OU: oculus uterque (pertains to both eyes); PMB: papillomacular bundle; PRL: preferred retinal location; RPE: retinal pigmented epithelium; TIE: total intraocular energy; WNL: within normal limits.



EXHIBIT 5-3

THE FUTURE AND FUTURE RESEARCH

The emergence of the use of military systems that emit hazardous levels of electromagnetic radiation continues. Few eye injuries in Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) current operations have been attributed to laser radiation. However, laser range finders, designators, illuminators, training devices, retinal scanned displays, high-energy laser systems for both tactical and theater ballistic missile defense, secure infrared communication systems, laser battlefield contaminant detection systems, and laser “dazzlers” all present new threats to soldier health and performance.

Optical denial systems use radiation in the optical region of the electromagnetic spectrum. Laser dazzlers, such as HELIOS and GHOST (developed by the US Army’s Rapid Equipping Force), emerged in 2006 for rapid insertion into OIF and OEF operations. The emergence of a solid-state fiber laser with emission powers in the 25–100 kW range in a relatively small package has reenergized the military system developers in refining application specifications. Tactical high-energy lasers are emerging with potential injury to personnel a likely scenario in both training and operational scenarios. The maturing of access denial systems that operate in the infrared and millimeter wavelength regions requires enhanced awareness of the medical effects by the Army Medical Department. Issues with respect to their testing, training, and fielding will require judgment from the Army Medical Department in the protection of soldiers. New military radar systems, individual soldier communications systems with body-worn antennas for local situational awareness, electronic countermeasures, guidance and jamming systems, satellite communications, and rail guns all use or generate radiofrequency radiation. A robust biomedical database of radiation effects pertinent to the wide range of military systems is required to protect the soldier and to sustain military operations.

Treatment of laser-induced retina injury must continue to be a focal area of research to minimize the loss of vision induced by laser radiation for a wide range of exposure conditions inherent to the multiplicity of military uses of directed energy. Whereas the relative efficacy of some drugs has been demonstrated for specific forms of laser-induced injury, combined therapies and possible stem cell applications will offer better treatment efficacy. Eye injuries from blast and fragments are a problem in current operations. Pharmacological and surgical interventions under investigation for laser-induced retinal trauma certainly have applicability to eye trauma from blast. Local as opposed to systemic administration of drugs to the eye requires testing of innovative approaches. Ocular pharmacokinetics and optical techniques to make both qualitative and quantitative assessments are required for treatment of ocular trauma.

The medical aspects of laser exposure from glare to laser-induced hemorrhage must be better understood. Evaluation of laser accident cases has demonstrated changes in the retina occurring over a year postinjury. Long-term follow-up of these cases should be continued. Definition of the degree and time course of visual impairment inherent to battlefield laser exposure requires additional research. With the emergence of visible laser dazzlers, the issue of long-term effects from repeated exposure (several focal “full bleach” exposures with no ophthalmoscopically observable changes) in a single, multiple exposure engagement or cumulative effects over a period of days or months are not well characterized or understood. Developments of advanced rapid assessments of visual function are needed to ensure the soldiers’ visual health in operational scenarios and to have early assessment of potential functional changes from repeated or chronic exposure. Advanced diagnostic imaging of the retina (optical coherence tomography, scanning laser ophthalmoscopy, wave front-corrected retinal imaging) have great potential in assisting far-forward ocular evaluations, particularly when coupled to telemedicine implementations. Medical research programs must be focused and sustained to provide better triage and treatment solutions for the future. Interim triage and treatment protocols must be established now. Exploration of the efficacy of new drugs and the combination of drugs are based on the mechanism of injury at the molecular level, and the subsequent time course and manifestation of the injury pathway.

The biological database that supports development of exposure guidelines for lasers must continue to be expanded to meet the challenges posed by new military systems. With the emergence of nonlethal-directed energy systems, soldier protection must be ensured by the availability of “results-based” directed energy exposure guidelines. This database must also assist in the specification of the level of protection required for laser eye protection systems.

A closer cooperation with military laser developers is needed to ensure that the system technology does not exceed the understanding of the biomedical implications of soldier exposure. The emergence of nonlethal-directed energy will require updates to testing and training policies for soldier exposure to nonionizing radiation. New technology must be used to assess radiation bioeffects, to understand injury mechanisms, and to determine the efficacy of treatment regimens. As the research in the use of these technologies matures, the results must be integrated in military medical doctrine and practice.




At nonhemorrhagic levels, metrics that evaluate outer retinal cone system functionality appear to be more sensitive than those that rely on achromatic metrics of visual acuity and not on contrast sensitivity.18 However, when accidental exposure is repeated by malfunction19 or by intentional exposure,36 functional loss in spatial retinal-based metrics may become permanent, although high-contrast achromatic visual acuity may still be compensated by static or dynamic visual cortex plasticity. Of special note is the color contrast examination developed by Arden et al19 that uses both color opponency and color contrast. These metrics interrogate both retinal ganglion cells, as well as higher order visual processing that render contrast, color opponency, and color contrast information. Although this test represents a major advance in utilizing various levels of neural code arising from the retina, it could be improved to track the neural code arising from the fovea as well, by utilizing a broader range of spatial frequencies in evaluation of retinal systems associated with central fovea visual function. This is the current effort for the enhancement of the Aidman Vision Screener.22

Finally, the animal behavioral and morphological evaluations of outer retinal cone function require some discussion. Sperling et al38 demonstrated the photic toxicity of short wavelength light to S cone photoreceptors and that such exposures occurred in the range of 5 log trolands. This brightness level is slightly higher than comfortable brightness, but is not considered a thermal threat. However, prolonged exposure to such levels of highly monochromatic blue light did produce permanent deficits in S cone incremental spectral sensitivity, indicating that either the S cone or some other component in the retina sensitive to such visible radiation was vulnerable.39 The experiments of Zwick2 and Schmeisser40 bring another aspect to this discussion, which is the possibility that the unique interference patterns induced by visible laser light when irradiating a surface (speckle) may have peak powers high enough to produce significant retinal dysfunction or photoreceptor loss. Although this hypothesis remains to be validated, it should be pointed out that higher order brain mechanisms continue to form complex methods of producing images from unique neural signals, and prolonged viewing of speckle with moderate peak powers above average power may induce neural reorganization in ways that may degrade visual function. Notwithstanding, parallel exposures made on NHPs revealed unique histopathological findings of increases in basal bodies and striated rootlets within the RPE that indicate significant physiological changes can be induced by such exposure.41 These changes may have been responsible for detuning receptor systems associated with high acuity criteria and sensitizing receptor systems at lower acuity criteria; but, over about a 2-year period, receptor systems appear to have been reorganized with peaks and levels of sensitivity consistent with those of higher acuity spectral sensitivity functions. These observations are consistent with similar long wavelength cone system emergence following acute foveal injury to small spot Q-switched 690 nm dye laser exposure,2 suggesting that such effects may be triggered by a wide range of laser energy exposure levels.

The ability to address the diagnostic issues reviewed herein with an animal model capable of providing an in vivo view of such processes in “action” is unique. The authors have shown, in imaging damage and repair processes in the small eye, changes in the internal reflection of the photoreceptor indicative of changes in mode structure.42 Changes in mode structure suggest a change in photoreceptor orientation and thus in sensitivity to particular spectral frequencies.43 Such reflectivity is not the same as a lesion observed in a large eye (eg, NHP) due to the full thickness and low resolution with respect to cellular structure in the large eye. The in vivo small eye model is different from histological preparations, as well, because it exists in its natural state within the retina and its behavior can be documented, such as changes in orientation, reflectivity, and migration into the center of a laser retinal injury site. The latter has been suggested as a retinal plasticity mechanism and documented by retinal photoreceptor histology, suggesting that, over time, peripheral photoreceptors may migrate into lesion sites clear of damaged photoreceptors.44 The importance of this observation relates to the fact that, in the NHP and human retina, damaged photoreceptors in the fovea are dominated by cones. Therefore, replacement receptors from peripheral retina, if migration is a relevant explanation of visual function recovery, must have characteristics that provide trichromatic cone characteristics. Such characteristics may simply be the greater redundancy that worked in case 5 for return of color discrimination. However, long wavelength cone emergence was also demonstrated over very different spectral and energy levels, suggesting that the reemergence of long wavelength cone systems may involve unique photoreceptor spectral tuning requiring an active rootlet system within the photoreceptor, as well as one within the RPE to provide a range of movement parameters that might be necessary for such spectral tuning of the waveguide (Exhibit 5-3).45


SUMMARY

The wide variety of damage and recovery processes was revealed through metrics that combine structural and functional diagnostic techniques. The techniques are needed for reliable, rapid, and valid measures of visual function deficits associated with laser retinal injury and will require further development as lasers become smaller, more spectrally agile, and more widespread. In the military situation, rapid differential diagnostic procedures are required to identify laser-induced retinal injury. These procedures will require compact ophthalmoscopes with axial, as well as transverse, retinal imaging capability with integrated visual function tests that interrogate the span of visual processing from the retina into higher order visual centers. This investigative functionality will allow for the identification of vision loss without easily identifiable retinal damage, because a dysfunctional state may exist within the retinal/brain physiology itself.

As adjunct to other military systems, and possibly as weapons in their own right, lasers will continue to play an important and sometimes dangerous role on the modern battlefield. At present, there is no adequate comprehensive protection against accidental or intentional exposure to lasers in combat. Thus, it is critical that the field of laser safety research move forward toward the development of preventative protocols and prophylactic technologies to protect military personnel and to support military operational objectives.
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INTRODUCTION

It is widely recognized that food has a significant impact on performance. Even in the early part of the 19th century, Baron Dominique Jean Larrey, Inspector General of Napoleon’s Military Medical Staff, wrote about the medical conditions and experiences that occurred during Napoleon’s disastrous winter campaign against the Russians in 1812:


The ice and deep snow with which the plains of Russia were covered, impeded…calorification in the capillaries and pulmonary organs. The snow and cold water, which the soldiers swallowed for the purpose of allaying their hunger or satisfying their thirst…contributed greatly to the destruction of these individuals by absorbing the small portion of heat remaining in the viscera. The agents produced the death of those particularly who had been deprived of nutriment.1



Dr Larrey’s words provide a dramatic illustration of the significance of food to military performance.

Most military field commanders acknowledge the importance of food for morale purposes, as evidenced by Anthony Kellett’s account of rations in Combat Motivation: The Behavior of Soldiers in Battle: “…a lack of food (is) the single biggest assault on morale” and “…nothing weakened the will to fight more than did hunger.”2(p 244) However, other commanders do not consider food to be as important to mission planning as weapons, tactics, vehicle fuel, and other logistical needs.3 In temperate environments, where food and water are plentiful and resupply is reliable, nutrition may diminish in importance, compared with other aspects of combat readiness. Thus, when harsh weather or extreme environmental conditions are superimposed on the physical demands of military operations, nutrition rapidly becomes a prime factor for maintaining performance and preventing disease and injury (Figure 6-1).1


[image: art]

Fig. 6-1. Malnourishment contributed to the misery of Civil War soldiers. Photograph shows a Civil War hospital wing. Photograph: Reproduced from the National Archives and Records Administration, Washington, DC. Matthew Brady, photographer.



HISTORICAL ROLE OF THE IMPORTANCE OF FOOD IN MILITARY OPERATIONS

Some military commanders tend to overlook mundane, but important, lessons learned about nutrition from past campaigns. LGCE Pugh, MD, a British physician and high-altitude physiologist, once observed that, “Military people, with due respect, will never listen to physiologists, and, what’s more, they will never take lessons from the past. They always have to start everything again from the beginning and find out the hard way. It’s always been so and always will be so.”4(p 355)

Despite Pugh’s pessimistic view, the military has spearheaded important advances in our understanding of nutritional disease. Dr Kenneth J Carpenter observed that the early British and Japanese navies were misled by prevailing theories of disease and, as a consequence, were ravaged by diet-related scurvy and pellagra during polar expeditions at sea and bitter land campaigns in Manchuria.5 However, lessons learned have been applied, and the record of the US military since World War II in recognizing the role of rations and food technology in military medicine is encouraging.6 Johnson and Kark7 reviewed post–World War II reports on military feeding problems that related to the environment. They concluded that US soldiers were, in large part, able to avoid needless injury in desert, jungle, mountainous, and Arctic theaters because of the superiority of their rations. WB Bean, MD, a nutrition officer during World War II, summarized the role of nutrition in American troops both in garrison and in combat8,9:


In the last year of the war (World War II) we went to the Pacific where we were able to study garrison troops and those in combat …. They had been in serious combat for 4 months of almost daily fighting. The improved C-ration was the only food they had. They were the fittest group we tested anywhere.



Considerable discussion of the proper amount and optimum nutrient composition of military rations continues in today’s modern military.10–16 In retrospect, however, many recommendations concerning the nutrient composition of military rations have changed little since World War I, as evidenced by a 1919 report by Murlin and Miller:


The amount of protein…sufficient to repair all of the wastes of the body and to supply an adequate reserve is 13% of the total energy intake. It seems a matter of indifference to the muscles whether they receive their energy from carbohydrate or from fat …. Hard muscular work, therefore, can be done on a diet high in carbohydrate or upon a high fat diet. It is of general experience, however, that muscular work is done with less effort if there is a plentiful supply of carbohydrate.17



An example of current nutritional practices that are similar to those described by Murlin and Miller is the observed protein intakes in several military surveys, which typically ranged from 13% to 15% (Figure 6-2).18 Modern military rations have an admirable track record of supporting performance in a variety of moderate environments6; however, the situation may change rapidly in theaters of operation characterized by more extreme temperatures and terrain.19,20 Rodahl and Issekutz21 state the following:


While short-term nutritional deficiencies in men at room temperature appear to have little or no detrimental effect on the capacity to do short term, heavy work, there is a marked reduction in physical work capacity when a nutritional deficiency or nutritional stress is superimposed upon a cold stress.21



Based on literature available from field nutritional surveys, the stress from the physical, emotional, and psychological events surrounding peacetime training22,23 and combat6,8 is usually adequately held at bay by the nutrients provided by conventional military field rations. It is not until stressors such as


	extreme heat,

	cold,

	altitude,

	sleep deprivation, or

	caloric restriction
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Fig. 6-2. World War I soldier eating rations in the field. Major John Murlin and his research teams conducted extensive studies on energy intake, weight changes, and macronutrient consumption in the Army in an effort to reduce wasting of food in the military.
Photograph: Reproduced from the National Archives and Records Administration, Washington, DC.



are superimposed that performance becomes jeopardized.19,20,24 Furthermore, these effects may vary between sexes, warranting different considerations for male and female nutrition in extreme environments. Recent changes in the roles of female soldiers in combat have led to the realization that our knowledge of nutritional requirements for female service members and male–female differences in nutritional requirements may be incomplete.25,26 Male soldiers have been the subject of numerous investigations of nutritional requirements and ration developmental efforts, but little research has been directed toward the unique nutritional requirements of female service members.25 Thus, the scope of this review will cover only the effects of environmental extremes on a known nutritional challenge facing female soldiers: iron availability.27 Future research is required to determine other potential gender differences in military service members’ nutritional needs.

ENVIRONMENTAL STRESS AND NUTRIENT REQUIREMENTS

The complex interrelationship of environment and human physiology and performance is depicted in Figure 6-3. Energy and fluid deficits arising from the interaction of environment and nutrition can potentially result in both physical and mental performance decrements.28,29 Comprehensive reviews of the interaction of environment and nutrition within a military context can be found in workshop publications by the Committee on Military Nutrition, Food and Nutrition Board, Institute of Medicine, National Academy of Sciences.19,20

Cold
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Fig. 6-3. Extreme environments and their influence on physiological function. This generalized cascade of events demonstrates how environment can influence food and water consumption and thus performance.
Illustration: Adapted with permission from Askew EW. Nutrition and performance in hot, cold, and high altitude environments. In: Wolinski I, ed. Nutrition in Exercise and Sport. Boca Raton, Fla: CRC Press; 1997.



After World War II and the Korean War, the influence of cold stress on vitamin requirements was a focus of considerable military and civilian research.30 A clear picture emerged from this research establishing that, although caloric requirements can be elevated, vitamin and mineral requirements are not significantly increased by cold exposure.31 Work in the cold can be adequately supported by a variety of combinations of dietary fat, carbohydrate, and protein, although there is some evidence that certain combinations of macronutrients may be more beneficial than others in the ability of soldiers to withstand cold exposure.32,33 The compounding effects of intense activity and cold exposure may require more selective nutrient intake. Recent evidence suggests an effective shift from carbohydrate to fat and protein utilization during low-to-moderate intensity shivering in the glycogen-deficient states prevalent in extended field operations.34 However, other experiments revealed that more intense cold-induced shivering increases muscle glycogen utilization, thus increasing the need for dietary intake of carbohydrate.35 The effect of macronutrient source is not as practically significant compared with the consumption of enough total calories to support activity and thermogenesis. The duration and magnitude of cold exposure, as well as the energy requirements of the activities being performed in the cold, should be considered when determining appropriate dietary intake during cold exposure. Total energy expenditure in cold environments has been documented to increase as much as 20% in military personnel36—an effect attributable to the increased physical demand associated with heavy equipment and clothing and traversing difficult terrain (ie, ice and snow). Cold exposure alone may cause increases in metabolic rate, and thus energy requirements if shivering is elicited, because energy demands increase during shivering thermogenesis.37 However, modern cold weather protective clothing effectively limits the degree of cold stress experienced by exposed personnel, and shivering may not be substantial enough to impact overall energy requirements. David Bass,38 an Army thermal physiologist from the US Army Research Institute of Environmental Medicine, explained that: “Man in the cold is not necessarily a cold man!” However, energy deficiency (ie, negative energy balance)—induced by inadequate intake, in concert with elevated stressors such as physical exertion and sleep deprivation—impairs the metabolic (and vasomotor) response to cold exposure, thus increasing the risk for hypothermia.39–41 Therefore, increases in total energy intake may be required during prolonged cold weather military operations to offset energy demands of increased work and to prevent cold injury, even when clothing is adequate enough to reduce shivering (Figure 6-4). The increase in total calorie requirements is mainly caused by increased physical exertion, because it is unlikely that cold exposure itself, in adequately clothed individuals, increases energy requirements more than 10%.32,33


[image: art]

Fig. 6-4. Data collection for the 1986 USARIEM (US Army Research Institute of Environmental Medicine) field study of MREs (Meals, Ready to Eat), compared with Ration, Cold Weather (RCW) in Alaska. Data collectors are reviewing dietary records and collecting specimens for doubly labeled water energy expenditure measurements from one of the soldiers participating in the study.



Female soldiers may encounter different challenges in cold environments, compared with their male counterparts. Research on iron requirements and the thermogenic response to cold has identified iron as a key micronutrient sustaining thermoregulation of women exposed to a cold environment.39,40 Women usually consume fewer total food calories than men (proportional to their smaller stature), raising the possibility that female soldiers deployed in cold weather could consume less than the recommended dietary allowance (18 mg), which could impair thermoregulatory response to cold. Whether female soldiers should receive iron-fortified rations is a complex issue that will be discussed later in this chapter.

Although nutrient requirements in the cold are important considerations, they are somewhat secondary to nonnutritional aspects of cold weather operations, such as proper clothing and training. The role of macronutrient mixture becomes more relevant when cold exposure is combined with high altitude, an environment that presents its own unique challenges to maintain proper nutrition in the soldier.20

Altitude
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Fig. 6-5. Data collection techniques for the 1990 USARIEM (US Army Research Institute of Environmental Medicine) field study of carbohydrate supplementation at altitude. This study was conducted during a military operation at high altitude in Bolivia and demonstrated the value of energy supplementation to offset the anorexic effect that occurs in the first few days at altitude. Recipe specialists completed detailed analyses of food preparation in the kitchen (a) and dieticians (Lieutenant Colonel John Edwards, Army Catering Corps, United Kingdom, shown here) conducted detailed premeal and postmeal estimations of food choice and food waste (b).



Nutrition surveys conducted with military service members deployed at altitude have shown that early onset of altitude illness reduces appetite and, subsequently, energy and carbohydrate intake (Figure 6-5).42,43 This reduced energy intake, combined with the higher energy expenditure observed at altitude (compared with sea level), leads to the tendency for soldiers to be in negative energy balance at altitude.36,44,45 Food intake usually increases with time and acclimation, but never meets the level of intake observed at sea level. Weight loss and performance decrements are common under these conditions; thus, altering macronutrient composition may be important in maintaining proper nutrition at altitude. For example, although fat is an efficient and well-tolerated energy source during cold weather operations at sea level, it is not as well tolerated at altitude.32 Carbohydrate supplementation of the military diet during field operations at altitudes exceeding 2,200 m is usually an effective method of increasing both carbohydrate and total energy intakes,45,46 and may decrease early symptoms of altitude sickness,47,48 although not all studies confirm this effect.49 Nevertheless, the substitution of carbohydrate for fat and, to a certain degree, for protein can provide metabolic advantages to an individual’s oxygen economy while working at altitude (Figure 6-6).50 An enhancement of both short-term, high-intensity exercise and long-term, submaximal exercise performance by carbohydrate supplementation at altitude has also been noted.42,48 Carbohydrate is a more efficient fuel at altitude than fat because it is already partially oxidized. For example, more oxygen atoms are associated with 1 mol of glucose (molecular weight: 180) than with an entire mole of palmitate (molecular weight: 256). The metabolism of carbohydrate for energy requires approximately 8% to 10% less inspired oxygen than that required to process a similar amount of calories from fat.

In practical terms, a high carbohydrate diet may reduce the symptoms of acute mountain sickness; enhance both short-term, high-intensity work, as well as long-term, submaximal efforts; and lower the effective operating elevation as much as 300 to 600 M.29,50 The most effective carbohydrate supplementation is usually in the form of liquid beverages; soldiers will drink even when they are reluctant to eat.45,49 Increasing fluid and carbohydrate intake is beneficial at altitude where fluid losses are increased because of diuresis and humidifying expired air in a usually dry atmosphere (Figure 6-7).51
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Fig. 6-6. Data collection procedures in the 1988 USARIEM (US Army Research Institute of Environmental Medicine) field study at the Marine Mountain Warfare Training Center, Pickle Meadows, California. This was a winter study involving high intensity work at altitude. Some of the measurements included (a) dietary intakes based on detailed dietary interviews with a dietician; (b) maximal aerobic capacity measurement on a stationary bicycle; (c) cardiovascular function tests, including EKG (shown here being administered by Captain Van Hubbard, National Institute of Diabetes and Digestive and Kidney Diseases [NIDDK]); and (d) biochemical markers were assessed from fasting blood samples drawn from the Marine volunteers.



Although female soldiers would also benefit from carbohydrate supplementation at altitude, iron may be a more important dietary component to monitor in this population. Studies of women at altitude reveal similar findings to studies of women in the cold in that there is an increased need for dietary iron to mediate adaptive responses to the new environment. Research conducted in the late 1960s identified that female service members deployed to moderate-to-high-altitude environments would require supplemental dietary iron to optimally support their hematopoietic response to hypoxia.52 This presents further evidence of the need to closely monitor iron intake in female soldiers deployed to extreme environments (ie, cold or altitude).53–54
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Fig. 6-7. Hydration status has been a key variable in USARIEM (US Army Research Institute of Environmental Medicine) field nutrition studies. Lieutenant Colonel E Wayne Askew organizes 24-hour urine collections with Major Nancy King (a) and records specific gravity measurements made by Elaine Christensen (b) in field laboratories at Fort Riley and at altitude in Bolivia.



Heat

Not surprising, the most important nutritional considerations for military operations in the heat are fluid and electrolyte replacement, which are discussed in detail in other chapters in this volume. There are, however, a few studies suggesting that macronutrient composition may play a role in optimal performance in the heat. Some55 but not all56 authors recommend increasing carbohydrate consumption to compensate for increased utilization of muscle glycogen stores and glucose during hyperthermic exercise. The inclusion of carbohydrates in rehydrating fluids can serve a practical purpose by increasing palatability and promoting fluid intake,56 irrespective of whether metabolic fuel use is altered in the heat. Total energy expenditure of military personnel does not seem to differ between hot and temperate environments.36 Thus, from a practical standpoint, the total amount of calories consumed in the diet does not need to be adjusted in hot climates.

Stress of Military Training, Oxidative Stress, and Immune Function

As our understanding of the relationship between oxidative stress and chronic disease becomes clearer, a stronger impetus for reinvestigating the optimum level of antioxidant vitamins and minerals in the military diet may emerge. Immune function can be compromised in states of high oxidative stress, such as prolonged physical activity combined with caloric restriction and sleep deprivation.57 Studies of US Army Ranger candidates engaged in 8 weeks of training involving high levels of physical exertion, sleep deprivation, mental stress, and food restriction revealed impaired immune response in these soldiers.58–60 Work at altitude may be a particular challenge to human antioxidant defense systems caused, in part, by hypoxia, diet, ultraviolet light, and exhaustive physical activity.61–64 Other data have demonstrated elevated markers of oxidative stress and impaired immune function, such as breath pentane, during certain types of military training (Figure 6-8).63 Thus, a natural question remains as to whether administering antioxidant supplements might mitigate these responses. A 2006 review article by Gleeson65—reporting the effects of antioxidant supplementation on immune function—found that, whereas it is likely that vitamin and mineral supplements would improve immune function in individuals exhibiting a deficiency of these factors, it remains to be determined whether administration of an antioxidant supplement would help reduce associated oxidative stress and subsequently bolster the immune response in otherwise healthy individuals. Endurance exercise alone is thought to upregulate inherent antioxidant production, although prolonged endurance activity may result in higher concentrations of reactive oxygen species than can be handled by this training response. Therefore, low-level supplementation of antioxidant vitamins (eg, A, E, C, and beta-carotene) may be warranted in individuals participating in prolonged intense training.

In addition to considering the total energy intake, dietary macronutrient composition could also affect immune function.59,60 For example, even moderate dietary protein deficiency has been shown to impair immune function,65 and carbohydrate supplementation during prolonged strenuous exercise attenuates markers of elevated immune response. However, it does not appear that carbohydrate supplementation alleviates the effects of intermittent strenuous activity on immune function, as seen in military field operations.65

Finally, whereas consideration of antioxidant supplementation in extreme immunodepressive conditions may warrant further consideration, the dangers of oversupplementing with antioxidant nutrients (at high levels that could potentially impair immune function) must also be carefully considered. As an example, iron deficiency is associated with impaired immune function, and, as described previously, female soldiers may be at greater risk for iron deficiency.26 Although increasing the iron content in military rations is one possible solution to this problem, the interaction of excess dietary iron and reactive oxygen species produced during exercise and certain types of environmental exposure suggests that caution may be warranted.66 For instance, if 18 mg of dietary iron intake was contained in a typical female caloric intake of 2,000 kcal/d, then a male or female service member ingesting 4,000 kcal/d would receive twice as much or approximately 36 mg of iron/d. Ferrous iron is a cofactor in the propagation of certain harmful free radicals, and excess dietary iron may be undesirable under conditions of increased oxidative stress.67,68
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Fig. 6-8. Breath pentane sampled at several time periods during field training at moderate altitude. Breath pentane sampled at the start (Day 0), in the middle (Day 6), and at the end (Day 14) of 14 days of US Marine cold weather field training (elevation 7,000–9,000 feet). The Marines ate military field rations during the training period. The antioxidant supplement consisted of vitamins A, E, and C plus selenium and zinc. Pentane is a hydrocarbon given off following the peroxidation of omega-6 fatty acids in response to free radical damage (oxidative stress).
Illustration: Adapted with permission from Chao W-H, Askew EW, Roberts DE, Wood SM, Perkins JB. Oxidative stress in humans during work at moderate altitude. J Nutr. 1999;129:2009–2012.



Sports Nutrition and Military Nutrition: Similarities and Differences

Military performance shares much in common with athletic performance.69,70 Optimal nutrition to sustain and enhance physical and mental performance for athletic competition will also have application to military training and combat operations. However, there are some significant differences. During military operations, it is impossible to predict exactly when an intense work period will begin and how long it will have to be sustained. This inherent uncertainty tends to make a classical sports nutrition approach to military feeding and diet planning less useful. The enhancement (or at least the sustainment) of performance of military tasks is best accomplished by providing a basic ration or feeding system that


	maintains body weight,

	provides adequate nutrients for the prevention of nutrient deficiencies,

	provides adequate protein, and

	maximizes carbohydrate intake.10,11,40


Careful attention to these factors ensures that soldiers enter combat with high levels of muscle glycogen (a significant factor in short-term, high-intensity performance) and protects them from vitamin and mineral shortages that might arise from sporadic ration consumption during combat. Exhibit 6-1 lists a variety of military rations reflecting specific purposes of each ration, and also the improvements in ration development over time.

Role of Vitamins in Physical Performance

Friedl and Hoyt70 and van der Beek and colleagues71–74 have studied the impact of varying severities of vitamin restriction on physical performance. Dietary vitamin deficiencies produced progressive physical performance impairments. At 60% of recommended daily allowance, restricted intakes of thiamin, riboflavin, pyridoxal phosphate, and ascorbate did not result in a significant performance decrement (maximum workload) after 10 weeks at this level of restriction (Figure 6-9). This can be contrasted with the more immediate effect of acute75,76 and long-term chronic77 dietary carbohydrate restriction on physical performance (Figures 6-10 and 6-11). Physical performance is much more sensitive to the amount of carbohydrate in the diet in the short term (days) than it is to the vitamin, protein, or fat content.69

Role of Carbohydrates in Aerobic Endurance Performance

Both the length of time provided for dietary adaptation to carbohydrate restriction and the amount of carbohydrate in the diet can influence the level of aerobic endurance performance. Figure 6-4 illustrates that aerobic endurance performance can be reduced by 40% after only 4 days on a calorie-adequate, but low carbohydrate diet75 (10% kcal). For 2 weeks, a similar calorie-adequate, low carbohydrate diet (5% kcal) also reduced performance, but only by approximately 15%, presumably because of tissue-level adaptations to the shift in energy sources76 (Figure 6-11). Furthermore, a reduction in dietary carbohydrate from 83% kcal to 57% kcal had only a small (5%) reduction in performance under similar exercise conditions.76 The short-term effects of carbohydrate deprivation may be more relevant to military operations, in which case the observed adaptive response in the 14-day study may not apply, and soldiers may find that endurance performance is decreased when carbohydrate intake is reduced. The effect of any reduction in dietary carbohydrate intake depends on both the period of time over which it is reduced and its absolute level in the diet. Although the studies previously described were not conducted on soldiers, other studies using military test subjects and work performance tests of similar intensity to military tasks or actual military field maneuvers77 have shown that reduced carbohydrate intake has the potential to negatively influence muscle glycogen levels and endurance.78

There is abundant evidence in the sports medicine literature to permit extrapolation to military physical performance and to conclude that certain types of military performance may also be impaired by an acute shortage of carbohydrate in the diet. Inadequate carbohydrate in the diet—coupled with successive days of intense, prolonged exercise (sustained operations)—may result in a gradual reduction of glycogen stores, deterioration of performance, and perception of fatigue/work intensity.79 The effect of muscle glycogen depletion on perception of exertion is shown in Figure 6-12. As a result of dietary carbohydrate deficiencies, certain military tasks, such as load-bearing work, may be perceived by soldiers to be more difficult.80 Carbohydrates may be effective in extending or enhancing military performance when taken before, during, and after moderate- to high-intensity aerobic exercise.81 Thus, they may be helpful to soldiers as a preload before going into the field, as well as during field training, to sustain performance; carbohydrates may also be helpful to soldiers during postfield operations to speed recovery of local muscle and overall fatigue. This would require a consumption of approximately 500 to 550 g of carbohydrate daily (for male soldiers).82A review of 18 field studies of typical dietary carbohydrate intakes of male soldiers in temperate, hot, and cold environments fed a variety of rations revealed intakes ranging from 244 to 467 g per day.83 Both the mean and median intakes in these 18 studies were 350 g of carbohydrate per day (Figure 6-13). It is apparent that a typical daily 350 g carbohydrate intake, under the best conditions (training, not combat), is considerably less than the 500 to 550 g range recommended for optimal glycogen repletion and physical performance.81,82 Total caloric intake by soldiers during military field operations is often less than that required to maintain energy balance (Exhibit 6-2).83 Soldiers do not selectively consume low carbohydrate diets during field training operations; however, total carbohydrate intake is often low simply because total energy intake is low. Often, the rations are “field-stripped,” meaning that soldiers select from the complete ration whatever items can be eaten on the move—regardless of nutrient content—thus leaving the remaining food. Stripping rations may also make the food less bulky to carry and may reflect individual biases regarding food nutritional value, quality, or taste. Inadequate food consumption in the field has been ascribed to the following:



EXHIBIT 6-1

A BRIEF HISTORY OF RATIONS

Historically, ration development was dependent on what was available and what could be transported without spoiling. Under such constraints, the rations were designed around stable foods that could be stored for long periods without spoiling and that could physically withstand the elements of war and field training (Exhibit Figure E1-1). Although some effort was made to provide fresh food to soldiers during those years, the logistics of providing large quantities of fresh meat or vegetables in a war zone were challenging, and such efforts were rarely successful. Thus, in addition to adverse climatic and battlefield conditions, many soldiers were malnourished and suffered illness as a result.
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Fig. E1-1. Field Ration, individual—the K Ration of World War II.
Photograph: Reproduced from the National Archives and Records Administration, Washington, DC.



Improvements in food preparation and packaging technology, as well as increased availability of prepackaged foods, changed the focus of ration development. Current ration research considers the macronutrient and micronutrient composition of the foods for each ration under varying conditions. Supplements, or completely separate rations, are available for cold weather operations, altitude, and extended field exercises requiring a high level of sustained physical intensity. Even though the operational environments differ significantly, the requests for ration characteristics are the same: small, lightweight, high calories, and most of all acceptable—if not appealing—to the soldier who has to consume the ration. This has been a focus of the Department of Defense Combat Feeding Directorate at the US Army Natick Soldier Research, Development, & Engineering Center. The taste, texture, and appearance of a ration needed to be taken into consideration as much as the nutrient content. Dr Ancel Keys made the observation that, “A ration that will not be eaten is worse than useless.”(1) Ironically, the K ration, named after Keys, is now a classic example of nutritionally balanced to the point of impalatability.



	Ration
	Description
	Function



	Civil War—Marching Ration

	Salt pork or fresh meat, hard bread (“hardtack”), sugar, coffee, salt

	Field Ration (individual)




	Civil War—Camp Ration

	Pork/bacon, soft bread, beans, coffee or tea, sugar, salt, pepper, potatoes, vegetables, dried fruits, soap

	Garrison Ration (Group Ration)




	World War I—Reserve Ration and Trench Ration

	Similar to Civil War Marching Ration: canned meat instead of salt pork

	Reserve Ration = individual

Trench Ration = Group Ration (25 soldiers)




	World War II: A Ration

	Fresh/frozen meat, fresh dairy, fresh fruits  and vegetables, perishables require preparation

	Field Kitchen Ration




	World War II: B Ration

	Canned, dried, dehydrated, nonperishables require preparation

	Field Kitchen Ration (up to 100 soldiers, could also be broken up into 10-in-1 ration for small group feeding)




	World War II: C Ration

	Bread or crackers, spread, meat or protein-based entree, dessert packaged in cans, coffee, sugar, gum, cigarettes and matches

	Combat Ration (individual) 




	World War II: D Ration

	Chocolate bars, highest caloric value ration, 3 × 4 ounce bars—highly palatable, useful in all climates, no preparation required

	Survival Ration




	World War II: K Ration

	Highest nutritional value, lightweight, low palatability

	Field Ration: individual 




	Vietnam: Long-Range Patrol

	Freeze-dried entrees—require water for rehydration; lightweight, high caloric value

	Field Ration: Special Forces restricted use—not nutritionally adequate for extended time periods




	MRE

	Complete meal, freeze-dehydrated

	Field Ration: individual; replaced C Ration




	T Ration

	MRE in steam-table tray

	Group feeding ration (18 soldiers)




	Specialty MREs:

	
	



	Mountain

	Lightweight, food could be prepared at higher altitude (or come precooked), high calories, more “roughage” to assuage hunger

	Field Ration: altitude




	Arctic Supplement

	Additional 900-calorie packet to be used in combination with MRE; contains “warming foods,” such as soups, hot beverages, snacks, and styrofoam containers and cups

	Field Ration: cold weather




	Cold Weather Meal

	High-calorie, extra drink mixes to promote water consumption, packaged in white camouflage

	Field Ration: extreme cold weather 




	Carbohydrate Supplement (CarboPack)

	Eat-on-the-move snacks to supplement MREs, 380 calories, 75 g carbohydrates

	Field Ration: prolonged, intense physical activity





___________________

MRE: meal, ready-to-eat
Note: Many other specialty rations and supplements have now been created, for example, Humanitarian Daily Ration, Kosher Hotel Ration, Survival Food Packets, and the First Strike Ration.(2)
Data sources: (1) Keys A. Quartermaster Review. 1941;XXI(2, Sept/Oct):26–27. (2) Department of Defense. Operational Rations of the Department of Defense. 8th ed. Natick, Mass: US Army Natick Soldier RD&E Center/DoD Combat Feeding Directorate; May 2010. Natick PAM 30-25. OPSEC 08-481.




	poor ration palatability,

	menu boredom,

	inadequate time to eat or prepare meals,

	anxiety, and

	intentional dieting to lose weight.11


Whatever the cause, this “voluntary anorexia” of soldiers in the field results in reduced total energy and carbohydrate intake. The lack of energy (calories) itself is not as significant a concern in the short run as is the lack of carbohydrate.84 The levels of carbohydrate consumed by soldiers is frequently within the range of carbohydrate intake observed in controlled laboratory studies, resulting in reduced muscle glycogen concentrations and reduced levels of submaximal aerobic performance.79,81,82

The impact of dietary carbohydrate content on military performance is difficult to study under operational conditions because of manifold uncontrolled variables encountered in combat conditions, real or simulated. Thus, definitive field studies demonstrating a positive effect of dietary carbohydrate supplements on military performance are lacking.85 However, when field conditions can be simulated under well-controlled laboratory settings, results suggest that performance is improved after carbohydrate supplementation. For example, 18 physically fit US Army Special Operation Forces soldiers completed a study designed to test the concept that soldiers would benefit from carbohydrate supplementation during field operations (Figure 6-14).86 These military test subjects were fed a controlled diet that simulated typical carbohydrate and protein intakes (327 g carbohydrate/d, 201 g fat/d, and 118 g protein/d, supplying a total of 3,657 kcal/d) during field operations. The soldiers exercised daily (11 days total) under conditions designed to simulate field energy expenditure patterns (intermittent, as well as sustained activity patterns of varying intensity levels). In addition to the standard diet, each test subject received one of three beverage supplements during the field-simulated diet and exercise program:
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Fig. 6-9. Effect of a restricted vitamin intake (60% RDA) on functional performance in humans. This illustration shows 10 weeks’ consumption of either 100% or 40% of the recommended daily allowance for thiamine, riboflavin, pyridoxal, and ascorbate on functional performance (cycle ergometer work) in humans. Note that, even after 10 weeks at 60% vitamin restriction, performance was only decreased approximately 17%.
RDA: Recommended Dietary Allowance
Illustration: Adapted with permission from van der Beek EJ. Marginal Deficiencies of Thiamin, Riboflavin, Vitamin B-6 and Vitamin C: Prevalence and Functional Consequences in Man. Amsterdam, The Netherlands: TNO Toxicology and Nutrition Institute; 1992.
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Fig. 6-10. Effect of short-term carbohydrate intakes on the performance of intermittent work. Diets were consumed for 4 days before cycle ergometer work at 70% maximal aerobic capacity. The high carbohydrate diet contained 77% of its calories from carbohydrate, whereas the low carbohydrate diet contained only 10% of its calories from carbohydrate. Illustration: Adapted with permission from data reported in Galbo H, Holst JJ, Christensen NT. The effect of different diets and insulin on hormonal response to prolonged exercise. Acta Physiol Scand. 1979;107:19–32.
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Fig. 6-11. Effect of several levels of long-term (14 days) carbohydrate intake on the performance of intermittent cycle ergometer work. Diets contained high (83%), moderate (56%), or low (24%) amounts of their energy from carbohydrate. Illustration: Adapted with permission from data reported in Pruett EDR. Glucose and insulin during prolonged work stress in men living on different diets. J Appl Physiol. 1970;28:199–208.
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Fig. 6-12. Muscle glycogen depletion and perceived exertion during strenuous training. Note that exhaustion approaches as glycogen levels decrease.
Illustration: Adapted with permission from Sherman WM, Costill DL. The marathon: dietary manipulation to optimize performance. Am J Sports Med. 1984;12:44–51.
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Fig. 6-13. Typical carbohydrate intakes during military field training exercises. Note that more than half the time, dietary intake was less than 400 g of carbohydrate per day. This is not an adequate amount of carbohydrate to replace glycogen used daily in vigorous work (eg, military training). Illustration: Reproduced with permission from Baker-Fulco CJ. Overview of dietary intakes during military exercises. In: Marriott BM, ed. Not Eating Enough—Overcoming Under-consumption of Military Operational Rations. Washington, DC: National Academy Press; 1995: 253–283.




	placebo,

	carbohydrate (180 g) once a day immediately after exercise, or

	carbohydrate (180 g) divided into several doses taken after the morning exercise session and at intervals during the afternoon exercise session.


The drop in respiratory exchange ratio that occurred over the 11-day study is illustrated in Figure 6-15. This drop in respiratory exchange ratio was expected and indicated that the soldiers were experiencing a carbohydrate shortage in response to the diet-exercise field simulation and also were experiencing a switch to a fat-predominant metabolism. The provision of supplemental carbohydrate permitted a higher level of physical performance or aerobic power to be obtained. Run times to exhaustion were increased approximately 6%, with the single carbohydrate feeding and 17% with the divided dose (Figure 6-16). The ingestion pattern of the carbohydrate supplement appeared to influence performance, indicating that a supply of easily consumed carbohydrate supplement or food item ingested before, during, and after military field activities would be an effective method to sustain or boost soldier physical performance. A recent review by Montain and Young40 suggests that liquid carbohydrate consumption may be a practical solution to the reduced food intake in the field, because it can be consumed during activity.

How Critical Is Energy Provision?

The previous discussion concerning energy and carbohydrate intakes does not necessarily mean that soldier performance across a broad spectrum of military tasks will be severely degraded by suboptimal energy and carbohydrate intakes. Intense training and associated large energy deficits (3,580–4,540 kcal/d) over 54 hours did not affect energy expenditure or physical activity levels in male and female Marines.87 A review of the effect of energy restriction on military work performance has indicated that soldiers can maintain relatively normal work capacities for short periods of food restriction (<10 days).84 The Minnesota starvation studies conducted during World War II demonstrated that energy deficits resulting in less than 10% of body weight loss did not impair physical performance; however, under-consumption of calories for longer periods of time producing continued body weight loss did produce significant deficits in physical performance.88 More recent studies of food restriction in military scenarios have revealed that restricted energy and dietary carbohydrate content over a 30-day time period supported a light-to-moderate activity level without evidence of greatly impaired physical performance capabilities.89 Longer periods of caloric restriction (8 weeks), however, coupled with higher levels of energy expenditure (US Army Ranger training), have been associated with significantly reduced physical performance capacity.62 Friedl84 has reviewed the influence of reduction in body weight caused by reduced food intake on muscle strength and aerobic capacity. It is difficult to derive a closely predictable relationship between energy deficit and performance because of the differing experimental conditions and performance measures used in various research studies. Grip strength, as a performance measure, seems to be well preserved in military test subjects until nutritional status is severely compromised, whereas other measures—eg, maximal lift, maximal jump height, isometric leg extension, and maximal oxygen uptake—seem to be more sensitive predictors of impaired performance.84 Using change in body weight as an indirect indicator of energy deficit, and estimators of muscle strength and maximal aerobic capacity as the dependent variables, generalized relationships between energy deficit and performance can be characterized as being similar to those shown in Figures 6-17 and 6-18. In general, strength seems to be rather well maintained up to 5% of body weight loss, and aerobic capacity is only reduced when body weight loss exceeds 10%. The interpretation of studies appearing to produce data such as those in Figures 6-17 and 6-18 must be qualified. Maximal aerobic capacity is not a good determinant of overall military  performance. Grip strength, although a useful indicator for severely catabolic or starved individuals, does not seem to be a sensitive indicator of energy deficit in otherwise healthy soldiers. In addition, the relationship between body weight loss and aerobic capacity must be expressed independent of body weight. It should be noted also that motivation can overcome modest physiological decrements, such as reduced maximal aerobic capacity. Changes in maximal oxygen consumption, in response to modest caloric restriction, can influence soldier performance to a lesser degree than reductions in muscle strength in response to weight loss. The primary concern of weight loss from inadequate energy intake during military operations appears to be the loss of muscle mass and therefore muscle strength. Significant loss of muscle strength occurs between 5% and 10% of body weight loss (Figure 6-19). Significant declines in aerobic capacity can also occur following weight losses of this magnitude, but the decline in aerobic capacity appears to have relatively little effect on soldier performance at moderate levels of sustainable workload.84


EXHIBIT 6-2

SEX DIFFERENCES IN ENERGY REQUIREMENTS

Energy requirements in military operational and training environments vary enormously. One of the most important variables in estimating these requirements is body mass, because of the amount of metabolically active tissue, as well as the mass that has to be moved through space in any human activity. Body size largely explains the sex differences in energy requirements, although sex steroid hormones also affect energy metabolism at the macronutrient level.

This has been elucidated by a large series of studies using the doubly labeled stable isotope water technique by Reed Hoyt and his colleagues at the US Army Research Institute of Environmental Medicine (USARIEM), in close collaboration with James DeLany and the energy metabolism laboratory at the Pennington Biomedical Research Center.(1,2) The use of this technique to study energy metabolism in natural conditions outside of a metabolism chamber was promoted in military studies by Colonel E Wayne Askew, with assistance from Rear Admiral Van Hubbard at the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK).

Energy requirements are similar for men and women when this is calculated on the basis of body mass. This is highlighted in studies with men and women engaged in the same activity, whether relatively low demand in routine duties or in extraordinarily high demand activities in stressful high-risk training and firefighting (Exhibit Table E2-1). Studies of 1 week of Norwegian Ranger training with no organized sleep (<1 hour/day) and no food demonstrated that women are more efficient in fat metabolism in a semistarvation setting, an apparent estrogen-related effect.(3,4) Because of the greater availability of fat stores in most women, compared with normal men, they would also survive longer with limited energy intake.

Health and performance are not impaired if energy intake is sufficient to meet the demands.(5) This was demonstrated for women exercising intensively and debunked the myth that female soldiers would develop amenorrhea and consequent risks for bone loss and other estrogen-related functions simply from high levels of exercise.(6)

The importance of adequate energy intake was also demonstrated for sustained performance in men, debunking a second myth that humans break down with prolonged continuous exercise. Two Norwegian SEALS were studied during a south-north endurance trek of 3,000 km across Greenland and demonstrated that, with an energy-supplemented diet of nearly 6,000 kcal/day, body energy stores and performance were sustained, unlike Ranger training with high activity and inadequate energy intake.(7,8)

___________________

Data sources: (1) DeLany JP, Schoeller DA, Hoyt RW, Askew EW, Sharp MA. Field use of D2 18O to measure expenditure of soldiers at different energy intakes. J Appl Physiol. 1989;67:1922–1929. (2) Delany JP. Determination of Total Daily Energy Requirements and Activity Patterns of Service Women. Baton Rouge, La: Louisiana State University and A&M College; October 2001, 39 pp. Final Report DAMD17-96-2-6025. (3) Young VR. Metabolic Response to Food Restriction in Military-Eligible Women Within a Gender Comparison. Cambridge, Mass: Massachusetts Institute of Technology; October 1999, 79 pp. Final Report DAMD17-95-2-5014. (4) Hoyt RW, Friedl KE. Field studies of exercise and food deprivation. Curr Opin Clin Nutr Metab Care. 2006;9:685–690. (5) Friedl KE. Biomedical research on health and performance of military women: accomplishments of the 1994 Defense Women’s Health Research Program (DWHRP). J Women’s Health. 2005;14:764–802. (6) Loucks AB, Thuma JR. Luteinizing hormone pulsatility is disrupted at a threshold of energy availability in regularly menstruating women. J Clin Endocrinol Metab. 2003;88:297–311. (7) Frykman PN, Harman EA, Opstad PK, et al. Effects of a three-month endurance event on physical performance and body composition: the G2 Trans-Greenland Expedition. Wilderness Environ Med. 2003;14:240–248. (8) Friedl KE, Moore RJ, Hoyt RW, et al. Endocrine markers of semistarvation in healthy lean men in a multistressor environment. J Appl Physiol. 2000;88:1820–1830.


TABLE E2-1

SUMMARY OF ENERGY EXPENDITURE STUDIES USING DOUBLY LABELED WATER MEASUREMENTS AND INVOLVING MEN AND WOMEN IN MILITARILY RELEVANT ENVIRONMENTS(1)



	Activity
	TDEE (SD)
(MJ/d)

	TDEE/Kg Body Mass
(MJ/kg/d)




	Women
	Men
	Women
	Men



	Norwegian Ranger cadet training(2)
	21.9 (2.0)
n = 6
	26.6 (2.0)
n = 10
	0.34
	0.35



	US Marine recruit crucible exercise(3)
	19.8 (0.6)
n = 20
	25.7 (0.8)
n = 29
	0.34
	0.35



	Smoke jumpers(4,5)
	14.8 (3.0)
n = 9
	20.3 (3.0)
n = 7
	0.23
	0.28



	US Marine recruit training(6,7)
	9.9 (1.6)
n = 20
	16.9 (4.0)
n = 10
	0.17
	0.23*



	US Army mass casualty training(6,7)
	12.1 (1.0)
n = 16
	16.4 (3.7)
n = 9
	0.20
	0.19



	US Navy sailors at sea(6,7)
	11.6 (1.8)
n = 10
	14.4 (3.6)
n = 6
	0.17
	0.18




___________________

d: day; MJ: millijoule; SD: standard deviation; TDEE: total daily energy expenditure.
*This study demonstrated significant gender differences when corrected for body weight.
Notes: All TDEE means were significantly different between men and women (P < 0.05). US Marine recruit training was similar for men and women, but not conducted in mixed gender teams.
Data sources: (1) Friedl KE, Ness JW. Upper Limits of Energy Expenditure for Men and Women in Military Operational Settings: Does Female Fat Metabolism Provide a Performance Advantage? NATO HFM-158 Symposium on “Impacts of Gender Differences on Conducting Operational Activities.” Neuilly-sur-Seine Cedex, France: Research and Technological Organization, North Atlantic Treaty Organization; 2008. (2) Hoyt RW, Opstad PK, Haugen AH, et al. Negative energy balance in male and female rangers: effects of 7 days of sustained exercise and food deprivation. Am J Clin Nutr. 2006;83:1068–1075. (3) Castellani JW, DeLany JP, O’Brien C, et al. Energy expenditure in men and women during 54 h of exercise and caloric deprivation. Med Sci Sports Exerc. 2006;38:894–900. (4) Ruby BC. Training and Extended Operations in Females: Effects on Reproductive Hormones, Bone Health, Task Specific Performance, and Comparative Energy Utilization. Missoula, Mt: The University of Montana; October 1999, 60 pp. Final Report DAMD17-96-1-6329. (5) Ruby BC, Shriver TC, Zderic TW, et al. Total energy expenditure during arduous wildfire suppression. Med Sci Sports Exerc. 2002;34:1048–1054. (6) Delany JP. Determination of Total Daily Energy Requirements and Activity Patterns of Service Women. Baton Rouge, La: Louisiana State University and A&M College; October 2001, 39 pp. Final Report DAMD17-96-2-6025. (7) Tharion WJ, Lieberman HR, Montain SJ, et al. Energy requirements of military personnel. Appetite. 2005;44:47–65.



There are, however, factors other than strength and aerobic capacity to consider when evaluating the effects of energy restriction on soldier performance.11 Weight losses of 6% or less over periods of 10 to 45 days generally do not produce significant degradations in cognitive performance. However, habitual or forced reduction in consumption, resulting in greater than 50% loss of energy requirements, may significantly degrade cognitive performance.90 Reduced food intake, when coupled with other stressors (eg, high rates of energy expenditure and sleep deprivation), can impair immune function.64
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Fig. 6-14. Sophisticated laboratory metabolic studies have been conducted with the Army at the Pennington Biomedical Research Center in Baton Rouge, Louisiana. In a 1993 study of interindividual differences in exercise metabolism, a group of Special Force soldiers were housed and tested at the Pennington Center with detailed measurements of metabolic performance during (a) exercise to exhaustion and (b) postexercise. This study revealed more about the value of carbohydrate supplementation during exercise than any major differences in fuel metabolism between individuals.
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Fig. 6-15. Effect of military field diet on respiratory exchange ratio. This illustration shows the respiratory exchange ratio during exercise over 11 days of suboptimal carbohydrate intakes (300 g/d). Test subjects were US Special Forces soldiers performing daily bouts of treadmill exercise.
Illustration: Reproduced with permission from Murphy TC, Hoyt RW, Jones TE, et al. Performance Enhancing Ration Components Program: Supplemental Carbohydrate Test. Natick, Mass: US Army Research Institute of Environmental Medicine; 1994. Technical Report T95-2.
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Fig. 6-16. Effect of carbohydrates on performance. This illustration shows the effect of carbohydrate supplementation on treadmill performance by the US Special Forces soldiers following 11 days of training. The test occurred in the afternoon following a 2-hour bout of treadmill running in the morning. Carbohydrate was supplemented either as a placebo (0 carbohydrate), as a bolus at the end of the preceding bout of exercise, or as a divided dose during and after exercise (approximately 180 g carbohydrate supplemented). CHO: carbohydrate
Illustration: Reproduced with permission from Murphy TC, Hoyt RW, Jones TE, et al. Performance Enhancing Ration Components Program: Supplemental Carbohydrate Test. Natick, Mass: US Army Research Institute of Environmental Medicine; 1994. Technical Report T95-2.
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Fig. 6-17. Generalized relationship between body weight loss and maintenance of strength, based on analyses of several military field studies. Strength is well-maintained until body weight loss exceeds 10%.
Illustration: Adapted with permission from Friedl KE. When does energy deficit affect soldier physical performance? In: Marriott BM, ed. Not Eating Enough—Overcoming Underconsumption of Military Operational Rations. Washington, DC: National Academy Press; 1995: 267.
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Fig. 6-18. Generalized relationship between body weight loss and maximal aerobic capacity. Note that aerobic capacity begins to drop sharply after 10% weight loss is exceeded. Illustration: Adapted with permission from Friedl KE. When does energy deficit affect soldier physical performance? In: Marriott BM, ed. Not Eating Enough—Overcoming Underconsumption of Military Operational Rations. Washington, DC: National Academy Press; 1995: 271.
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Fig. 6-19. Strength measurements in USARIEM (US Army Research Institute of Environmental Medicine) field studies of Ranger training included (a) specific grip strength performance (testing shown at the beginning of Ranger training) and (b) lifting performance measured in the incremental dynamic lift test (testing shown part way through training). Grip strength performance was well preserved even in the face of large catabolic changes, whereas strength involving larger muscle groups, such as the lift test, demonstrated 20% reduction, reducing mean strength performance of Ranger students to that of the average soldier.
Photographs: Courtesy of Colonel Karl E. Friedl.




SUMMARY

The overriding theme present in discussions of optimal nutrition for cold weather, heat, altitude, or sustained operations is adequate total energy intake. There are reasonable data to support specific alterations in macronutrient composition of diet to enhance performance under the previously described environmental stresses. However, no amount of increased carbohydrate, protein, or fat will negate the effects of an underfed soldier. This is particularly true when negative energy balance is sustained for prolonged periods of time.

The problem of inadequate consumption of dietary energy and carbohydrate can be addressed in both a behavioral and feeding plan context and has been discussed in Not Eating Enough—Overcoming Underconsumption of Military Operational Rations.11 The desirability or advisability of supplementing the diet of soldiers with other nutrients has been similarly addressed in other symposiums on aspects of military nutrition.10–16 General agreement exists in these publications that vitamin and mineral intakes furnished by fortified military rations are adequate, even when situationally influenced by short-term reduced food intake. A possible exception to this generality may exist for certain antioxidant nutrients, and for women, iron intake.27 Thus, the most significant nutritional problem facing soldiers in training and combat is underconsumption of rations. This can lead to suboptimal intakes of energy, carbohydrate, and certain antioxidant nutrients. As noted by David D Schnakenberg (Colonel, US Army, Ret), former commander of the US Army Research Institute of Environmental Medicine, “A ration is a ration, even if it is not eaten, but it must be consumed to be nutrition” (DD Schnakenberg, circa 1986).
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INTRODUCTION

The provision of sufficient potable water to sustain soldier hydration is a prerequisite for successful deployment. Adolph et al1 and Eichna et al2 documented that dehydration can degrade soldier morale, as well as the desire to work (Figure 7-1). Body water deficits as little as 2% body weight can impair physical performance.3 Water deficits of 5% to 7% of initial body weight are associated with dyspnea, headache, dizziness, and apathy.1 An extreme example of the threat dehydration poses to troops is shown by the deaths of many Egyptian soldiers who were cut off from needed supplies and who suffered water deficits and heat illness during the 1967 Six-Day War.

During military operations, an individual soldier’s daily water requirements to sustain hydration can range from 2 L/d to an excess of 12 L/d, depending on weather conditions, workload, and physical size. Although 2 L/d is relatively easily achieved both in garrison and during deployment, 12 L/d will require concerted effort and coordination by military logistic support personnel and field commanders to ensure that adequate fluid is available (Figure 7-2). It is the responsibility of medical personnel to educate unit leaders about the importance of hydration and the necessary measures to optimize fluid intake and retention. This chapter discusses the effect of harsh environments on fluid requirements and presents methods to sustain water balance during deployment to environmental extremes.
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Fig. 7-1. EF Adolph stands alongside a military jeep in the desert in 1943. Adolph and colleagues were in California conducting experiments for the military on the adaptability of man to a desert environment.
Photograph: Courtesy of the University of Rochester archives.



WATER-ELECTROLYTE BALANCE

The human body is composed mainly of water. It accounts for 50% to 70% of body weight for an adult man and 40% to 60% of body weight for an adult woman.4 Water is primarily distributed in nonfat tissue and accounts for 72% to 73% of lean body mass. The large, between-individual variation in total body water relative to body weight is primarily a function of body fat (ie, adipose tissue is a major contributor to an increase in body weight without a corresponding increase in body water). The typical male soldier has 47 L of body water, whereas the typical female soldier has 33 L of body water.

On a daily basis, body water is relatively stable, provided adequate fluid is available to offset water lost by sweating, respiration, and urination. Water balance is regulated daily to within ~0.66% of body weight in healthy, active populations.5 This tight balance is achieved through fluid ingestion associated with eating and drinking, coupled with metabolic water production and physiological systems that regulate fluid loss (eg, renal, cardiovascular, and hormonal systems). Table 7-13 illustrates the sources of water losses and production, as well as the lower estimates of the turnover from these sources. It should be recognized, however, that the values presented can vary markedly. Respiratory water losses, for example, can range from 0.2 L/d in humid air to more than 1.5 L/d during exercise at extremely high altitudes. Cutaneous sweating can increase from 0.5 L/d to more than 10 L/d with prolonged exercise in hot environments. Similarly, diarrhea can greatly increase fecal water losses. For more information, the Institute of Medicine has published dietary reference intakes for water (Table 7-2) and electrolytes.3

Body water levels can vary markedly throughout a day. It is not uncommon for athletes or soldiers to lose 2% to 5% of body weight during physical activity,6–9 and make up the short-term water deficit by drinking during rest periods and at meals.1,10,11 This pattern of voluntary dehydration during physical activity—followed by drinking the majority of daily water intake at mealtime—results in marked fluctuations that are not apparent during day-to-day examinations of total body water measurements.

Body water is distributed in three principal fluid compartments: (1) intracellular, (2) interstitial, and (3) intravascular. Movement within the intracellular and extracellular compartments is determined largely by osmotic forces12; therefore, maintenance of total body water is dependent on total solute and distribution of that solute. Dehydration mediated by sweating influences each fluid space as a consequence of free fluid exchange. Nose and colleagues13 determined the distribution of body water loss among the fluid spaces, as well as among different body organs in rats when they were dehydrated by 10% initial body weight with exercise-heat stress. The water deficit was apportioned between the intracellular (41%) and extracellular (59%) spaces, and also among the organs as follows:


	40% from muscle,

	30% from skin,

	14% from viscera, and

	14% from bone.


Neither the brain nor liver lost significant water content. Thus, dehydration results in water redistribution largely between the intracellular and extracellular spaces of muscle and skin.
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Fig. 7-2. World War II soldier using a steel helmet to hold water and to bathe. Earlier beliefs that water restriction would improve human tolerance to dehydration were not borne out by the careful studies of Adolph and others in the 1940s.
Photograph: Reproduced from the National Archives and Records Administration, Washington, DC, photo no. 208-AA-4NN-24.




TABLE 7-1

ESTIMATES OF MINIMAL DAILY WATER LOSSES AND PRODUCTION*



	Source
	Loss (mL/d)

	Production (mL/d)




	Respiratory loss

	–250 to –350

	



	Urinary loss

	–500 to –1,000




	Fecal loss

	–100 to –200




	Insensible loss

	–450 to –1,900

	



	Metabolic production

	—

	+250 to +350




	Total

	–1,300 to –3,450

	+250 to +350




	Net loss

	–1,050 to –3,100

	




*Assuming conditions in which there is minimal water loss from sweating.
Adapted with permission from: Food and Nutrition Board, Institute of Medicine. Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate. Washington, DC: National Academies Press; 2005.

 

Sweat-induced dehydration decreases plasma volume and increases plasma osmotic pressure in proportion to the level of fluid loss. Plasma volume decreases because it provides the precursor fluid for sweat. Osmolality increases because sweat is ordinarily hypotonic relative to plasma.14,15 Sodium and chloride are primarily responsible for elevated plasma osmolality.15 It is the plasma hyperosmolality that mobilizes fluid from the intracellular space to the extracellular space and enables plasma volume defense when a person is dehydrated.

THIRST AND SATIATION

Several factors stimulate thirst and play a role in satiation. The most studied mechanism is in osmoreceptor cells, which are activated by intracellular dehydration. These cells—located in the preoptic/hypothalamic region of the brain—are sensitive to cell volume reductions induced by either extracellular hypertonicity or isoosmotic water loss (eg, hemorrhage, diuretic administration). Activation of these cells stimulates both thirst and arginine vasopressin (AVP) secretion. Stimulation of AVP secretion increases the desire to drink and facilitates water retention by increasing renal water reabsorption.

Changes in extracellular fluid volume also contribute to thirst and water balance. Evidence indicating that water volume is independent of osmotic stimuli comes from experiments that have manipulated blood volume or cardiac filling or both. Increased blood volume or central venous pressure (eg, head-out immersion) leads to diuresis, reduced thirst, and voluntary water intake.16–18 In contrast, central venous pressure reductions from hemorrhage, diuretics, or lower body negative pressure decrease urine output and increase thirst and drinking.16 Sensitivity of the response is much lower, however, than the osmotic thirst mechanism and seems to be more effective with intact kidneys,19 thus suggesting that the renin-angiotensin system contributes to thirst response.


TABLE 7-2

CRITERIA AND DIETARY REFERENCE INTAKE VALUES* FOR TOTAL WATER†
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NHANES III: Third National Health and Nutrition Examination Survey (1988–1994).
*No Tolerable Upper Intake Level is established; however, maximal capacity to excrete excess water in individuals with normal kidney function is 0.7 L/h.
† Total water represents drinking water, water in other beverages, and water (moisture) from food. (See Table S-1 in Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate for the median percentage if total water intake from beverages [including drinking water] and from foods reported in the NHANES III.)
‡The observed average or experimentally determined intake by a defined population or subgroup that appears to sustain a defined nutritional status, such as growth rate, normal circulating nutrient values, or other functional indicators of health. Adequate intake is used if sufficient scientific evidence is not available to derive an Estimated Average Requirement. Bold numbers = adequate intake is not equivalent to a Recommended Dietary Allowance. (Adequate intake is provided where no Recommended Dietary Allowance has been established.) Adapted with permission from: Food and Nutrition Board, Institute of Medicine. Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate. Washington, DC: The National Academies Press; 2005.

 

Animal experiments have demonstrated that angiotensin II can be a potent dipsogen.20 Receptors for angiotensin II exist in the preoptic/hypothalamic regions of the brain. Intraventricular infusion of small quantities of angiotensin II stimulate thirst.20 Pharmacological blockade of angiotensin I-type receptors and angiotensin II receptors reduces the thirst response accompanying food intake, hemorrhage, and water deficit.21–23 Whether systemic angiotensin II plays a direct role in stimulating thirst in humans remains unclear. Current evidence suggests that blood-borne angiotensin II binds to receptors within the preoptic/hypothalamic regions, and the transduced signal is integrated with other inputs from systemic arterial blood pressure and volume receptors.24

Unpleasant oral sensations also play a role in stimulating voluntary fluid intake. Several studies have demonstrated that 24 hours of fluid abstinence produces a marked increase in the subjective ratings of thirst, mouth dryness, and unpleasant taste.25 The reversal of these oral sensations is significantly correlated with subsequent water intake. Similarly, induction of graded levels of dehydration by food restriction, fluid restriction, and exercise-heat stress are accompanied by graded increases in the number and magnitude of unpleasant oral sensations.26 Sensations showing a linear trend with dehydration level include the following:


	dry and irritated throat;

	chapped lips;

	feelings of weariness, dizziness, and appetite loss; and

	thinking of drinking.


To examine if these oral sensations contributed to drinking behavior, Phillips and colleagues10 obtained blood samples and visual analog scale thirst measurements at hourly intervals and when volunteers drank water during a normal working day. They found that sensations of thirst, mouth dryness, unpleasant mouth taste, and the pleasure of drinking water increased before ad libitum intake, with no concomitant changes in blood tonicity or volume. These results provide evidence that, during free access to water, humans become thirsty and drink before body water deficits accrue, perhaps in response to subtle oropharyngeal cues.10

PHYSIOLOGICAL CONSEQUENCES OF BODY WATER IMBALANCE

Dehydration

Body water deficits can occur in all environments, either from inadequate water availability, insufficient voluntary intake to offset water losses in sweat and respiration, or excessive water loss from diuresis or diarrhea. Regardless of the specific process, water deficit or dehydration can reduce the ability of soldiers to perform mission-essential tasks in a timely and effective manner, thus increasing their likelihood of becoming medical casualties.

Symptoms

One of the earliest qualitative signs of dehydration is the development of thirst.1 With approximately 2% body weight loss, vague discomfort develops, and the number of complaints increase. With additional water loss, soldiers can develop:


	flushed skin,

	heat oppression,

	weariness,

	sleepiness,

	impatience, and

	anorexia.


At 4% loss of body weight, soldiers display signs of apathy, and might complain of muscle fatigue and nausea. At water deficits of 6% body weight and greater, soldiers will likely display:


	dizziness,

	headache,

	dyspnea,

	tingling in limbs, and

	very dry mouth.


They might present with indistinct speech and the inability to walk.

Thermoregulatory and Cardiovascular Effects

Body water deficits increase the thermal strain of exercise in temperate and hot environments. Individuals performing the same physical task when dehydrated have higher core temperatures than they would if they were normally hydrated, and the magnitude of the core temperature increase is proportional to the body water deficit. Studies examining the core temperature response to graded water deficits report that core temperature increases 0.15°C to 0.20°C for every 1% body weight lost.1,27–29 This relationship is maintained independent of exercise intensity30 and is not affected by changing the pattern of drinking.1,31 The magnitude of core temperature increase is, however, less in temperate versus warmer environments. In cold environments, dehydration does not seem to increase the risk of hypothermia; limited data available suggest that body temperature falls similarly during whole-body cooling, depending on if an individual is normally hydrated or dehydrated.32 Whether dehydrated persons are at increased risk of peripheral cold injury is controversial.33–35

Dehydration exerts its effects on thermoregulation by altering the ability to dissipate heat to the environment. Both skin blood flow and sweating responses are affected. Fortney and colleagues36 reported that thermally induced dehydration increased the esophageal temperature threshold for cutaneous vasodilatation and attenuated the increase in cutaneous blood flow per unit increase in body temperature. Dehydration also reduces peak cutaneous vasodilatation in both humans36 and nonhuman primates.37,38 Montain and colleagues39 found that thermally induced dehydration increased the esophageal temperature threshold for sweating and attenuated the increase in sweating per unit increase in body temperature. In addition, the magnitude of the sweating gain and sensitivity alterations increased as a function of body water loss, which is in agreement with the observation that temperature increases in proportion to the water deficit.

Singular and combined effects of hypertonicity and hypovolemia contribute to modulating thermoregulation when an individual is hypohydrated. Hypertonicity, per se, will increase the esophageal temperature threshold for sweating36 and increase core temperature during exercise-heat stress.36,40,41 Similarly, the production of an isotonic hypovolemia with diuretic administration adversely affects cutaneous vasodilatation42 and sweating,43 and increases core temperature during exercise-heat stress.

Afferent signals responsible for the thermoregulatory effects of dehydration come from several anatomical areas. Osmoreceptor cells located in the preoptic/hypothalamic area are activated when intracellular volume declines. These cells affect the firing of thermosensitive neurons in the thermoregulatory control center.44,45 Cardiac mechanoreceptors or pulmonary baroreceptors, or both, also modulate the thermoregulatory response to exercise and heat stress because application of lower body negative pressure during heat stress augments heat storage independent of changes in blood volume or tonicity.46,47 These observations are consistent with the neurophysiological findings that osmotic and blood pressure stimuli modulate the firing of thermosensitive neurons in the preoptic and anterior hypothalamus.44

The consequences of dehydration on the cardiovascular response to exercise have also been characterized. During submaximal exercise with little thermal strain, dehydration elicits an increase in heart rate and a reduction in stroke volume with little or no change in cardiac output relative to euhydrated levels.48 During more vigorous exercise, the increase in heart rate does not fully compensate for reductions in stroke volume, and cardiac output is reduced.49 In warm environments, the detrimental effects of dehydration are exacerbated. Experiments examining the effect of graded levels of water loss on the cardiovascular response to exercise report graded increases in heart rate1,27,28,30 and stroke volume reductions,28,30,48 with increasing water deficit. Cardiac output falls in a graded manner with water deficit28,30 because the increase in heart rate is not sufficient to offset stroke volume reductions.

Effects on Physical Performance

Dehydration in excess of 2% normal body mass has negative effects on morale and willingness to work. Comments from investigators working with soldiers during World War II illustrate how devastating dehydration can be (Figure 7-3). Adolph et al1 reported that, in dehydrated soldiers, “walking was mechanical, and a matter of will power” and that soldiers “threatened to quit unless given water.” Eichna and colleagues2 found that tasks became much more difficult, and “acclimatized subjects who had performed a given task easily, energetically, and cheerfully” were “reduced to apathetic, listless, plodding men straining to finish the same task.” More recently, Strydom et al50,51 reported that dehydrated men became lethargic and morose, and were aggressive and disobedient toward their superiors.
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Fig. 7-3. (Left) Man falls out of formation as other troops keep marching. He has been overcome by heat exhaustion and collapses. (Right) Two first-aid men helping the GI who has been overcome by heat exhaustion. They have loosened his clothes and are giving him a drink of water. [Original caption]
Photographs: Reproduced from the National Archives and Records Administration, Washington, DC, photo nos. SC-391634 (left) and SC-391635 (right).




Dehydration in excess of 2% body mass compromises physical performance. Exercise endurance time is shorter during both submaximal and maximal exercise, and less work is accomplished per unit of time when dehydrated beyond 2% body mass (~1.5 L for a 70-kg soldier) in temperate and warmer environments. Detrimental effects of dehydration afflict large52–56 and small muscle mass activities.52,53,55,57–59 In contrast, dehydration has little effect on muscle strength, at least up to 5% loss of body weight.6 Evidence also indicates that somewhat greater dehydration is necessary before endurance performance is affected in cool/cold climates.60

Dehydration also reduces heat tolerance. In a 1992 study,61 scientists had subjects walk to voluntary exhaustion when either euhydrated or dehydrated (8% of total body water). The experiments were designed so that the combined environment (Ta = 49°C, relative humidity = 20%) and exercise intensity (47% maximal oxygen) would not allow thermal equilibrium; thus, heat exhaustion eventually occurred. Dehydration reduced tolerance time from 121 minutes to 55 minutes; but, more importantly, core temperatures at exhaustion were approximately 0.4°C lower when subjects were dehydrated. These findings suggest that dehydration not only impairs exercise performance, but also reduces tolerance to heat strain.

Hyperhydration

Because moderate levels of dehydration can be detrimental to soldier performance, it is important to consider whether overdrinking or taking substances to achieve hyperhydration or greater-than-normal body water would be beneficial for temperature regulation and exercise performance. Studies that directly expanded blood volume have usually reported decreased cardiovascular strain62–64 during exercise, but disparate results on heat dissipation63–65 and exercise-heat performance.64–66 Other studies examining the effect of overdrinking to produce a transient hyperhydration have found generally reduced heart rates during submaximal exercise, but disparate results regarding core temperature (reviewed in Sawka et al6). Studies observing lower core temperatures were often confounded by lower core temperatures before exercise. When this effect was controlled,67 hyperhydration had no appreciable effect on thermoregulation during exercise.

Although many studies have attempted to induce hyperhydration by overdrinking water or water-electrolyte solutions, these approaches have produced only a transient expansion of body water. Greater fluid retention can be achieved with aqueous solutions containing small quantities of glycerol.68–71 Although an early report suggested that glycerol hyperhydration enhanced heat dissipation during exercise-heat stress,70 this finding has not been confirmed by subsequent investigations.67,72 In addition, this finding has not improved endurance exercise performance73 or exercise-heat tolerance.74

Water Intoxication or Hyponatremia

Drinking too much can make soldiers sick. A relatively rare but clinically important problem for military personnel is the development of hyponatremia consequent to overdrinking water during training. From 1989 to 1998, 10 to 20 US Army soldiers were hospitalized yearly with symptomatic hyponatremia,75 and hyponatremia was the cause of at least one soldier’s death.76 The majority of cases occurred during warm weather training and afflicted soldiers in a basic training environment.77 Symptomatic hyponatremia occurs most often in soldiers and athletes who perform prolonged physical activities that produce (or are believed will produce) relatively high sweat rates and are sustained longer than 5 hours.78,79 The majority of cases have occurred during physical activities lasting longer than 8 hours.

Symptoms and Etiology

Symptoms of hyponatremia generally occur at serum sodium concentrations < 125 mEq/L and include the following:


	mental confusion,

	disorientation,

	malaise,

	weakness,

	nausea,

	transient neurological deficits,

	seizures, and

	coma.


The absence of hyperthermia excludes the diagnosis of heatstroke.80 Symptoms are most severe when sodium is diluted rapidly (ie, over hours rather than days). This condition is a consequence of the combined loss of sodium in sweat and failure to excrete the large amounts of hypotonic fluid that have been ingested. The net result is a dilution of body sodium. Retention of excess water is not from abnormal renal function, but rather extrarenal factors that suppress renal water excretion81 and/or inappropriate AVP levels.82 For example, Poortmans83 demonstrated that physical exercise reduces urine flow rate even in overly hydrated men. In the experiment, overdrinking before performing exhaustive exercise produced urine flow rates of 12 mL/min. Despite continuing to drink 200 mL of water every 20 minutes during vigorous exercise, the urine flow rate fell to 2 to 3 mL/min. This occurred likely because vigorous exercise reduces the glomerular filtration rate.81 In addition, various factors enhancing tubular sodium reabsorption causes isoosmotic reabsorption of water to increase. As a consequence of decreased glomerular filtration rate and increased water reabsorption, urine volume will decrease.

Prevention

Episodes of hyponatremia have, in most cases, been associated with excessive water intake relative to sweat losses.78,79 Soldiers—especially noncommissioned officers, training cadre, and junior officers—need to be educated that overdrinking is not beneficial (ie, it does not enhance thermoregulation or exercise capacity). The key to prevention is to ensure that volunteers drink only in amounts less than or equal to their sweating rate. Dehydration less than 2% body mass does not compromise performance; therefore, full fluid replacement is not essential during work. Because sodium is the major constituent of sweat (20–60 mEq/L), prolonged sweating can produce substantial sodium deficits. To prevent sodium depletion, soldiers should have access to regular meals. In work environments that produce prolonged, persistent sweating, salting food to taste is generally sufficient to prevent salt depletion. However, when conditions do not permit eating meals, adding small quantities of salt (~0.05% NaCl solution) to the water supply, including salt-containing beverages (eg, commercial sports drinks), or using commercially available salt tablets are viable options to replace salt losses.

FACTORS INFLUENCING DAILY WATER REQUIREMENTS

Several factors influence a soldier’s daily water requirements. This section summarizes the effect of environment, physical activity, body size, gender, and load carriage on daily water loss. However, these factors rarely occur independently, and it is their interaction that determines a soldier’s daily water needs.

Environment

The environment dictates the avenues of heat loss available. In cool and temperate environments, a substantial quantity of heat can be dissipated via radiation and convection. During moderate physical activity in temperate environments, approximately 50% of the heat produced can be dissipated via nonsweating means. In cold environments, almost 75% of the heat produced can be dissipated by nonsweating means. In contrast, in air temperatures 35°C and higher, virtually all heat produced must be dissipated by sweat evaporation. The greater demand on sweating in hot environments can substantially increase a soldier’s daily fluid requirements.

Physical Activity

A soldier’s daily water requirements increase as a function of the total calories expended per day (Figure 7-4). This occurs because sweat losses are dependent on exercise intensity and duration of effort. For example, in temperate conditions, moderate-intensity military tasks (~425 watts; 6.1 kcal/min) will elicit sweating rates of approximately 0.3 L/h, whereas hard work (~600 watts; 8.6 kcal/min) will elicit sweating rates approximately 0.7 L/h. The duration of physical activity also has a significant effect on water need. Although moderate-intensity work in temperate conditions might not elicit high rates of sweating (~0.3 L/h) when extended over an 8-hour period, a soldier’s daily fluid requirements increase an additional 2.4 L/d.

Body Size and Gender

Because men typically are heavier and sweat more profusely than women during physical activity, they will likely have larger daily fluid requirements. This occurs because the caloric cost of ambulatory activity increases as a function of body mass; therefore, larger persons expend more energy walking 1 mile than do smaller persons. Thus, men will expend more energy during marching, and thus produce more heat, than women. In addition, studies show that men have fewer sweat glands per unit area compared with women, but they produce more sweat per gland.84 As such, men will generally require larger quantities of fluid than women.

For ambulatory activities, rates of sweating are nearly proportional to the two-thirds power of body weight. Therefore, a 91-kg man will sweat approximately 30% more than his 59-kg companion walking at the same speed.1


Load Carriage

The energy cost of marching with an All-Purpose Lightweight Individual Carrying Equipment (ALICE) pack and load-bearing equipment (LBE) is much greater than marching without it. Soldiers wearing a 31-kg ALICE pack and LBE expend 29% more energy to march 3.5 mph. Soldiers carrying a 49-kg ALICE pack–LBE ensemble expend 63% more energy to march at the same speeds without the packs.85 In temperate environments, the added energy cost of carrying the 31- or 49-kg backpack ensemble would increase the expected sweating rate from approximately 0.3 L/h without the pack to 0.6 and 1.1 L/h for the two packs, respectively. An additional factor affecting sweating requirements is the loss of effective surface area for evaporation of sweat, because the pack blocks sweating evaporation from the back. Most likely, this would further increase sweating beyond the sweating rate calculated from the added energy cost alone. Adolph et al1 reported that sweating rate increased 7 g/h/kg of backpack weight for packs weighing 10 to 20 kg.

IMPACT OF HOT ENVIRONMENTS ON FLUID REQUIREMENTS

In temperate environments, the daily fluid requirements of soldiers typically range from 2 to 5 L/d, depending on the intensity and duration of physical activities. However, as air temperature rises, daily fluid requirements can increase substantially. In extremely hot conditions, water requirements for soldiers performing primarily sedentary activities can increase from approximately 2 to 3 L/d to 5 L/d. Water requirements for soldiers performing heavy work or long hours of moderate work (4,200–5,300 kcal/d) can increase from 4 to 6 L/d in temperate environments and from 8 to 10 L/d in extremely hot environments.

Relative humidity can increase water requirements independent of ambient temperature. Although relative humidity has little impact on sweating and water requirements in temperate environments, high humidity conditions increase water requirements as much as twofold in warmer environments.2 When the humidity is high, the dramatic increase in sweating requirements underscores the tremendous water supply requirements posed when troops are deployed in tropical and desert climates.

Individuals exposed to hot environments generally drink insufficient fluids during physical activity to offset water lost from sweating.2,86 Heat acclimatization shortens the time delay between when sweating begins and when drinking is initiated.86 In addition, heat-acclimatized individuals drink more frequently and more closely match fluid intake with sweating rate; this results in less voluntary dehydration.2,86 During light exercise, heat-acclimatized soldiers can and often will drink sufficient quantities to sustain hydration.1 However, during moderate- to heavy-intensity exercise, drinking ad libitum generally replaces 50% to 70% of sweat losses,1,2,87–89 and deficits need to be addressed during rest breaks.

Clothing can have a significant effect on daily water requirements. Typically, clothing adds insulation and hinders vapor permeability, thus increasing the sweating rate (compared with wearing shorts and a T-shirt). The addition of backpacks and body armor increases the energy cost of locomotion and reduces the surface area available for heat transfer, thereby further increasing dependence on sweating. However, there are conditions in which clothing can actually aid in reducing water requirements. For example, in hot, arid environments, fully clothed soldiers wearing light, breathable clothing actually sweat less than minimally clothed men.1 During desert walks in the full sun, light, breathable fabric that reflects solar radiation can reduce sweating as much as 20%.1,90
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Fig. 7-4. Estimates of daily water requirements for range of environmental conditions and energy expenditures. WBGT: wet bulb globe temperature
Data source: Sawka MN, Wenger CB, Montain SJ, et al. Heat Stress Control and Heat Casualty Management. Washington, DC: Headquarters, US Departments of the Army and Air Force; 2003: 13. TB MED 507/AFPAM 48-152.




Effect of Hot Environments on Thirst and Voluntary Dehydration

Thermal stresses associated with hot environments are a positive stimulus for thirst and voluntary intake.91 It is not uncommon, however, for persons working in the desert to accrue water deficits. As discussed previously, the objective of drinking is to prevent water deficits from exceeding approximately 2% of normal body mass (eg, ~1.5 L for a 70-kg soldier). This level of water deficit is associated with the onset of reduced performance. Any imbalance between sweating rate and voluntary intake will likely be more prevalent and of greater magnitude in persons unacclimatized to working in the heat. Greenleaf et al92 revealed that volunteers matched water intake to sweating rate during repeated bouts of exercise-heat exposure. They did this by drinking earlier, and the volunteers drank more frequently during the 2-hour exercise-heat exposure period. The average volume consumed per drink did not change.

Effect of Hot Environments on Water Delivery

In tropical regions, water sources are often abundant (eg, rivers, streams, lakes, ponds, wells, and local water systems). However, because of dense vegetation, poor ground transportation (via truck) can impair water distribution and increase reliance on aerial resupply. In desert regions, water sources are limited and widely dispersed. Although water needs are greatest in these hot environments, surface fresh water is almost nonexistent, and available subsurface water can vary from region to region. Lack of available water in desert environments increases water storage and distribution requirements.

Hot Weather Water Requirements

In hot, climatic extremes, daily water requirements for soldiers can range from 5 to 12 L/d. The Water Consumption Planning Factors study report (also known as the Potable Water Planning Guide), published by the US Army Combined Arms Support Command,93 recommends that each soldier be provided with 11.4 L of water per day. Therefore, in an established battlefield situation in which water supply is achieved, sufficient water should be available to sustain the water balance of each individual soldier.

EFFECT OF COLD WEATHER OPERATIONS ON WATER REQUIREMENTS

A number of factors can increase fluid requirements during cold weather operations. One factor is the development of cold-induced diuresis. This phenomenon, first described more than 200 years ago,94 occurs when people become chilled during either cold water or cold air exposure. It is an osmotic diuresis and can increase urine water losses 2-fold above basal conditions.95,96 Although the precise mechanism is not known, generally it occurs as a consequence of increased central vascular pressure caused by peripheral vasoconstriction. Fortunately, diuresis seems to be self-limiting, because the rate of urine production declines with the development of dehydration.

A second factor is increased respiratory water loss from breathing cold, dry air. The magnitude of water loss is dependent on both the ventilatory volume and water vapor in ambient air.97,98 Because cold environments increase the water vapor pressure gradient between the lungs and the atmosphere, more water is lost through respiration in cold environments than in warm environments. The effect of cold temperatures on respiratory water loss, however, does not greatly increase daily fluid requirements. Soldiers performing 12 hours of easy-to-moderate exercise, followed by 4 hours of hard exercise in very cold weather, would accrue only a 0.3 L greater daily fluid requirement than if they performed the same activities in a more temperate environment.

A third factor is that wearing bulky, cold weather clothing could contribute to water loss. Military physical training activities can generate substantial metabolic heat that must be dissipated to prevent excessive elevations in body temperature. If clothing insulation is too thick for the activity level, then substantial sweating can occur. For example, during rest and light work, persons wearing protective clothing from the US Army Extended Cold Weather Clothing System are thermally comfortable and are able to dissipate much of their body heat through nonsweating means (Exhibit 7-1). However, during more vigorous activities, sweating rates can achieve levels in excess of 1 L/h. To minimize these unnecessary sweat losses, soldiers should be trained to use layering and open ventilation options in their clothing level to minimize sweat production during cold weather training.

A fourth factor that can affect water requirements is the added metabolic cost of movement in cold terrain. The addition of bulky clothing reduces mechanical efficiency and can increase the energy cost of a specific activity an additional 10% to 20%.99,100 The metabolic cost of movement in soft snow can be 2.5 to 4.1 times greater than performing the same activity on a blacktop surface.


EXHIBIT 7-1

GENERATION III EXTENDED COLD WEATHER CLOTHING SYSTEM

The Generation III Extended Cold Weather Clothing System consists of protective clothing developed by the US Army Natick Research, Development, and Engineering Center (Natick, Mass) to be functional in cold weather climates. This adjustable, layered insulation system is comprised of the following 12 components:


	Lightweight undershirt

	Lightweight underwear

	Midweight shirt

	Midweight underwear

	Fleece cold weather jacket

	Wind cold weather jacket

	Soft shell jacket

	Soft shell trousers

	Extreme cold/wet weather jacket

	Extreme cold/wet weather trousers

	Extreme cold weather parka

	Extreme cold weather trousers




Effect of Cold Weather on Thirst and Voluntary Dehydration

Investigations studying the effect of air temperatures on thirst and drinking behavior consistently report depressed voluntary drinking during cold weather activities.96,101,102 Experiments in rats demonstrate that this species will voluntarily dehydrate during cold exposure, but will manifest striking thirst when returned to a warm room.101 Similar observations have been made in humans.102 One strategy that has improved voluntary intake is the provision of warm drinks rather than cool drinks during cold exposure.103

An additional cold weather problem occurs when individuals purposefully refrain from drinking to avoid having to urinate in the cold. This behavior typically occurs late in the day when soldiers try not to leave a warm tent or sleeping bag to urinate. If the mission scenario requires soldiers to rehydrate late in the day, their behavioral decision to refrain from drinking adequate quantities of fluid can lead to persistent dehydration during the next day’s activities. One solution is to ensure that soldiers drink regularly during cold weather activities to avoid development of large water deficits. Snack breaks can also stimulate additional fluid intake. This particular strategy will help soldiers to avoid rehydration with large quantities of water before bedtime and reduce the likelihood of their having to get up and urinate during set sleep periods.

Effect of Cold Weather on Water Delivery

The most important factor regarding fluid intake in the cold is the logistical constraint of potable water delivery. In arctic regions, melting snow and ice will provide only enough water for emergency use by individuals and small units. Because of the extensive fuel requirements to melt snow and ice, this is an impractical water source for larger military units. However, the primary water source is unfrozen water underlying frozen rivers, lakes, and wells constructed by civilians and military personnel. The limited availability of water sources greatly increases distribution requirements, and storage and distribution elements must be augmented with specialized equipment to prevent or retard freezing of packaged water. If small units must rely on melting snow and ice for their water supply, the provision of adequate fuel is essential. In addition, the water must be adequately treated to ensure that it is potable.

Daily Water Requirements

Studies examining the voluntary intake of water by soldiers during field maneuvers report daily fluid intakes ranging from 2 to 4 L/d.104–106 However, when energy expenditures are high, human water needs can range from 4 to 6 L/d. Accordingly, the Water Consumption Planning Factors study report recommends the daily provision of 7.6 L of drinking water per soldier for tactical theater and field training exercises in arctic environments.93

EFFECT OF HIGH-ALTITUDE OPERATIONS ON WATER REQUIREMENTS

Military operations in mountainous areas can affect short- and long-term water balance. For example, acute exposure to moderately high altitudes can often produce a self-limited reduction of body water resulting from reduced fluid intake and increased urine volume. Other factors can also affect voluntary water intake and daily water requirements, including the following: (a) symptoms of anorexia and hypodipsia; (b) increased respiratory water loss from breathing cold, dry air; and (c) cutaneous evaporative losses with physical activity.

Effect of High-Altitude Operations on Water Balance

Unacclimated soldiers exposed to moderate, high-altitude hypoxia (3,500–5,000 m) typically become somewhat dehydrated (losing approximately 1–2 L of water from the body, which equals 3% to 5% of total body water) during the first 1 to 3 days of exposure.107,108 This water deficit results in decreased extracellular volume, decreased plasma volumes, and some loss of intracellular water. It occurs as a consequence of arterial chemoreceptor activation, which produces a self-limited natriuresis and diuresis, as well as suppressed thirst and reduced voluntary water intake.107 Attempting to overdrink to prevent the water deficit is not recommended. Diuresis and natriuresis are considered beneficial adaptations because (a) increased plasma hemoglobin concentration increases arterial oxygen content and improves tissue oxygen delivery; and (b) people who develop natriuretic and diuretic responses have less severe symptoms and less incidence of acute mountain sickness.107

The relative dehydrated state produced by moderate- to high-altitude exposure can persist for several weeks. Studies examining water balance in humans exposed to elevations of 3,500 to 5,334 m report persistent reductions in total body water for up to 14 days.108,109 Over time, however, blood volume increases as the volume of red blood cells increases at altitude, with plasma volume remaining reduced or returning to sea-level values.107 Observation of increased plasma volume over time suggests some restoration of total body water with chronic hypoxic exposure.

Effects of Hypoxia on Thirst and Voluntary Water Intake

It is not uncommon for voluntary water intake to decrease approximately 1 L/d during the first 1 to 2 days of moderate, high-altitude exposure.108 Suppressed voluntary water intake does not persist because, generally, daily water intake returns to predeployment levels within the first week of altitude exposure.

Other Factors Associated With High-Altitude Operations That Affect Water Requirements

There is a general belief that increased respiratory evaporative water losses accompanying mountainous operations significantly affect daily water requirements.110 This may be true at high-altitude extremes; for example, Pugh111 reported that climbers at 5,500 m had respiratory evaporative water losses of 2.9 g of water per 100 L (body temperature and pressure, saturated with water) of ventilation. However, at more modest elevations, the combined effects of colder air temperatures, lower humidity, and the higher ventilation rates relative to energy expenditure do not add appreciatively to daily water requirements. Over a broad range of energy expenditures (3,500–7,000 kcal/d), the estimated net respiratory water losses at 2,200 to 3,100 m are very similar to the estimated respiratory water losses at sea level.110 Deployment to 4,300-m altitude will increase daily water requirements approximately 200 to 300 mL/d to compensate for added respiratory water loss.

Cutaneous sweat losses in soldiers working at low, moderate, or high altitudes depend on clothing insulation, ambient weather conditions, and absolute exercise intensity and duration. As in cold weather operations, clothing insulation at high altitudes must be matched to heat production to keep soldiers warm while preventing excessive heat storage and sweat losses. However, vigorous physical activity can produce relatively high rates of sweating and increase daily water requirements.

Effect of High-Altitude Operations on Water Delivery

Water supply in mountainous regions can come from lakes, streams, and local water supplies. Because mountain operations are often associated with cold weather, the same restraints can exist as those described for cold weather operations. An added factor is that high altitude increases the time required to purify water by boiling it. Therefore, if military units rely on melted snow to acquire water, this can have a significant effect on the time required to obtain potable water, as well as on the fuel requirements of small units.

Water Requirements

Military groups operating in high-altitude environments have generally sustained hydration by drinking 4 to 5 L/d when performing primarily sedentary activities.104,112 The Water Consumption Planning Factors study report recommends the provision of 5.6 to 7.6 L/d of drinking water per soldier.93 Therefore, if supply lines are maintained as planned, the water supply should be sufficient to sustain hydration during military maneuvers.


EFFECT OF WATER IMMERSION ON WATER REQUIREMENTS

Water immersion increases central venous pressure and produces a transient diuresis and natriuresis. The magnitude is dependent on water depth, temperature of the water, and the initial state of hydration.113 The quantity of water lost, however, is not sufficient to greatly increase daily water requirements. However, because immersion blunts the thirst response,16–18 it may also affect voluntary fluid intake and the ability to sustain hydration during prolonged operations in water environments. Whether prolonged partial immersion would sufficiently affect drinking behavior and the ability to sustain hydration has not been studied.

BARRIERS TO REHYDRATION

Water Availability

Lack of potable water is probably the greatest barrier to sustaining hydration. If water is not available, rehydration cannot take place and soldiers will suffer. Just having potable water, however, is not sufficient. Water must be made available to the troops. Soldiers at work are more likely to refrain from drinking water if they have to travel some distance to obtain it. This is especially true in desert and arctic conditions, because both weather extremes diminish the desire to do additional work.

The collapsible bladder with drink-tube hydration systems provides a practical example of how availability increases voluntary fluid replacement. With these systems, the soldier can drink on the go in a near hands-free manner (Figure 7-5). When carrying a traditional 0.9-L rigid plastic canteen, the soldier cannot easily access the canteen on the go—particularly when carrying an approach load—and this increases the need to take rest breaks to drink. Although historically the collapsible-bladder hydration systems suffered from poor durability and were difficult to keep clean, advances in the manufacturing process have lessened these deficiencies.

Palatability of Water

If water has an unpleasant taste or odor, voluntary intake will be reduced. Efforts should be made to make water as palatable as possible. Factors that affect palatability include odor, taste, temperature, color, and turbidity of the fluid. The odors and tastes found in water are most commonly caused by algae, decomposed organic matter, and dissolved gases. Chlorination and iodination both add taste to water and can decrease palatability. Water color is derived from colored substances (eg, vegetative matter that is dissolved from roots, leaves, and humus) or from inorganic compounds (eg, iron and manganese salts). Turbidity is caused by suspended clay, silt, organic and inorganic matter, and plankton and other microorganisms. Warm water tastes flat and augments any odors and flavors in it. Water treatment and disinfection remove much of the particulate matter and reduce water color. Cooling water further suppresses odors and tastes, and makes water more palatable.
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Fig. 7-5. Hands-free drinking. Competitor Specialist Heyz Seeker gets a drink from a hydration device during the Urban Warfare Orienteering Course event of the Department of the Army Best Warrior competition at Fort Lee, Va.
Photograph: Courtesy of T Anthony Bell, Fort Lee Public Affairs Office.




During the Persian Gulf War (1990–1991), the US military introduced bottled water to combat nonpalatable water. Although bottled water is expensive to buy and deliver to the troops, particularly in warm weather conditions, it avoids the taste issues associated with mass-produced water containing residual chlorine. Flavor additives can mask the unpalatable taste of chlorine, but they should be added to the water just prior to consumption because these additives can completely destroy the effectiveness of the chlorine.

Gastric Emptying

A potential barrier to sustaining hydration is gastric emptying and intestinal absorption. Evidence to date, suggests that, under most conditions faced by the fighting soldier, neither gastric emptying nor intestinal absorption should hinder the ability to sustain hydration during deployment. The stomach and small intestine function extremely well under conditions of exercise and environmental stress.114 Furthermore, neither gastric emptying nor intestinal absorption are delayed or impaired by exercise intensities ranging up to 70% maximum oxygen uptake, even during prolonged, sustained physical activity.114,115 It should be recognized, however, that there is a great deal of individual variability in rates of gastric emptying and intestinal absorption. Therefore, some soldiers may be less tolerant of drinking large volumes of fluid, and there are other soldiers who are so tolerant that they can actually drink fast enough to make themselves sick (see section on Water Intoxication or Hyponatremia). Scheduled rest breaks and adequate mealtimes should be included to provide time to rehydrate.

Lost Solutes

Complete restoration of a fluid volume deficit cannot be achieved without electrolyte replacement (primarily sodium) in food or beverages.89 Electrolytes, primarily sodium chloride and, to a lesser extent, potassium, are lost through sweat during physical activity. The concentration of sodium in sweat averages approximately 30 to 50 mEq/L, but can vary, depending on an individual’s state of heat acclimatization, diet, and hydration.89 Furthermore, the amount and composition can also vary, contingent on exercise intensity and environmental conditions. Potassium concentration in sweat is approximately 4 to 5 mEq/L. In temperate conditions, sodium chloride concentration in sweat can range from 2 to 13 g/d, averaging approximately 6 g/d for the active soldier. Potassium losses will range from 0.1 to 0.9 g/d, averaging approximately 0.5 g/d for the active soldier. In hot environments, sodium chloride and potassium losses can exceed 17 and 1.9 g/d, respectively. Considering that three Meals, Ready-to-Eat contain 12.6 g of sodium chloride and 2.7 g of potassium, and that typically only two Meals, Ready-to-Eat are provided during field operations, there are many situations in which supplemental salt may be required to offset the sodium chloride lost in sweat. Typically, this deficit can be managed by salting food to taste. Figure 7-6 provides estimates of expected daily sodium losses consequent to working in different environments.
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Fig. 7-6. Estimates of daily sodium requirements for varied weather conditions and energy expenditures.
WBGT: wet bulb globe temperature
Data source: Sawka MN, Wenger CB, Montain SJ, et al. Heat Stress Control and Heat Casualty Management. Washington, DC: Headquarters, US Departments of the Army and Air Force; 2003: 13. TB MED 507/AFPAM 48-152.



STRATEGIES TO SUSTAIN HYDRATION IN HARSH ENVIRONMENTS

Do Not Skip Meals

Studies on soldiers working in the desert1 clearly demonstrate that the majority of daily fluid intake occurs at mealtime. As illustrated in Figure 7-7, soldiers working in the heat voluntarily dehydrated themselves during work periods, but made up the water deficit during mealtime. This same pattern of drinking has since been confirmed by others.10,11 This observation is important because meals are a valuable time for rehydration and maintenance of fluid balance (Figures 7-8 and 7-9). They also provide a source of solutes to offset the electrolytes lost during perspiration. As discussed previously, if missing solutes are not replaced, complete rehydration cannot be achieved.
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Fig. 7-7. Changes in body weight of one researcher during a day in the desert. The loss was more rapid in warmer hours and fastest during an afternoon walk, reflecting change in evaporative water loss with conditions of activity and exposure. Most of the fluid was taken with meals.
Data source: EF Adolph and associates. Physiology of Man in the Desert. New York, NY: Interscience; 1947: 39–40. Chap 3.



Make Time to Drink

Soldiers will often underdrink voluntarily relative to the perspiration they produce during work. Rest breaks provide an opportunity for their fluid intake to catch up with their deficit. This is especially relevant when work and weather conditions produce sustained, profuse sweating. To achieve high rates of rehydration, it is advantageous to maintain a high gastric volume, because the speed in which a bolus of fluid leaves the stomach falls exponentially as the stomach volume decreases. A relatively full stomach and high rates of gastric emptying can be achieved by frequently drinking small amounts of fluid during work.114

Maximize Palatability
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Fig. 7-8. US Army Air Force personnel in Tunisia consuming their rations from defensive positions (March 7, 1943). The largest daily fluid intake is generally associated with consumption of meals.
Photograph: Reproduced from the National Archives and Records Administration, Washington, DC, photo no. 208-AA-2U-7.
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Fig. 7-9. Nutrient on-the-move delivery system attached to standard Army hydration devices. This new system, developed by researchers at the US Army Research Institute of Environmental Medicine, provides the opportunity for soldiers to flavor their water, combined with various drink mixes, and add nutrients (eg, carbohydrate mixes).
Photograph: Courtesy of the US Patent and Trademark Office (US Patent No. 7,533,786 B2), Alexandria, Va.



How a drink tastes is a major determinant of the amount of drink consumed. If the provided water tastes disagreeable, soldiers will drink less and will endure greater dehydration.1 Many factors play a role in palatability, including cultural background, previous experience with the drink, and time of day. Even per individual, palatability is not constant. The decrease in pleasantness can be specific to a particular drink. Therefore, if the goal is to increase voluntary fluid intake, then switching to a different drink can help to stimulate fluid intake. Rolls and Rolls116 found that persons offered a choice of three different flavors drank 22% more than when no flavored drinks were provided, and they consumed more of the flavored beverage than the nonflavored beverage.


TABLE 7-3

FLUID REPLACEMENT AND WORK/REST GUIDELINES FOR WARM WEATHER TRAINING CONDITIONS*
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NL: no limit; MOPP-4: mission-oriented protective posture 4; WBGT: wet bulb globe temperature.
*Applies to average size and heat-acclimated soldier wearing battle dress uniform in hot weather.
†If wearing body armor, add 5°F to WBGT index in humid environments.
‡If wearing nuclear, biological, and chemical clothing (MOPP 4), add 10°F to WBGT index.
§Work/rest times and fluid replacement volumes will sustain performance and hydration for at least 4 hours of work in the specified heat category. Fluid needs can vary based on individual differences (± ¼ qt/h) and exposure to full sun or full shade (± ¼ qt/h).
¥Rest means minimal physical activity (sitting or standing), accomplished in shade, if possible.
¶CAUTION: Hourly fluid intake should not exceed 1½ quarts.
**Daily fluid intake should not exceed 12 quarts.
††No limit equals no limit to work time per hour (up to four continuous hours).
Adapted with permission from: Sawka MN, Wenger CB, Montain SJ, et al. Heat Stress Control and Heat Casualty Management. Washington, DC: Headquarters, US Departments of the Army and Air Force; 2003: 13. TB MED 507/AFPAM 48-152.

 

Adding sweeteners to drinks leads to increased fluid intake.117 Adding too much sugar can decrease acceptability during physical activity. Trained endurance athletes reported more symptoms of nausea and fullness when drinks contained 12% glucose compared with drinks containing 6% glucose or water.118

Carbonated beverages can be pleasurable with meals or when sedentary, but they make a poor fluid replacement beverage during activity. Sohar and colleagues119 found that soldiers drank less of the carbonated beverages than either water or flavored beverages. Soldiers who drank the carbonated beverages complained that carbonation made it difficult to drink large quantities of fluid.

Temperature of the preferred drink depends on a number of factors, including culture and learning,120 climatic conditions, and the physiological state of the individual.121 In hot and temperate environments, cool drinks increase voluntary intake.89,122 Drink temperatures of 15°C to 20°C seem optimal when persons need to drink large volumes of fluid.89 In cold environments, voluntary intake is enhanced when drinks are warmed.103 In both environmental extremes, the dehydration-induced drive to drink will overcome any initial resistance to drink warm or very cold water.123

Minimize Body Water Losses

There are several behavioral actions that soldiers can take to reduce sweat losses and maximize fluid retention. For example, in hot, arid environments, sweating rates can be reduced by working at night. During daylight hours, sweating rates can be reduced by covering the skin with light, vapor-permeable clothing. In cold environments, matching clothing insulation and/or clothing ventilation to the rate of heat production reduces the need for sweating to dissipate heat. Drinking small quantities of fluid frequently results in less urine production than drinking large quantities of fluid less frequently. Similarly, adding small quantities of salt to fluid-replacement beverages improves fluid retention compared with drinking water only, particularly when many hours of labor separate meals. There is no evidence that heat acclimation promotes water conservation; in fact, acclimation leads to earlier onset and more profuse sweating. Therefore, behavioral strategies are the best solution for minimizing water turnover.

Provide Education

Troop education on the importance of hydration is essential to deployed soldiers. Military planners and logistics personnel must ensure that adequate quantities of potable water are available. Small unit leaders should maximize delivery and availability of potable water to the soldiers. Therefore, these soldiers must understand the importance of drinking, making time to drink, and drinking the right amount.

As previously discussed, dehydration in excess of 2% body weight can have detrimental effects on troop performance. Thus, it is important that soldiers make time to drink during physical activity and drink sufficient quantities to minimize the likelihood of dehydration. It is not essential that soldiers fully offset sweat losses during physical activity. They can make up for any water deficit during rest breaks and at mealtime. The best method to prevent excessive dehydration during physical activity is to begin drinking early and continue drinking small amounts of water every 15 to 20 minutes of exercise.

Table 7-3 provides current Army hot weather guidance for fluid replacement in troops in training environments where work:rest ratios are practical for preventing heat injury.124 The amounts in each cell reflect the expected hourly fluid intake to fully replace all sweat lost during activity. Thus, the numbers in each cell are the average predicted sweating rates for each activity level and environmental condition. Because there is considerable variability between individuals, the numbers in each cell must be considered as approximates. As noted in Table 7-3 footnotes, actual sweating rates (and 100% fluid replacement) may vary between individuals by ±¼ quart per hour. Similarly, the work:rest ratios are a guide to approximately how much time should be dedicated each hour to work versus rest (assuming work will be sustained for several hours) to prevent body core temperatures from reaching levels associated with premature fatigue and heat exhaustion. Table 7-3 also specifies an upper limit for hourly (1.5 quarts) and daily (12 quarts) water intake to provide a safeguard against overdrinking and developing water intoxication (hyponatremia) during training.

SUMMARY

It has long been known that individuals can survive much longer without food than they can without water. Only in recent decades has science been able to quantify the factors that influence the body’s ability to maintain optimal water levels and the physiological consequences of water imbalance. This chapter has presented information to assist the caregiver—whether physician, medic, unit leader, or fellow soldier—in understanding the influence of environment, physical activity, body size and gender, and load carriage in maintaining water balance. In the not-so-distant past, a lack of understanding of these complex systems led to the deaths of thousands of military personnel in various campaigns. Until science (through the development of biometrics) can accurately and instantly evaluate the water balance of every soldier, it remains the responsibility of each individual—as well as support personnel—to be vigilant in recognizing the potential for and the development of water imbalance situations and to effectively institute rehabilitative measures.
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INTRODUCTION

From General George Washington’s successful winter attack in Trenton, New Jersey, on December 26, 1776 to present operations in the heat of Iraq and the cold and altitude of the Afghanistan mountains, the environment—as represented primarily by meteorological extremes—has played a role in military operations. Although, on occasion, a catastrophic weather event or a major storm can impact a military operation directly, the majority of medical problems related to the thermal state of soldiers result from their exposure to multiple physical and environmental stress factors that, in combination, might produce chronic or acute physiological strain.

Perhaps because exposure to the physical environment is a persistent but not dramatic factor relative to other tactical and medical concerns, the prevention of environmental injuries related to the weather is often a secondary concern. The prevention of thermal environmental injuries is often not a command priority until a specific ailment (eg, frostbite, hypothermia, or heatstroke) reaches a level that significantly impacts operations or captures media attention. In addition, knowledge of the basic factors involved in thermal stress, particularly meteorology, is not part of classical medical education.

Within the US military, the weather mission is not always a priority for the Army, because the Air Force is assigned primary responsibility for weather. Thus, one cannot fault the medical staff for not being meteorologists. However, for medical personnel operating in the field, having a basic understanding of how weather impacts soldiers can be critical. The purpose of this chapter is to present the basic information regarding the collection of weather data—relating the data to the actual science of heat exchange—and to review methods that allow the interpretation of weather data into practical applications for the management and prevention of morbidity associated with the thermal elements of the environment.

THE ENVIRONMENT

Definition of Environment

At the most basic level, environment is defined as the surroundings of an object, organism, population, or system. By that definition, the environment can be virtually the universe. A more practical and limited definition is necessary, as any reference to the environment is only meaningful in the context of a specific focus. For military medicine, the obvious focus is military personnel. To further reduce the scope of the environment to manageable levels, the description should be limited to factors that may have a specific effect on the individual or population. Thus, it is meaningful to refer to the social, psychological, or physical environment rather than the totality of the environment.

Definition of Thermal Environment

The primary effect of the environment on military personnel is that of ambient conditions on heat exchange. At a given point in time and space, an individual who occupies that point experiences a specific set of physical conditions. Those conditions that determine the potential for heat exchange between the individual and the surrounding environment define the thermal environment. Thus, the thermal environment is defined as those aspects of the physical surroundings of the individual or population that directly affect the potential for heat exchange between the subject or population and its environment. In terms of environmental stress, the thermal environment represents the primary stress potential of the physical environment. The actual strain experienced is dependent on the thermal environment, certain physical characteristics of the individual (eg, posture, insulation, or clothing), and human physiology (hydration, energy reserves, metabolic rate, and activity level).

Energy Balance Equation

The energy balance for an individual can be written as:

[image: art]

The variables are metabolism (M), evaporative heat loss (E), radiative heat exchange (R), convection (C), conductance (K), work (Wk), and storage (S). Significant changes in S, as reflected by changes in body temperature, are indications of thermal strain. E, R, C, and K are the environmental pathways for heat transfer. These pathways are not measured directly, however. Instead, measurements are made of the meteorological parameters that determine the potential for transfer along each pathway.

The whole-body equation is expressed in terms of the rate of change in an energy flux (units in W or J • s–1), but almost all heat exchanges occur through the body surface. It is therefore often preferable to express heat exchange parameters in relation to the skin surface area involved in heat exchange as density fluxes (W • m–2). It is also more meaningful to reorder the equation to indicate that the final balance might result in a change in the storage term, S.


(2) S = M – (±Wk) ± E ± R ± C ± K [W • m–2]

(3) ΔS = 1,000 • cb • m •ΔTb ÷ (Δt • AD) [W • m–2].



The value of expressing the energy balance in terms of S is that any change in storage (ΔS), during time interval Δt, will result in a change in body temperature (ΔTb). The practical significance is that any change in measurable body temperature indicates a shift in the energy balance of the body. Hence, monitoring body temperature will provide a direct indication of the thermal state of the body. The specific heat of body tissue (cb) is 3.5 kJ • (kg • K)–1.1 Body mass (m) in kilograms and height (ht) in meters can be used to estimate the Dubois (AD) body surface area.2


(4) AD = 0.202 m0.425 ht0.725 [m2].



AD is used to approximate the body surface area involved in convective, radiative, and evaporative heat exchange, but not conductance.

Biophysical/Environmental Variables

Four general environmental parameters determine the potential for heat exchange between an object and the environment. The first three parameters—(1) temperature, (2) wind speed, and (3) radiation—determine dry or sensible heat exchange potential. The fourth parameter, water vapor pressure (humidity), determines the potential for insensible heat exchange that involves a phase change from liquid to vapor.

Conductance. Conductance is heat exchange between a surface and a solid. It is dependent on the temperature difference (ΔT) between the body surface and the other solid surface, the thermal conductivity of the material (kc), and the distance (l) through which the heat is conducted.


(5) K = (kc/l) • ΔT [W • m–2].



To compute actual heat loss, the area of surface contact (Ac) must also be known. For a standing person, the contact area for conductance is through the soles of the feet or footwear. Unless the surface temperature is unusually high or low and the soles are poorly insulated, conductance is usually negligible. Heat loss from even a very small surface area can be important. For an astronaut handling cold-soaked tools on an extravehicular activity, an individual repairing/refueling a vehicle in extreme cold with inadequate handwear, or an injured soldier or rifleman lying/sleeping on frozen ground, conductance can be a significant concern. A combination of radiant heating and conductance quickly teaches vehicle crewmen to protect themselves from the surface of armored vehicles exposed to direct sunlight in the desert.

Convection. Convection is heat transfer through a fluid medium, normally air or water. A hot blast of air or a cool breeze is a sensory interpretation of convective heat exchange. The general equation for convection is driven by the difference between mean skin or surface temperature ([image: art]) and air temperature (Ta).

[image: art]

The convective heat transfer coefficient hc is dependent on the density, viscosity, and velocity of the fluid. There are two types of convection: (1) free and (2) forced. Free convection involves still or very low-velocity fluids, whereas forced convection dominates at higher fluid velocities. Free convection would occur if a heated rock were placed in still water. By warming the surrounding water, a pattern of fluid densities and temperatures would form around the rock. If the object had been heated at a constant rate rather than cooled, that pattern would stabilize. Forced convection is equivalent to placing the same rock into a flowing stream. The patterns of temperature and density that form in the stream flow are driven in part by the mechanical interaction of the rock and the flowing water, whereas in still water the primary factor is a small buoyancy flow from warming of the surrounding water.

The practical significance of free versus forced convection is that the convective heat transfer coefficient hc is calculated with slightly different parameters for each type of convection. Free convection dominates in still fluids, and forced convection dominates above 0.3 m • s–1.3 In the narrow zone between those two thresholds, both free and forced convection must be considered.4 When forced convection dominates, hc for a standing individual is roughly proportional to the square root of the air velocity (u). As a consequence, a velocity change of 0.5 m • s–1 has a relatively more significant effect on hc at low wind speeds (below 2.5 m • s–1) than at higher wind speeds.

To calculate hc for forced convection in air without the additional effects of the individual parameters of motion or clothing requires a series of calculations4,5:

Thermal conductivity of air,


(7) kf = 2.41 • 10–2 + 7.8 • 10–5 • Ta [W • m–2 • ˚C–1].




Kinematic viscosity of air,


(8) ν = 1.33 • 10–5 + 9.0 • 10–8 • Ta [m2 • s–1].



Reynolds number,


(9) Re = u • L/ν [N.D.]



and the Nusselt number,


(10) Nu = cPraReb [N.D.]

(11) Nu = c″Reb [N.D.]

(12) hc = Nu • kf/L [W • m–2 • K–1].



The characteristic dimension (L) for a standing cylinder is the diameter (m), and approximate values for c″ and b are 0.33 and 0.55.6 The Prandlt number (Pr) is assumed to be a constant (0.72) for air temperatures in the 10° to 50°C range, as is the shape factor (a) for a cylinder.6 The actual rate of heat transfer is not determined wholly by environmental conditions. The convective heat transfer coefficient (hc) is also determined, in part, by the shape or posture of the individual, as well as by the velocity and other properties of the fluid. The majority of physiological research assumes a standing or walking subject. The shape factor4,7 for a patient on a litter on the ground is not the same as it is for a standing person. The shape factor would not only differ with posture, but also there would be a parallel equation for free convection at lower air velocities, and clothing and motion would also alter convective heat transfer.

Because of the greater density of water, the rate of heat loss in water is much higher than it is in air. In water, temperature has an effect that is 77 times greater for a nude person at rest in still water than the same temperature difference in air.8–10 Both activity and water flow will increase the rate of heat loss. A relatively small difference in the temperature gradient between a body and the surrounding water has a much more significant effect on an individual’s thermal balance. The danger of water immersion was reinforced by the deaths of four Ranger students following a stream-crossing exercise at Florida’s Eglin Air Force Base. The estimated air and water temperatures were 17° to 18°C and 12° to 15°C, respectively.11

It is difficult to separate the environmental potential for convective heat loss from the effects of clothing and activity. In a fluid, a series of layers of homogeneous temperature and velocity form about the body surface; this is collectively referred to as the boundary layer. By modifying the rate of heat transfer between the surface and the environment, this layer acts as insulation between the body surface and the environment. The thickness and stability of the boundary layer is dependent on the velocity and turbulence of the fluid. Boundary layers are more stable when the fluid flow is streamlined (laminar) rather than turbulent. Extreme turbulence can disrupt the formation or stability of a boundary layer, increasing heat loss.

Convection is also modified by body motion (the pendulum effect), the movement of air within clothing and in and out of clothing through openings (pumping or ventilation), and clothing insulation. Another clothing interaction occurs when wind penetrates clothing, thereby reducing the effective insulation. Such effects fall outside the scope of this chapter, but some understanding of how these dynamic, physical factors affect convective heat exchange is useful.

The pendulum effect12 results from the motion of extremities. The effect of motion has been studied by mounting naphthalene discs on both human subjects6 and mannequins that simulate walking motion.13 Em pirical equations for calculating hc during different activities14 can be used to compensate for the effect of motion on convection. Another approach is to calculate an effective air velocity (ve) that assumes that the effect of the observed air velocity is enhanced by body motion and that body motion is proportional to whole-body metabolic rate ([image: art]).15

[image: art]

Measured air velocity (u or va) and effective air velocity (ve) are measured in meters/second. Corrections for only the pendulum effect are adequate for the nude state. The effect of clothing insulation can be estimated by calculating a thermal efficiency factor (Fcl) from the intrinsic insulation of clothing (Icl) and boundary layer (Ia), as proposed by Burton in Gagge and Nishi.14 The Fcl value for a nude individual is 1 and always less than 1 when clothing is worn. Some investigators feel that a pumping coefficient that adjusts for the pendulum effects and air exchange from both air movement within the clothing and ventilation should be incorporated into the equations. The combination of clothing and motion has been studied in human subjects16,17 and walking mannequins.18,19 Tests were often conducted with variable wind speeds to determine the contribution of wind penetration. There have been several approaches to quantifying this pumping effect. One approach is to treat the effects of motion as a convective effect by increasing the heat transfer convection. The other approach is to express the effect as a reduction in clothing insulation, which is possible because clothing insulation is partially a resistance to convective heat exchange.

Convection is an important heat exchange pathway in the cold. The windchill index20 predicts cold tolerance and injury on the basis of convection heat loss. In the heat, evaporation is usually more important in maintaining homeostasis, but convection is an important pathway for heat exchange in some circumstances. When air temperature is greater than skin temperature, the normal direction of convective heat exchange is reversed, the body will gain heat from the environment, and a cooling breeze becomes a warming breeze. Another situation is the relative importance of evaporative versus convective cooling. Normally, evaporative heat loss is the most effective means of transferring heat to the environment; but, in conditions of extremely high humidity or when impermeable clothing is worn (eg, the Suit, Contamination Avoidance, Liquid Protective [SCALP] or Toxicological Agent Protective [TAP] chemical ensembles), evaporative transfer is greatly reduced or blocked and the primary source of cooling is convective heat loss.

Radiation. Radiation is often equated with direct sunlight and solar load. Radiation from the sun interacts with the atmosphere before reaching the body surface. The total or net radiant term in the energy balance equation is the sum of six different heat transfer components. Five of these components are incoming from environmental sources. Solar load is a combination of three of those components: (1) direct, (2) reflected, and (3) scattered solar radiation. The other three components follow: (4) incoming ground thermal radiation, (5) diffuse or sky thermal radiation, and (6) outgoing thermal radiation emitted from the body surfaces (Exhibit 8-1).

Natural nonionizing radiation from the ultraviolet (UV) to thermal or near infrared (IR) spectrum (200 to 8 • 104 nm) is an important component in determining an individual’s thermal balance. The wavelength of nonionizing radiation is dependent on the temperature of the radiating surfaces (Wien’s law). The sun—which is a large, extremely high-temperature source (6,000 K)—is the principal source of natural radiation. In an outdoor environment, the ultimate source of most radiation is the sun.

Radiation is normally categorized as short-wave (solar) radiation and long-wave (IR or thermal) radiation. UV radiation in the 200- to 400-nm range is included in the discussion of the short-wave radiation component. Although it is important at the cellular level in terms of cell damage and vitamin D production (see Chapter 9), UV contributes little to the thermal load. Visible light (400–750 nm) is detectable by the human eye; the colors seen are actually the light that is reflected by surfaces. Much of the long-wave radiation is absorbed by water in the atmosphere and reemitted rather than transmitted directly through the atmosphere as direct beam radiation. Radiation—particularly in the visible spectrum (400–750 nm)—that is transmitted from the sun through the Earth’s atmosphere to the surface without being absorbed and reemitted is classified as solar radiation. Solar radiation includes some near-IR radiation.

Solar radiation is divided into direct, diffuse, and reflected solar radiation. The amount of direct solar radiation that reaches the body surface (Figure 8-1) is dependent on the intensity of the direct rays and a combination of the body surface area, posture, and position of the body relative to the elevation (solar angle) and direction (azimuth) of the sun.21,22 Diffuse solar radiation consists of short-wave radiation that is scattered or reflected downward as it passes through the clouds and atmosphere. In contrast to direct solar radiation, diffuse solar radiation is assumed to be an isotropic source, so the intensity of diffuse radiation is more or less equal on all exposed surfaces regardless of the angle of incidence. On overcast days, all radiation from the sky is diffuse.

Reflected solar radiation is solar radiation (direct and diffuse) that is reflected back from the surface. The intensity of the reflected radiation depends on the intensity of the incoming radiation and the reflectivity or albedo of the surface. Ice, snow, smooth rock, and sand have high albedos. Normally, the ground reflects incoming radiation equally in all directions; therefore, like diffuse radiation, reflected radiation is isotropic. Topography can also affect reflection. In alpine areas, the walls of a south-facing cirque can act like a parabolic mirror, capturing and intensifying the incoming solar radiation so that the cirque functions like a low-temperature solar oven23 (Figure 8-2). At higher elevations, a combination of the thinner atmosphere, the high albedo of smooth rock, ice or snow, and terrain features might significantly increase the total amount of incoming solar radiation (including UV radiation) and, thus in addition to warming, an increased potential for sunburn (Exhibit 8-1).

The remaining radiation components are in the thermal or IR spectral range (800–808 • 104 nm). According to the Stefan-Boltzmann equation, an object emits long-wave radiation (Rb):


(14) Rb = σ • TK4 [W • m–2].



The Stefan-Boltzmann constant (σ) is 5.67 • 10–8 W • m–2 • K–4, and TK is the surface temperature in degrees Kelvin [image: art]. The atmosphere absorbs some of the radiation that reaches the outer atmosphere. Ozone absorbs UV radiation, and water molecules absorb thermal (IR) energy. Energy that is absorbed into the atmosphere warms the upper atmosphere. Some of this energy can be remitted at a different wavelength, depending on the temperature of the emitting molecules in accordance with the Stefan-Boltzmann equation. The source of this sky thermal radiation is the atmosphere; thus, it is another diffuse, isotropic source. In a similar manner, a portion of the radiation striking the earth might be absorbed, thereby warming the ground. Ground thermal radiation can be calculated in the same manner as a function of surface temperature. Incoming thermal radiation is isotropic and absorbed over the same surface as diffuse and reflected solar radiation.


EXHIBIT 8-1

SOLAR LOAD

Importance of Solar Load

The importance of radiation and, more specifically, the solar load ([image: art]) to the overall level of environmental thermal stress is the subject of some debate. The soldier in the field knows that solar radiation is important. Conversely, environmental physiologists have tended to treat [image: art] as a relatively minor contributor to the overall energy balance of humans. The methods for estimating radiant load are often based on relatively crude instruments, such as black globe thermometers; but, as is often the case, direct measurements of radiation are completely absent. Until recently, popular media weather reports offered the public only generalities regarding solar radiation (eg, sunny, partially cloudy, or overcast). Indices for ultraviolet exposure and the potential hazards of sunburn have appeared in local weather forecasts during the summer months and year-round in the subtropics (see Chapter 9, Exhibit 9-6). Military meteorological databases do not generally record information regarding solar radiation unless black globe temperatures have been incorporated into wet bulb globe temperature values. There is an apparent discrepancy between the perceptions of field soldiers and their scientific support regarding solar radiation.

As Lotens and Pieters(1) have indicated, the real importance of [image: art] occurs when the overall level of thermal stress is high. A radiant gain of 50 W is relatively small; however, if not counterbalanced by an increase in evaporative or convective heat loss, this small imbalance will represent the continual accumulation or storage of energy within the body tissues and a slow, gradual increase in body temperature. When overall stress levels hover at a critical threshold, a small heat gain can be the factor that upsets the balance.

A simplified calculation for a whole-body heat storage would be:


(1) ΔS’ = cp • m • ΔTb [kJ].



The specific heat of body tissue (cp) is approximately 3.49 kJ • kg–1 • °K–1. We can assume that, at a rectal temperature (Tre) of approximately 39.5°C, 50% of a military population would exhibit hyperthermic symptoms. Assuming that a neutral initial Tre is 37°C, an increase in Tre to 39.5°C approximates an increase in body temperature (ΔTb) of 2.5°C. For a 70-kg individual, if [image: art] = 50 W, constant exposure to that level of solar load would result in hyperthermia in approximately 4 h.

[image: art]

For [image: art] = 200 W, the estimated time to hyperthermia would be one-fourth, or approximately 51 min. In actuality, most people would not “cook-off” in 51 min. Instead, thermoregulatory mechanisms, particularly the sweat mechanism, would be strained to compensate for an additional 200 W.

Breckenridge and Pratt(2) demonstrated how the solar load was offset by an increase in evaporation by using the increase in evaporative loss to estimate difference in solar load on soldiers wearing different colors and shades of uniforms. They estimated the solar load for soldiers in a black uniform to be 169 W (145 kg-cal • h–1) and for soldiers in a white uniform to be 107 W (92 kg-cal • h–1)—a difference of 62 W. Estimates for green and khaki uniforms made the following year were 131 W and 107 W, respectively, which is a smaller difference of 24 W.

The question posed by Breckenridge and Pratt(2) and other empirical studies(3,4) that found [image: art] for clothed mannequins ranging from 11 to 166 W is whether or not the solar contribution to energy balance is significant. The general consensus of environmental physiologists and modelers has been that the importance of [image: art]  relative to other thermoregulatory factors is small and that the additional effort required to obtain a more accurate estimate of [image: art] is not justified. The  corollary to this conclusion is that, if there is only a limited need to quantify [image: art] accurately, there is less need to be concerned about any difference in between uniforms. The preceding calculations, which demonstrate the potential impact of even a 50 W [image: art], suggest that solar radiation can be an important factor in thermal balance, but this does not directly address the issue of whether or not a more accurate estimate of [image: art] is a priority.

Clothing, Color, and [image: art]

It would seem intuitively obvious to anyone standing in direct sunlight that exposure to solar radiation is a significant factor; yet, when energy balance equations are computed, the relative contribution of radiation to the overall energy balance can seem relatively small. Converting those observations to a complete understanding of the full impact of exposure to radiation under field conditions is difficult. Sunburn is a clear hazard, and the degree or severity of the burn can be directly related to the cumulative exposure to total solar radiation, but is not necessarily a reliable indicator of [image: art] because sunburn impacts bare skin, whereas [image: art] can be mitigated by clothing. Conversely, the change attributed to moving from full sunlight to shade is quite real, but some of the effect can be from thermal or long-wave radiation being reemitted by the ground or sun-heated walls.

One source of some confusion regarding solar radiation is an apparent paradox; [image: art] is smaller for clothed individuals than nude individuals. The intuitive response is that, because clothed individuals are warmer than near-nude individuals in the same environment, [image: art] should be greater when clothed. When you go to the beach, would you put on clothing to reduce your [image: art]? Actually, the answer is yes. Just as you would wear clothing to reduce your ultraviolet exposure (and sunburn), clothing will reduce the absorption of solar energy in the longer wavelengths. The apparent paradox happens because, whereas clothing reduces solar gain, it also reduces heat loss by convection and evaporation. Because radiation is usually a smaller factor in the overall heat balance, the net result is that the clothed state is warmer than the nude state. But, if you want a greater [image: art], take off your clothing.

In respect to solar load ([image: art]), the body is essentially a solar collector. The total amount of energy absorbed by the collector is dependent on the intensity of the solar radiation (I), the surface absorptivity (α) and transmission (τ), and the exposed surface area (A). For bare skin, absorptivity (α) varies with the degree of skin pigmentation. The approximate range of α is 0.4 to 0.9, but there is considerable variability between people and source wavelength.(5–8)

Clothing modifies [image: art] in two ways: (1) it modifies all energy exchange pathways by changing the areas for energy exchange and (2) it modifies the rate of heat transfer. It slightly increases the effective absorption surface area (Ae) and modifies the amount of radiation that is absorbed. Clothing increases the outer surface just as increasing the diameter of any cylinder would increase its surface area. A clothing area factor (fcl) is used to adjust Ae for clothing.

The second factor is clothing insulation. Clothing insulation refers to the resistance of clothing to heat transfer by convection and radiation. In practice, clothing insulation decreases the rate of heat transfer by convection, radiation, and conductance. Radiation that is transmitted directly through clothing mass retains its full wavelength distribution, whereas radiation that is absorbed at the clothing surface can heat the clothing surface or increase the temperature of the clothing layer. Some absorbed radiation can be re-reflected multiple times within the clothing material and eventually reach the body surface without any change in wavelength. This reflected solar component is technically transmitted rather than absorbed. Solar radiation that is absorbed by the clothing can be stored in the clothing layer, thereby raising clothing temperatures, or it can be lost by emission, conductance, or convection to the body or the environment. Breckenridge and Goldman(3,4) used an insulation efficiency factor (U), derived from clothing insulation values, to indicate the portion of absorbed solar radiation that was eventually transferred to the body.

___________________

Data sources: (1) Lotens WA, Pieters AMJ. Transfer of radiative heat through clothing ensembles. Ergonomics. 1995;38:1132–1155. (2) Breckenridge JR, Pratt RL. Effects of Clothing Color on Solar Heat Load. Natick, Mass: Environmental Protection Branch, Quartermaster Research and Engineering Center; 1961. Technical Report EP-155. (3) Breckenridge JR, Goldman RF. Solar heat load in man. J Appl Physiol. 1971;31:659–721. (4) Breckenridge JR, Goldman RF. Human solar heat load. ASHRAE Trans. 1972;78:110–119. (5) Hardy JD. Physiological effect of high intensity infrared heating. ASHRAE J. 1962;4:36–42. (6) Roller WL, Goldman RF. Prediction of solar heat load on man. J Appl Physiol. 1968;24:717–721. (7) Fanger PO. Thermal Comfort. New York, NY: McGraw-Hill; 1970. (8) McIntyre DA. Indoor Climate. Essex, England: Applied Science Publishers Ltd; 1980.
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Fig. 8-1. Solar load ([image: art]) for direct solar radiation for a standing figure without clothing (α = 0.68). Because of the interaction of solar intensity and solar angle, the maximum [image: art]  does not coincide with the maximum solar intensity, but does at the optimum combination of surface area exposure and solar intensity. Discrete values were based on measurements of incoming solar radiation at Fort Bliss, Texas. Calculated values were derived using input values from a solar radiation model.



Whether or not radiation is absorbed, reflected, or transmitted depends on the physical properties of the surface. The absorptivity (α) of a surface determines the absorption of radiant solar energy in the visible spectrum, whereas emissivity (ϵ) determines the absorption and emission of thermal radiation. Because α refers to the visible range, color and surface texture are also factors. In the IR range, texture is the primary clue to (ϵ) properties.

Under most circumstances, the meteorological information required to separate incoming radiation into the incoming solar and IR components is not available. Instead, values for the effective radiant field (Re) and mean radiant temperature (Tr) are estimated. The assumption behind these two terms is that the radiant load is distributed equally over the body. The effective radiant field (Re) is the total radiant energy exchange in an imaginary isothermal black enclosure at Tr if body surface temperature ([image: art]) equals Ta.14 hr is the radiant heat transfer coefficient.

[image: art]

As discussed in the instrumentation section, Tr can be measured with a relatively simple instrument: the black globe thermometer. The globe thermometer essentially integrates radiation into a single net value. In contrast, attempting to sum the radiation term (R) from six or more separate components is much more complex. The concept of Tr is widely accepted by physiologists, but might present some problems in outdoor environments where the solar load is a more significant factor in the thermal environment. The radiative heat transfer coefficient (hr) may be derived from the Stefan-Boltzmann law:

[image: art]

The ratio of radiated surface area (Ar) to AD is approximately 0.71 for a seated or standing individual.24,25 The surface temperature ([image: art]) may be the mean skin temperature ([image: art]) for the nude condition or the mean clothing surface temperature ([image: art]) for a clothed individual. The Stefan-Boltzmann constant (σ) and emissivity (ϵ) were introduced earlier. An additional term, the ratio of the outer clothed surface area to the skin surface area (fcl), is introduced into the equation to adjust for an increase in surface area if clothing is worn.14 In parallel with the cooling efficiency factor (Fcl), the clothing area factor (fcl) is 1 without clothing. If a calculated or direct measurement value is available for Rg, ([image: art]) can be approximated by adding a fixed value to [image: art] using an equation developed by Matthew and colleagues.26 As long-wave radiation varies with [image: art] temperatures, the equation is adjusted for different values of [image: art]. A rougher approximation based on assumptions regarding the range of Rg values is no sun [image: art], overcast or cloudy [image: art], partially cloudy [image: art], and clear sky [image: art].26

The relationship between the net radiation heat exchange (R) is derived from Re, Tsk, and hr by the equation14:
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If clothing is worn, the cooling efficiency factor (Fcl) is added to the equation:

[image: art]

One interesting point is that wearing clothing significantly reduces the solar load22,27 by insulating the body from external radiation. Relative to heat transfer by evaporation, the solar load would seem to be unimportant. However, as noted by Lotens and Pieters,28 when the body’s thermal state is at a critical level, even a relatively small change in the solar load can be an important factor. In adjusting the original Givoni-Goldman heat strain model, Shapiro et al29 and Moran et al30 essentially make that point.


Insensible Heat Exchange

The evaporation of sweat is potentially the most effective physiological mechanism for transferring heat from the body to the environment. When a favorable water vapor pressure gradient exists, evaporative heat loss is the dominant mechanism for maintaining thermal balance. Above an air temperature of 35°C, evaporation is the only effective physiological mechanism for heat loss.27 During military build-ups, when personnel are abruptly introduced into thermally stressful environments, an important objective is the physiological adjustment of thermoregulatory mechanisms. The acclimatization process, which is also important during basic training of new personnel in warmer climates, is characterized by a more rapid onset of sweating. An acclimatized individual activates thermoregulatory sweating at a lower threshold or set point, which in turn reduces heat storage (S) and minimizes the increase in Tb.

Adolph27 cited a maximum verifiable sweat rate of 1.7 l • h–1, but indicated that the actual maximum sweat rate was 3.5 l • h–1. Clark and colleagues3 cite maximum and sustained sweat production levels of 2.1 l • h–1 and 0.9 l • h–1, respectively. The latent heat of vaporization for sweat is 2.43 kJ • g–1, which would result in a maximum cooling potential of 1,215 W and 608 W, respectively.
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Fig. 8-2. Comparison of (a) solar collector to (b) alpine cirques, depressions that can act as natural solar collectors. These alpine cirques are several retreating, unnamed, small valley glaciers and several recently deglacierized cirques and ridges north of the terminus of Tonsina Glacier, north central Chugach Mountains, Alaska. Much of the ice disappeared during the last few decades of the 20th century. Illustration: Reproduced with permission from AMETEK, Inc (Radnor, Pa).
Photograph: Courtesy of Bruce F. Molnia, US Geological Survey. Available at: http://www.usgs.gov/images/topical/glaciers/dsc00053.jpg.



The driving force for evaporative heat exchange is the water vapor pressure gradient from the skin to the environment.


(20) E = ω • he • (Ps,sk – Pw) [W • m–2].



Skin-wettedness (ω) is the ratio of the skin area completely covered by sweat to total skin surface area. Values for ω range from 0.06 (no active sweat) to 1.0.1 Many thermal models assume that, for an acclimatized individual, skin-wettedness is 100% (ω = 1.0). Saturated water vapor pressure (Ps) can be obtained from a table or calculated for air temperature range from 0°C to 60°C using Antoine’s equation14:


(21) Ps = exp(16.6536 – [4030.183/(t – 235)]) [kPa].



Pa can be derived, for a given Ta, from the saturated vapor pressure (Ps) and ambient relative humidity. For example, at 25°C and 70% relative humidity, Ps is 3.0 kPa and Pa is 70% of that value, or 2.1 kPa. If the convective heat transfer coefficient (hc) is known or calculated from wind speed and air temperature, the evaporative heat transfer coefficient (he) is usually derived using the Lewis relationship (LR).31 At sea level, LR is the ratio between evaporative (he) and convective (hc) heat transfer coefficients (LR = he/hc).


(22) he = LR • hc [W • m–2 • kPa–1].



For air, LR is a constant value (16.5 K • kPa–1). Evaporative heat transfer is analogous to convective heat transfer, except that the driving force is the difference in water vapor pressure rather than a temperature gradient, thus the concept of a drying or desiccating wind. LR is called an analogy because the theoretical basis for the relationship is not sound. However, the only practical alternative to computing he using hc or environmental parameters and the LR is to derive the coefficient from experimental data.

Although in unusual circumstances moisture can condense on body surfaces, evaporative heat exchange is primarily a pathway for net heat loss from the body surface to the environment. When clothing is worn, water evaporated from the skin surface can condense in the clothing, a form of heat regain, as the heat of vaporization is released in the clothing layer. However, regain in clothing represents a disruption of evaporative heat loss from the body rather than a net gain of heat from the environment, and it is possible for some of the regain to be lost by either radiation, convection, and reevaporation from the clothing to the environment.
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Fig. 8-3. Basic psychrometric chart (barometric pressure 1,000 mb [750 mm Hg]) illustrating the relationship between temperature and different measurements of humidity. If temperature is known, most humidity measurements can be converted into other formats. WB: wet bulb.
Illustration: Adapted with permission from Ellis FP, Smith FE, Walters JD. Measurement of environmental warmth in SI units. Br J Ind Med. 1972;29:361–377.



Considerable effort has been expended on the preparation of psychrometric charts that demonstrate the thermodynamic relationship between air temperature and humidity parameters, such as wet bulb or dew-point temperature to relative humidity or water vapor pressure32 (Figure 8-3). Typically, the horizontal axis is air temperature, the top curve represents a saturation temperature (dew-point or wet bulb temperature at saturation), and the vertical axis is an expression of the moisture content of the air (water vapor pressure or density, relative humidity, or multiple scales). These charts provide a valuable illustration of the thermodynamic relationship between air temperature and the capacity to retain water vapor. More elaborate psychrometric charts can be used to illustrate graphically the heat balance equation.33 Some models used to predict heat strain are constructed as modified psychrometric charts or nomograms.34,35 From a practical perspective, attempting to use a page-sized chart to obtain more than an estimate of psychrometric relationships is sometimes difficult.

Other Factors

Common vs Special Environmental Factors

The four basic pathways for heat exchange and measurement of environmental parameters determine the potential thermal stress in a specific environment. These basic relationships exist regardless of the branch of service, task, or specific environment. What can vary between environments is the relative importance of each pathway. The same basic meteorological parameters still define that potential for energy exchange; but, in some environments, the importance or mix of factors varies. There cannot be, for example, any significant evaporative heat loss to the environment unless there is a favorable water vapor pressure gradient. If the air is saturated at 100% relative humidity for a given Ta, the ambient pressure (Pa) is equal to the saturated pressure (Ps), and if [image: art], the pressure gradient (ΔP) is greatly reduced, and there will be little or no evaporative heat loss even if the skin surface is completely wetted (ω = 1.0). However, if [image: art] the vapor pressure at the skin surface will be greater than the ambient Pa, regardless of the relative humidity, and evaporative heat loss can occur. Base security personnel (regardless of their branch of service), who perform similar duties, are usually exposed to similar environments. Base security personnel normally operate in “built environments,” where hardtop road surfaces and buildings are common features of the environment. However, to provide security at more remote sites on a base, a military security unit can work more like a combat patrol, either from vehicles or on the ground. What can vary between environments are special conditions (eg, proximity to airstrips, large hangars, or other maintenance buildings) that are neither outdoor nor normal building interiors. Even more varied are the vehicles, ships, and aircraft operated by even one service branch. Ships, for example, are basically metal islands that shift orientation and position. Except on minesweepers, the metal on ships increases the potential for conduction and reflected or emitted radiation.

Pressure

At low elevations, atmospheric pressure is measured primarily to correct other meteorological values relative to standard temperature and pressure conditions. At higher elevations, reduced pressure has an important effect on oxygen saturation curves. Consequently, atmospheric pressure is a more critical environmental parameter in alpine environments. In terms of heat exchange, as atmospheric pressure decreases, air density and convection heat loss decline. The reverse occurs with evaporative heat transfer: as pressure decreases, the potential for evaporative heat transfer increases. Adjustments for the effect of reduced pressure on convective and evaporative heat transfer coefficients are usually presented as exponential equations,14 although Chang and Gonzalez36 have suggested a linear relationship. Barometric pressure is also used to predict changes in weather from movement of high- and low-pressure air masses.

Precipitation

Rain. There is no doubt that standing in cold shower water will cause rapid heat loss. Conversely, to rewarm an individual, a hot shower is nearly as effective as immersion. However, under normal circumstances, military personnel caught in the rain are clothed, and the duration of the exposure is usually relatively short. The thermal consequences of exposure to rain thus depend on the prevailing air temperature and the extent to which insulation has been reduced by water saturation. The probability of an adverse effect increases with the amount and frequency of rainfall, but quantifying the amount of rain has limited value in predicting any direct effect.

Snow. Although direct contact of exposed skin to snow results in rapid heat loss through the melting process (the skin gives up 79 calories of heat for each gram of snow melted), most of the skin area is covered. The more important indirect effect of snow is the progressive wetting of clothing and the consequent reduction in insulation qualities. The Extended Cold Weather Clothing System incorporates a breathable, water-resistant membrane in the outer shell garments to minimize that problem. In extreme cold, snow is less likely to melt on clothing surfaces, so there is less need for water repellency. Deep snow and frozen ground increase the potential for cold injury. Snow varies in moisture content and structure, and those characteristics may change over time in response to wind and temperature. The potential danger presented by snow depends on the interaction between air temperature and snow. When melting snow soaks into clothing, cold injuries can occur even when air temperatures are well above 0°C.


Temperature of Bodies of Water

Although water is not a standard weather data element, in training or operational settings, tactical movement can require partial or near complete immersion in littoral ocean water, lakes, ponds, swamps, marshes, streams, and rivers. Factors that influence the thermal effect of water immersion are duration, depth of immersion (eg, feet, knees, and torso), water temperature, and flow rate. For water or any fluid, temperature differences are the driving force for convective transfer. Water temperatures can be stratified; thus, it might be valuable initially to measure a vertical profile of water temperatures over the range of exposure depths.

A particularly difficult topic to assess is partial immersion. The 1996 deaths of Rangers in training were probably attributable to hypothermia in the aftermath of partial immersion. Marine and SEAL (SEa, Air, and Land) units frequently operate in the coastal environment where partial and periodic immersions are normal requirements of their duties. Flooding and stream crossings can make immersion a factor in desert operations as well.

Meteorological Parameters

Meteorological measurements that define the thermal environment are (a) temperature, including ground and air temperatures; (b) wind speed and direction; (c) humidity; and (d) the separate components of radiation, including solar (direct, diffuse, and reflected) and IR (sky and ground) parameters. Other relevant influences may include other surface temperatures, such as tools, fuel pump handles, armored vehicle surfaces, and asphalt. An awareness of diurnal and seasonal cycle variations is also important. Some cycles, such as solar radiation, are obvious. Other less apparent cycles include (a) the different lags in response time between ground and air temperature, (b) the skewed distribution of air temperature because of a combination of sunlight and ground warming, (c) temperature-related variation in relative humidity, and (d) less predictable diurnal variations in wind speed and direction.

MEASUREMENTS

There are many ways to measure the four basic heat transfer parameters. Factors that determine how measurements are made include the following: (a) complexity of the environment, (b) meteorological scale, (c) measurement objectives, (d) individual parameter measurements, (e) other meteorological parameters, and (f) stations and instrument packages.

Complexity of the Environment

Local conditions can significantly alter each of the four basic heat transfer parameters. It is important to measure parameters at the operational site. In addition, measurements should be appropriate to the tasks or activities. Normally, air temperature is measured near the center of mass or head level. However, in some environments, especially deserts, the vertical temperature profile can be extreme. The air temperature at head level may be in the 40s (Centigrade), whereas at ground level it can be in excess of 55°C. The thermal stress experienced by a prone rifleman will be under-predicted on the basis of a measurement taken at a standard height. If defensive earthworks are used, even subsurface temperatures can be important. The presence of overhead vegetation, cloud cover, large bodies of water, or rock might affect the daily temperature distribution pattern.

Wind is channeled by topographic features. Surface roughness or vegetation affects airflow patterns in a vertical profile analogous to the temperature profile. There are also daily patterns of air movement associated with large bodies of water and upslope and downslope air drainages. Cold air drainage can be of particular importance in alpine regions.

The site exposure relative to the position of the sun is important when solar radiation is considered. A field position on the military crest of a south-facing slope will receive significantly more solar radiation than a similar position with a northern exposure. Certain surfaces (eg, sand or snow) have high surface reflectance or albedo, which affects local radiation levels. Sunburn and eyestrain can also result, but those effects are not thermal effects in terms of heat exchange. Cloud cover significantly alters the characteristics of radiation, as will various types of overhead cover (Figure 8-4). Air moisture content also displays a vertical profile and is affected by movements of air masses, local precipitation or surface water, and vegetation.

In planning operations from a remote site, it is useful to recognize that climatic data can be mean values that were measured at sites favorable to human habitation. An average relative humidity of 50% does not guarantee that periods of extreme humidity cannot occur. Humidity will vary with the movement of different air masses through an area or even with changes in wind direction. The diurnal cycle of air temperature is mirrored by the variation in relative humidity. When air temperatures are typically lowest just before sunrise, relative humidity is often at the daily high (Figure 8-5). Monthly mean air temperatures might obscure an extreme range in both daily temperatures and between days. Rain on cold days can also have a short-term effect on heat exchange, even with waterproof clothing; but, it is generally treated as insignificant short-term phenomena when analyzing the thermal environment.

Site Heterogeneity (Landscape)
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Fig. 8-4. Effect of cloud cover on direct and diffuse solar radiation measured at the US Marine Corps Mountain Warfare Training Center, California, on September 9, 1994, as demonstrated by comparison of clear and cloudy portions of plot.



In an attempt to integrate ecology with other cultural and economic factors, a new discipline called “landscape” emerged in the 1980s. One of the useful elements of landscape was the basic premise that the environment was a physical mosaic of patches, rather than a homogeneous state, and that target populations moved within that mosaic.37 This concept of heterogeneity or patchiness succinctly delineates the basic problem in applying laboratory models to the field environment. The real world is often not a good laboratory because the environment and interactions within the environment are too complex. Landscape methods were developed to apply models to a patchy environment. A relatively simple method is to identify and measure characteristic regions or zones within the total environment and then do a time-space study to determine when and how long each zone is occupied. The International Organization for Standardization, in Standard 7933,38 suggests such a weighting procedure to accommodate workers who move between thermal environments.39 Each zone or microenvironment might display cyclical behavior, such as diurnal or seasonal variability. Site-specific features include the following:


	north-south facing slopes,

	leeward-windward sides of an island,

	vegetation,

	road surfaces,

	hanging troughs or cirques (mountains),

	depressions or hollows

	elevated terrain,

	land-sea breezes,

	upslope and downslope winds, and

	lower air temperatures associated with bogs and other wetlands.


Urban Environments

The focus on thermal environments tends to be either large-scale, remote field sites or indoor urban locations. One of the most complex environments for military operations is an urban area, either damaged or intact. All the thermal elements of a natural environment are present, but the urban topography is complex. A notable feature is wind channeling, because winds are compressed and funneled between buildings as they would be in a natural canyon. Another canyon feature is the difference between north- and south-facing solar exposures. Relative to a position on earth, the sun travels an east-to-west pattern, reaching its zenith in the northern hemisphere, directly south of a site. Areas with moderately tall buildings on streets running north-south often have a definite shift throughout the day between shady and sunny areas of the street. Initially, direct solar radiation will strike buildings on the west side of the street, leaving the east side in the shade; but, as the sun rises and moves from east to south, the entire street is illuminated by the high, southern sun. As the sun sets to the west, the west side of the street is cast into the shadows, and the east side now receives most of the available direct solar radiation. A combination of tall buildings and a low winter sun can result in very little solar radiation or light reaching the streets. On a smaller scale, trees along a street can cause a pattern of alternating shade and sun-warmed patches; variations in surface texture can also contribute to the complexity of the urban environment. Asphalt heats rapidly because of solar radiation, whereas a smooth concrete surface can reflect radiation and heat less rapidly. A grassy surface will be cooler, and shrubs might break up strong direct winds and create more turbulence.
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Fig. 8-5. Demonstration of the relationship between measurements of air temperature (Ta) and relative humidity (RH). When air temperatures reach the daily maximum because of increased moisture capacity or saturation level, relative humidity is minimal. The situation is reversed at the morning minimum temperatures. Measurements were taken at the US Marine Corps Mountain Warfare Training Center, California, on September 4–8, 1994.



Interior Environments

The distinctions between outdoor or field environments and those inside buildings can vary in the relative importance of different environmental parameters, but the same four parameters still determine the thermal environment. Building interiors cover an almost infinite variety, ranging from modern high-rise offices to unheated garages and hangars. In a closed, climate-controlled building, thermal conditions are often referred to by room temperature, despite the contribution of the other parameters, because all four parameters are essentially constant at a given temperature setting.

A building with climate control (eg, heating, ventilation, and air conditioning) is generally not an extreme environment. Inside most buildings, the intensity of activities and the associated metabolic heat production is often in a narrow, relatively low range. Individuals can be uncomfortable, and this might adversely affect performance or morale, but environmental conditions are less likely to have an acute effect on health. Occupants of an office building have several options to adjust to an uncomfortable climate, including altering heat flow, ventilation, and air-conditioning, or adjusting clothing when humidity is low enough to allow some evaporative loss.

A modern building without climate control—as can happen as a result of a massive power failure, catastrophic weather events, or warfare—is quite another situation. The heat balance of an unheated building is similar to that of the human body without any metabolic heat production and greatly reduced evaporation. The lag between external conditions and a significant change in interior temperatures is sometimes attributed to thermal inertia. Changes in temperature are slow because of the large mass of the building and the rate of heat transfer at the building surface.

When the mass of the building reaches a low, even temperature with the mass of the walls and building contents at a uniform temperature, the building may be termed “cold-soaked.” Confounding factors include external heat sources (eg, solar radiation) or poor insulation provided by a large glass expanse. A temperature difference in the opposite direction will obviously reverse the direction of the net heat exchange, and the building will become “heat soaked.” However, the basic principles are the same.

Buildings are difficult environments to assess because a building is an ensemble of separate microscale environments, often with asymmetrical elements. The combination of doorways, windows, climate control, and furniture may be unique. Often, interior spaces must be quantified on a smaller scale (ie, each desk and occupant). The same basic rules apply, but asymmetry and smaller scale variability make it a more difficult process. Windows and point heat sources (eg, radiators) produce an uneven exposure to radiant sources. McIntyre25 has emphasized that asymmetry can contribute to a sense of discomfort. Major radiant sources (eg, ship engines) also contribute to asymmetry. Electronic office equipment can be another heat source. To evaluate an indoor thermal environment, an IR scan can be useful in pinpointing asymmetry of radiation sources, including sources and sinks in the windows and walls. The building interior is spatially complex, so drafts can be detected best with a handheld electronic anemometer, which is sensitive to low air movement and can be easily used at different heights and small spaces (eg, underneath desks).

A factor that is not directly related to the thermal environment is clothing. The amount of clothing worn and its distribution on the body can vary significantly, but building climate control systems are based on the presumption of a certain level of clothing insulation. It can be unfashionable or it can violate dress codes to match the building thermal environment. For example, military personnel must often conform to specific guidance regarding clothing. It is difficult to conform to a common clothing standard in a building with a variable set of building microclimates. Of course, activity level, age, and body mass are also factors that can dictate differences in dress.

Nonurban Environments

Environments with gentle topography and open, low vegetation (eg, plains, farmland, open marshes, and open deserts) offer relatively simple landscapes, whereas the topography and orientation of mountains and canyons clearly parallel the complexity of the urban environment. Just as navigation by Global Positioning Satellites is sometimes blocked in mountains, canyons, or a city, wind and solar radiation are blocked or channeled by broken topography. Airflow can follow distinct daily upslope and downslope patterns in the mountains as cold, denser air flows down and warmer air rises from the valley and basin floors. Winds can also be channeled through canyons or ravines so that velocity and direction vary with topography. In areas with large bodies of water, the daily variation in onshore and offshore winds is also a factor.

On a finer scale, broken terrain or vegetation creates air turbulence as the smoothly flowing upper air contacts boulder fields or patches of tall and short vegetation. There are often distinct differences in vegetation on canyons and slopes that are orientated north and south, because the variation in solar radiation affects temperature and soil moisture. In high mountain ranges, the leeward side of mountains can receive significantly less moisture than the windward side. These phenomena are particularly well known in the western United States, where the drier eastern side of the ranges is said to be in a “rain shadow.” Heavy or patchy vegetation also creates a complex landscape. Extreme cases include the infamous triple canopy forests of Southeast Asia.

Military Interior Environments

The interiors of armored vehicles, helicopters, and different fixed-wing aircraft (eg, fighters, high-altitude bombers, tankers, cargo planes, and other forms of air transport) are all unique environments. Human factors, including the potential for thermal stress, are a design element for each of these mobile environments. The actual or resultant environment can be a product of external meteorology, the parameters and physical properties of the vehicle (eg, mass, material properties, and color), internal heat sources (engines), climate control, and the metabolic heat production of the crews. In considering just the thermal environment of an armored vehicle, the vehicle’s interior environment could be modified by (a) varying the amount of exposure to solar radiation from full exposure to full shade, (b) either opening or completely buttoning down hatches, (c) turning the engine on or off, and (d) noting the presence or absence of crew members. Each of those conditions can vary, depending on the tactical situation, concerns over acoustic or thermal image, and other such situations.

Meteorological Scale

The area of operation for a military unit varies with the unit’s level of organization. A progression from platoon to corps or army level encompasses a larger and larger area. In terms of meteorology, the scale of concern expands in a similar manner. Macroscale or synoptic meteorology considers the general distribution of air masses and pressure over a large area (eg, an entire theater of operation). The general weather maps of the United States and Europe showing air masses, pressure isobars, and other data are macroscale or synoptic weather maps. The primary focus of synoptic weather is areas of high or low pressure, general wind patterns, and the movement of large air masses or fronts. The clearest images of synoptic patterns are obtained via satellites or other remote sensing systems. The time scale for synoptic weather might be in days or weeks.

General weather patterns reflect the trends in longer term forecasts, but synoptic patterns often cannot adequately forecast the weather that will be experienced by an individual or unit operating within a relatively smaller area. Synoptic weather indicates the general trends or conditions or potential for weather events (eg, the percentage of probability of local precipitation), but it does not provide adequate or sufficient information for local or immediate conditions.

Mesoscale meteorology concerns local weather patterns on a time scale of minutes to days. As a weather front moves through an area, the distribution of local winds—the dominant mesoscale feature—determines the local weather events that affect individuals and small units. The local weather radar, often presented with television weather reports, is concerned with mesoscale weather.

The dividing line between mesoscale and microscale weather is not entirely clear. The weather that individuals experience directly is microscale weather. Some meteorologists consider local variations in wind patterns (eg, upslope or onshore winds caused by local topographic or geographic differences) to be microscale events. Other meteorologists, perhaps depending on the area or scale of the effect, can see the same phenomena as a mesoscale event. Onshore and offshore winds are mesoscale events for a large island or a long coastline, but they might be a microscale factor for a moderate-sized inland lake. A single point or local ground-based weather station or observer collects only microscale weather data. A time scale suggested for microscale weather40 of minutes to hours indicates the immediate nature of microscale events.


EXHIBIT 8-2

OPERATION OVERLORD

The decision to proceed with the Normandy invasion on June 6, 1944 illustrates the interaction of climatic data and weather forecasting. During World War II, from the Russo-Finnish War (1939–1940) to the Battle of the Bulge in the Ardennes (1945), weather was both a strategic and personal factor that separated victory and defeat, although it had more to do with the strategic concerns than individual physiology.

The information in the following account is based on official military histories by Harrison(1) and Pogue.(2) Unless otherwise indicated, both sources present the same information in approximately the same detail. The two sources focus on the requisite conditions for the invasion and the events leading to the final decision to commit forces on June 6. There is no direct indication that the physiological effects of water or air temperatures were a factor in selecting D-Day. There is some indication of concern that fall and winter conditions might impend later operations. Harrison(1) stated in reference to delaying the invasion until June 19 that “… the longer the postponement, the shorter the period of good campaign weather on the Continent.” However, a more important concern was the difficulty in maintaining secrecy and morale if the invasion was delayed. It should be noted that operational weather concerns generally focus more on mobility and logistical problems than on soldier discomfort or environmental exposure. There is little indication that the effect of weather on individual soldiers was of paramount concern in planning major operations during World War II. Unlike early European and American armies, the armies of modern Europe did not curtail operations and enter winter quarters or camps.

Nonetheless, the selection and progression of the decision to proceed with the Normandy invasion indicate the importance of both long- and short-term meteorology on military planning. The general pattern of climatic trends (eg, rainfall, air temperatures) allows the prediction of a set of meteorological limits or bounds for military operations. The initial planning was for a spring or summer attack. Invasion preparations were to be completed by Y-Day, and a tentative date was set after May 1. This was changed to June 1 to accommodate an enlarged operation.(2)

The actual invasion date, D-Day, was to be the earliest possible date after Y-Day. The critical elements were determined to be a combination of daylight and high tides, with a secondary concern for sufficient moonlight to support airborne operations. Daylight was required for naval gunnery observations. The actual invasion would occur within 3 h of high tide, but at least 30 min of daylight was required before the first invasion wave. The projected windows for D-Day could be projected from moon phases and tidal information obtained from nautical almanacs. The earliest window was June 5–7. The next window would begin on June 19.

Climatic information can give an approximation of the anticipated air and water temperatures, and almanacs definitely predict the timing of tides and moon phases. However, no table could accurately predict wind or cloud conditions. Pogue(2) states that, “In the last days of May, the Supreme Commander began to watch the weather forecasts very closely. He got in the habit of talking over the reports with the Chief Meteorological Officer … so that he understood fully the value of the reports and the basis on which they were made.”

The forecast on May 29 was favorable for the following week. D-Day was set for June 5, 1944.(2) The two sources defer regarding forecast information through June 3. Weather information remained favorable (the morning of May 3),(1) with Pogue(2) stating that forecasts were “less hopeful” on May 2, but Harrison1 stating that Eisenhower described it as “favorable” in a telegram to Washington on May 3. However, by the evening of June 3, inclement and unstable weather was forecast. In addition, because of instability, weather forecasts could not be considered reliable for more than 24 h.(1) Despite the unfavorable forecast, some naval elements were initially given orders to proceed.

At 0430 h on June 4, the forecast indicated low, overcast conditions for June 5, which would limit vital air support. The operation was delayed for 24 h until June 6. A new forecast, presented at 2130, indicated a new weather front and a break in the weather. Conditions would be adequate for overnight bombing and naval gunnery on the morning of June 6. Wind speeds would decrease later in the morning. The final decision was made at 2145 on June 4,(1) a little more than 24 h before operations. Another weather briefing, at midnight—which would have allowed a delay of the operation, but would not allow sufficient time to reschedule the operation for the following day—provided no new information.(1) At 0330 on June 5, weather was bad, but the forecast made at 0200 on June 5 indicated a 36-h break, but could not forecast further.(2)


The historical record indicates that the forecast was accurate, and the invasion proceeded as planned. When the next invasion window (June 19) arrived, a storm effectively closed Omaha Beach until June 23 and severely damaged the artificial harbors that were crucial during the early stages of the invasion. A later June landing would have been unsuccessful. Had the Allied forces not invaded on June 6, the course of World War II might have been significantly different. Although it is of limited value to speculate on alternative outcomes, without a successful June invasion, the German military might have been able to concentrate successfully their efforts against the Russian forces, or the Russians might have defeated the German forces in the absence of any Western allies.

The decisions regarding the timing of the Normandy invasion illustrate a progression from broad climatic considerations to a narrower time frame with increasing forecast accuracy. The initial selection of Y-Day was concerned mostly with military readiness (eg, when was the earliest possible date for a summer invasion?). It is also important to note that the final decision was a human one, with the responsibility ultimately resting on the Commander’s shoulders.

___________________

Data sources: (1) Harrison GA. United States Army in World War II: The European Theater of Operations: Cross-channel Attack. Washington, DC: Office of Military History, Department of the Army; 1951. (2) Pogue FC. The Supreme Command. Washington, DC: Office of Military History, Department of the Army; 1954.



The different scales are significant in terms of weather forecasts and local thermal environments. It is important to recognize that, as the operational area of a military unit expands, the scope of relevant weather data also expands from local observations and measurements to an ability to predict the range of weather conditions and thermal environments that can be experienced over the entire area of operation. The relevance of the local data to mesoscale or synoptic weather depends on the homogeneity of the local environment and how representative the site is of the larger region.

Measurement Objectives

The collection of meteorological data is dependent on the objectives of the user. Long-range or strategic planning requires different data than planning for a mission with a specific window for execution. As the execution time nears, more and more accurate forecasts are both required and possible. When the mission begins, real-time, ground-level weather data are added to the requirements for forecasts. Specific operations or tasks often have different meteorological requirements. Helicopter pilots generally operate from ground level to 600 m above surface features and can range over a large area, whereas a rifleman occupying a defensive bunker has a much more limited area. Differences that are of no significance to the former can be very important to the latter.

Although not directly related to thermal environment, certainly the drama over General Eisenhower’s planning for the Normandy invasion captures the importance of short-term weather forecasts. Long-term data allowed selection of a target zone (time and place), and short-term forecasts determined the decision to commit; however, only real-time data determined what conditions existed when the troops landed on the beaches (Exhibit 8-2).

Whether planning for another Normandy invasion or a peacekeeping mission in the Caribbean, environmental data must be considered in three stages. The first stage is long-term planning during the predeployment phase. Climatic data provide the means to conduct a predeployment reconnaissance of the potential thermal environments. During an ongoing, long-term operation, the same climatic data provide medical support staff with the basis for planning logistics (clothing, water, and special needs), medical treatment (patient load, special medicine or care, staff preparation, transport, or evacuation), and normal seasonal changes that could be anticipated from climatic data. The accuracy of a forecast increases as time approaches real time. A forecast made for the year can predict only general seasonal trends, but the accuracy of the forecast increases as the time frame compresses from month to week to day to hour and as the uncertainties of the preconditions are reduced.

Sources for long-term strategic or predeployment planning consist primarily of climatic data from military and civilian sources, including almanacs, records from US military bases, foreign military sources, military histories, and government and private meteorological services. Limitations of published climatic databases are readily apparent. When US forces were committed to Somalia, the climatic and meteorological data available to most planners were limited to major cities. In Somalia and many other countries, the major urban areas are located along the coast. Little information is available on interior zones. If data consist only of average monthly temperature and precipitation, it is difficult to determine any meaningful information regarding daily extremes, wind speeds, and seasonal transitions that do not conform to the month-by-month calendar divisions. Other data that do not lend themselves to monthly averages include the distribution of precipitation and values for humidity and humidity variability. Day length and estimates of solar load4,41,42 can be calculated from latitude or almanacs. Even with the preceding guidance, the task of relating solar phenomena to local terrestrial sites is difficult. Computer programs are available for calculating solar time, angle, day length, and other factors.43  An approximation of conditions can be derived from knowledge of regional or climatic information. Climatic classifications (physical geography or ecology) provide a general framework for understanding the seasonal patterns. Better references include more detailed information (eg, monthly average and absolute extremes for air temperature, relative humidity at morning and midday, and days per month with precipitation).

Long-Term Climatology for Predeployment Reconnaissance and Planning

It is useful to know what weather information is available to the US military. Within the US military, the primary responsibility for meteorological data collection lies with the US Air Force and its meteorological teams. The Air Force Combat Climatological Center (AFCCC) in Asheville, North Carolina, can provide tailored climatological summaries of relevant environmental data for specified regions worldwide. Information on submitting requests for climatological data products can be obtained from the following address: AFCCC/DOO, 151 Patton Avenue, Room 120, Asheville, NC 28801-5002. Using the following Web site, https://notus2.afccc.af.mil (US Air Force Staff Weather Officers [SWOs]) will also provide climatological summaries for their areas of responsibility to interested military users. During ground-based operations, the US Corps of Engineers is an important secondary source for information, because they have knowledge of the significant effect of inclement weather on flooding, road passability, traffic, and construction.

Real-Time or Near Real-Time Data and Forecasts

SWOs and their meteorology teams have the responsibility to provide real-time weather data and forecasts to military users. These SWOs are attached to Army units and operate the Army’s Integrated Meteorological System, which is located at separate brigade, division, corps, and echelons above corps headquarters deployed outside the continental United States, and at some continental United States locations. The Integrated Meteorological System44 provides a broad range of weather information products (including current data and forecasts of local air temperature, humidity, wind speed, and solar radiation), as well as recent weather satellite imagery.

The Headquarters Air Force Weather Agency at Offutt Air Force Base, Nebraska, maintains the capability to provide current satellite and other weather information around the world. This information can be accessed at the following Web site (where it is necessary to register for a password): https://weather.afwa.af.mil/.

Parameter Measurements

Primary Environmental Parameters and Instruments

There are a variety of measurements that can be made to assess the potential impact of the thermal environment on military personnel and their missions. It is important to be aware of the types and limitations of environmental measurements. In addition to providing basic knowledge to assist in any direct effort to collect local weather data, knowledge of weather instruments and measurements will enable an individual to make an informed request for better information from other agencies and sources. Users need to know what information to collect and how to use it.

In principle, measuring air temperature, wind speed, solar radiation, and humidity (the four basic parameters that define the thermal environment) is not difficult to do. However, when more careful consideration is given to instrument type, number of sensors, location, sensor placement and operation, data acquisition, and processing, the process becomes more complex. It is necessary to determine whether or not there is adequate justification of costs in time and other resources to collect meteorological data. In other words, can you get it elsewhere?

The decision to collect weather data directly is dependent, to a large degree, on whether or not available data are adequate or relevant to local needs. The local site conditions and circumstances of reported thermal injuries might be important. Under tactical conditions, ground-based military personnel are often restricted in their choice of environment. An infantry member can be assigned a defensive position and told to defend in place until relieved. Environmental parameters that affect thermal balance can be local, and substantial differences in exposure to sun and wind can be a matter of only a few meters. It is difficult to appreciate how little local weather data are available, even for retrospective analyses. The windchill index20 only requires Ta and wind speed, yet Whayne and DeBakey45 were unable to evaluate the significance of windchill on the incidence of cold injuries in World War II from the lack of proximate weather data.

Individuals deployed in military operational settings typically do not have direct access to weather information. Meteorological data and weather effects are considered intelligence issues, and information is provided to those organizational levels that have the ability and capability to use the information. Certainly, in planning an operation, all personnel should be provided with basic information regarding the anticipated weather conditions. However, when one considers an individual member of the infantry assigned to hold an exact position, the utility of weather information may be reduced, because as a member of a military group, his or her individual options can be extremely restricted. It would, for example, be possible to provide thermometers on zipper pulls or even environmental sensor suites to the individual. The question, then, is what can the individual do with the information? Low-ranking personnel without leadership authority might be unable to do much but complain. In contrast, an independent, small-unit leader (whether a noncommissioned officer supervising a platoon loading supplies in a warehouse, a leader in a Special Operations Forces ground unit, or any tactical leader with authority to make independent decisions) can use information on the thermal environment to plan work–rest cycles, to rotate personnel warming shelters, or to incorporate thermal factors into the selection of a position. When civilians select a campsite or site for a solar-heated home, environmental conditions—especially exposure to sun and wind—are part of that decision. If anything, those factors should be more important to military personnel in temporary shelters.

It is unrealistic to expect that a medical unit would attempt to operate a complete weather station. The most basic rule for weather data collection is to keep it simple. In a tactical operation, even a simple weather kit or sensor suite can be difficult to manage. Data collection can be limited to a pocket thermometer hung from a tree branch. Simple, proximate data that are available to an informed, responsible individual become far more valuable than an elaborate system that is inaccessible to the individual. It is also useful to understand what information can be obtained with minimal effort. A field medical officer can tell from a minimum-maximum thermometer if the possibility of frostbite exists, whereas the wet bulb globe temperature (WBGT) index,46 or more sophisticated models, requires three or four environmental parameters to predict probability of heat injuries.

The primary meteorological measurements are air temperature, humidity, wind speed, and incoming radiation. Other measurements that can be of value include atmospheric pressure, ground temperature, and precipitation. A variety of instruments and sensors for monitoring meteorological conditions are available, from simple analogue pocket instruments to sophisticated electronic sensors. The attachment describes the various options for monitoring the thermal environment, including types and limits of environmental measurements. In addition to any direct effort to collect data, knowledge of weather instruments and measurement will develop one’s ability to make an informed request for better information.

Stations and Instrument Packages

As noted, the US Air Force has the primary responsibility for providing weather support (AR 115-10, 2010). In the future, expanded US Air Force and Army weather capabilities, currently under development, may be able to provide detailed local surface weather. However, at present, in areas where the thermal environment has the potential to cause significant injury, the systematic collection of local weather data may be appropriate. Units should utilize existing Army and US Air Force weather assets and expertise whenever possible rather than establish independent weather capabilities; but, it is useful to have a working knowledge of weather equipment and data collection.

For continuous operations at a specific site, a fixed, permanent weather station can supplement data from other sources. Such meteorological data are more often unavailable or insufficient when an operation is mobile. The most effective way to establish a meteorological collection system is to purchase commercial weather instruments as a complete station. This station should include the basic measurements mentioned previously—air temperature, humidity, and wind speed—and, if practical, radiation should also be monitored.

The heart of a commercial station is an electronic data acquisition (DA) system. Instrument signals are received, translated into appropriate units, and displayed or stored for later recovery or transmission. The basic weather station used during our field studies consists of a battery-powered DA system. The sensors include one temperature and humidity sensor inside a shielded mount, a ground temperature sensor, an anemometer (wind gauge), and a wind direction sensor. A pyranometer is used to measure incoming global radiation. On some stations, a 15-cm black globe thermometer was also included. The instruments are mounted on a 2-m steel tripod with an enclosure for the DA system and storage modules. If a lighter tripod is used, the entire station can fit into two large suitcases.


[image: art]

Fig. 8-6. WeatherPod miniature weather station. The unit provides environmental measurements through communications to a base unit, with Global Positioning Satellite (GPS) locations. The light (1 kg) unit senses and transmits air temperature, relative humidity, barometric pressure, and GPS position. In addition, it incorporates a solar sensor that detects low light (twilight) and approximate solar intensity. Wind speed and direction are measured using a miniaturized sonic anemometer. To avoid drawing attention, the unit has no moving parts. Versions with radio or satellite-linked wireless communications systems are available.
Photograph: Reproduced from the US Army Research Institute of Environmental Medicine (Natick, Mass).



In that system, a portable computer is used to program and download data. Other stations incorporate programming, display, and output elements into the DA system. For studies focused on meteorology, the basic station can be expanded by adding a barometer, more radiation sensors (including a shaded pyranometer and two net radiometers), a second anemometer at another height, and additional air and surface thermometers. This array is supplemented by a separate WBGT sensor suite. On complex terrain, additional stations are deployed.


[image: art]

Fig. 8-7. Handheld Kestrel 4000 unit.
Photograph: Reproduced with permission from Nielsen-Kellerman (Boothwyn, Pa).



Simpler home-weather stations that measure the basic air temperature, humidity, and wind parameters are available. The basic DA system displays data and has limited storage and data processing capabilities. The basic system of one home station weighs 1.6 kg and can be linked to a personal computer. Limitations of these far more economical units include accuracy, no radiation or ground temperature measurements, the inability to expand instrumentation, less than ideal mounts for the wind indicator, and alternating current power requirements for some systems. The most important concern is an inability to calibrate or recalibrate the instruments. Periodic comparisons to measurements made with handheld instruments can establish the level of confidence that can be assigned to the system. Despite the limitations, these systems are an attractive alternative to no weather data at all. At present, there is a commercially available battery- or solar-powered, miniature weather station that weighs less than 1 kg; has a height of approximately 15 cm; and measures and transmits air temperature, humidity, solar radiation, wind speed and direction, and rainfall (Figure 8-6).47

The alternative to a full-scale weather station is handheld instrumentation. The basic measurements have not changed, but the instruments might be less sophisticated. Individual instruments (eg, pocket thermometers) can be purchased. Simple kits—such as a fire weather instrument kit (Case Belt Weather Kit FSN 8465-00-521-3057F)—have a compact psychrometer (wet bulb and dry bulb temperatures), a simple wind gauge, a compass, and other supplies in a belt carrier. The kit was designed for use by ground-based forest firefighters to provide temperature, humidity, and wind data for planning operations and directing aircraft. Similar compact kits exist to measure the WBGT parameters. These kits feature a miniature black globe thermometer.

Some WBGT sensor kits are mounted as a single unit and use a battery-powered system to collect data and calculate the WBGT index. More recently, battery-powered environmental sensor systems to measure air temperature, dew-point or relative humidity, wind speed, and black globe temperature have been developed. A pocket-sized electronic unit—with the ability to make the required measurements, calculate derived parameters (eg, [image: art]) and run a sophisticated heat strain model—has been developed and tested.48 Sensor suite units can be as small as a cigarette pack (9.5 × 6.0 × 3.0 cm) in a folded position and weigh 155 g, with a 9-V battery.49 Several companies now offer handheld, battery-powered, miniature stations (Figure 8-7) that measure air temperature, humidity, wind speed, and barometric pressure, and can incorporate a Global Positioning Satellite unit or an electronic compass, and thus measure wind direction, but not solar or rain parameters. One such unit was observed hanging from a tree outside a medical clinic, and forward weather observers have been using these units.

LINKING METEOROLOGY TO MODELS AND USERS

The use of thermal models allows planners to utilize scarce resources better and to preserve the fighting power on the battlefield, both of which can be seen as force multipliers. Chapter 2 of this volume describes in depth the basic principles of thermal modeling, and presents both a historic perspective and a detailed description of the suite of thermal models developed by the US Army Research Institute of Environmental Medicine (USARIEM). This section complements Chapter 2 by explaining how weather data and the biophysics of heat exchange are incorporated into models. The examples that follow are based on work done over a 50-year period by Gagge and colleagues at the J. B. Pierce Foundation (New Haven, CT). The basic equations describing the fundamentals of heat exchange developed at the J. B. Pierce Foundation have been adapted into many models, including some USARIEM thermal models.

Operative Temperature

The original concept of operative temperature (To) is based on dry heat exchange between the body surface and the environment.14,50,51 The premise is to calculate a single value, expressed as a temperature, that would account for heat exchange by convection and radiation (C + R), if all temperatures (surfaces and air) were at the same operative temperature. The general equation, assuming no work (Wk) or storage (S), is:

[image: art]

Equation (23) is equal to the dry heat exchange, or R + C. Several equivalent equations for calculating To exist,5 but the basic equation is:

[image: art]

The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)42 describes To as the average of [image: art] and Ta, weighted by their respective heat transfer coefficients. To derive the heat transfer coefficients, wind speed (V) and [image: art], or an equivalent radiation term, must be known. To is the temperature of a uniform environment, such as an enclosed test chamber with the same wall and air temperatures (Ta = [image: art]), where the dry or sensible heat exchange is the same as the actual environment. One problem with To is that hc is dependent on wind speed. To use To as a basis for comparison between environments, the variation from wind speed is accommodated by calculating the equivalent To for still air.52 The relationship between To and standard operative temperature (Tso) is:

[image: art]

and

[image: art]

The coefficient h is the combined heat transfer coefficient for convection and radiation (hc + hr), and h′ is the same combined term, except that hc is calculated for the standardized still air velocity.50

The New Effective Temperature

The new effective temperature53 (ET*) has been adopted by ASHRAE.42 ET* is the temperature of a uniform environment, at 50% relative humidity, where the sensible and insensible heat transfer from the skin are the same as in the actual environment. ET* uses the concepts of operative temperature (To), mean skin-wettedness [image: art], im, and the Lewis relationship (LR)31 to calculate a temperature at 50% relative humidity, rather than 100% RH, which is used for Tsoh and results in an equivalent heat loss from the skin.

[image: art]

Ps,ET* is the saturated water vapor pressure at ET*. LR is the ratio between evaporative (he) and convective (hc) heat transfer coefficients (LR ≈ he/hc). If the convective value (hc) is known or calculated from wind speed and air temperature, then he can be estimated. Values used to calculate the water vapor permeability index (im) are the total dry resistance (Rt (m2 • K)/W) and total evaporative resistance (Re,t(m2 • kPa)/W) from the skin to the environment. Values for im index range from 0 to 1.0, with 0 representing an impermeable condition and 1.0 bare skin. Skin-wettedness (ω) ranges from 0.06 (no sweat) to 1.0. As indicated in the 2005 ASHRAE Handbook,42 calculation of ET* is relatively complex and dependent on both clothing and metabolic rate. Clothing, activity level, wind speed, [image: art], and mean skin wettedness [image: art] values are the same in both environments. In Figure 8-8, ET* is plotted as a psychrometric relationship. The plot also incorporates data from Hardy54 that relates ET* to records of US Army heat-related fatalities in World War II.

Standard ET*50,55 is a modification analogous to the principle of standard operative temperature. ET* is adjusted to standard or constant reference conditions (sedentary subject in 0.6 clo, air velocity of 0.2–0.5 m • s–1, and 50% relative humidity) to allow better comparisons between environments.


[image: art]

Fig. 8-8. Nomogram for the “new,” effective temperature (ET*), including data points for US Army heat deaths provided by Hardy. ashrae: American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc; clo: unit of clothing insulation, 1 clo = 0.155 m2 K/W; MET: unit of metabolism, 1 MET = 58.15 W/m2. RH: relative humidity. Illustration: Adapted with permission from ASHRAE. Copyright 2005 © American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc (www.ashrae.org). Reprinted with permission from the 2005 ASHRAE Handbook—Fundamentals. (This text may not be copied nor distributed in either paper or digital form without ASHRAE’s permission.) Data source: Hardy JD. Thermal comfort and health. ASHRAE J. 1971;13:43.



Humid Operative Temperature

In a manner similar to ET*, humid operative temperature (Toh) is the temperature at 100% relative humidity that would result in the same heat loss from the skin for a given combination of activity, clothing, wind speed, [image: art], and ω.

[image: art]

The thermodynamic relationship is the same as ET* except for the reference vapor pressure, Ps,oh, which is the saturated water vapor pressure at Toh. Standard humid operative temperature (Tsoh) incorporates the still air condition for Tso with the concept of Toh, thereby accounting for both sensible and insensible effects.


SUMMARY

To optimize performance during military operations in extreme environments, the military must understand how the environment impacts the soldier. Although many aspects of the physical environment can affect military populations in extreme environments, the factors that influence the thermal state of the soldier—temperature(s), radiation, wind, and humidity—have a pervasive potential to degrade military performance significantly. Thus, the rationale for the military to study how environmental factors influence the thermal state of the human is force conservation by early intervention or prevention of nonbattle injuries, especially among those individuals tasked with difficult missions in the most extreme environments imaginable.

The more these environments and the limits of military capability are understood, the more protective equipment can be improved to prevent environmental casualties, as well as improved medical treatment for individuals who suffer from environmental injuries. This enhances the ability of the military to operate in extreme surroundings and contributes significantly to the vast body of civilian literature concerning environmental extremes. Likewise, collaboration with civilian scientists offers an opportunity for both military and civilians to understand better not only the limits of human endurance, but also the ability of the human body to respond and adapt to environmental stress, and to develop strategies and equipment for minimizing the impact of the thermal environment on human performance, especially during military operations.
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ATTACHMENT: INSTRUMENTS AND METHODS FOR MEASURING PARAMETERS OF THE THERMAL ENVIRONMENT

Air Temperature

The most obvious parameter of the thermal environment is air temperature. It is the factor that provides the drive and direction for convective heat exchange. The most basic thermal environmental monitoring consists of systematically reading a thermometer mounted at a uniform height in a shaded, representative location. A single measurement of air temperature may not be adequate. Air temperature at a given point and time can display a substantial vertical gradient, depending on ground or floor temperature and local air movement. In addition, on complex terrain, there might be diurnal upslope and downslope flows or accumulation of denser, colder air in depressions, and so forth. Choice of the number and location of air temperature sensors is also dependent on the activities of the personnel.

If a multichannel data acquisition station is used with electronic sensors, it is relatively easy to collect additional air temperatures at different heights. Air temperature and other environmental parameters can be quite different for a patient lying on a ground litter and for the standing staff. When possible, the best solution is to monitor air temperature from 0.5 m—from ground level to the maximum occupied height, usually 2 m (Attachment Figure 8-A1).

Air temperature sensors should be shaded from direct sunlight and mounted at a known height. On weather stations, temperature and humidity sensors are placed inside a ventilated enclosure that provides protection from sunlight, wind, precipitation, or physical damage. The standard height for US civilian ground stations is 1.25 to 2 m (4.1–6.6 ft), but weather data collection is highly dependent on the needs of the primary collector. The standard height for wind measurements is 10 m (30 ft). A uniform or standard height might not be entirely appropriate for individuals with differing tasks or work environments. Aviators have different needs than mechanized ground personnel, and theirs—in turn—are distinctly different from those of nonmechanized light infantry. The 10-m height for wind speed measurements reduces uniformity problems related to ground-level turbulence, but it might be a more appropriate measurement for aircraft than ground personnel. The wind speed at 2 m is probably more appropriate for ground personnel. Wet bulb globe temperature (WBGT), which was developed for ground personnel, is measured at 1.2 m (4 ft), which is slightly above the center of mass for a standing person.1


[image: art]

Fig. 8-A1. Comparison of air-to-ground temperatures measured at two heights to ground temperature at the US Marine Corps Mountain Warfare Training Center, California, on January 23, 1988. PST: Pacific Standard Time.



Surface Temperature

Ground temperature is an important factor in situations in which people are in close contact with the ground, especially where the ground is frozen or, as in a desert, where it acts as a significant heat sink or source. In a few situations (eg, when handling metal surfaces that are cold soaked or exposed to extreme heat and solar radiation), there might be some benefit to measuring other surface temperatures. All hot surfaces are also a significant source of radiant energy that may be estimated using the Stefan-Boltzmann equation from the surface temperature. Attachment Figure 8-A2 illustrates the offset between air and ground temperatures at two different locations.

The temperature of anything that comes into prolonged contact with the body surface should be quantified and recorded, although it might not be necessary to monitor most surface temperatures continuously. The temperature of working surfaces or tools can also be important. During extravehicular walks, astronauts have experienced problems with cold tools. Fuel pump handles in cold weather and even a scientist’s clipboard during cold chamber studies can cause significant heat loss. The temperature of liquids is also important, whether encountered during military stream crossings, accidental immersions, or accidental spills. Liquids (eg, gasoline or alcohol) can remain liquid well below the freezing point of water. If alcohol stored outdoors at –29°C is spilled on the hands, the combination of extreme cold, the higher convective heat transfer coefficient for liquid, and possibly evaporative heat loss as the alcohol vaporizes can cause local cold injury.


[image: art]

Fig. 8-A2. Demonstration of time lag between ground and air temperatures because of differences in heat transfer and mass in a meadow in the vicinity of the Tuolumne Meadows, Yosemite National Park, September 8–10, 1994.



Temperature Measurement Instruments

Thermometers and other meteorological instruments can be placed into two general categories: (1) relatively simple to use, often handheld instruments based on mechanical or thermal expansion principles; and (2) electronic devices, which are better suited for downloading into data acquisition systems for continuous, real-time monitoring. The operating principle for mercury and alcohol thermometers is based on the uniform thermal expansion properties of the liquids, which also have a favorable range between critical temperatures for freezing and boiling points. Bimetal thermometers are based on the differential thermal expansion of the two metals. Bimetal thermometers are often used for temperatures above normal human tolerances and are more rugged and shock-resistant than liquid thermometers.

Thermocouples and thermistors are solid-state electronic devices that use thermoelectric or electrophysical properties of certain materials to measure temperature. A thermocouple sensor consists of a junction of two dissimilar metals that produces a small voltage, or electromotive force, proportional to the temperature at the junction. This phenomenon is known as the “Seebeck effect.” Thermocouple measurement circuits require a second reference junction, at a known temperature, in series with the sensor junction. Thus, the voltage measurement is the net difference in electromotive force between these two junctions, and it is this voltage that is multiplied by the appropriate Seebeck coefficient to produce the temperature reading. Thermistors and resistance temperature devices (RTDs) measure temperature as electrical resistance. Thermistors use a bead of semiconducting material as the sensor. RTD sensors can be fine coils of wire or very thin films of metals (eg, platinum on ceramic substrates). In both cases, calibration tables, curves, or equations for specific thermistors and RTDs are used to convert the resistance values to temperature units. This is usually done online in measuring systems with dedicated microprocessors and readout displays. Thermocouples are smaller, less expensive, and have a wider temperature range than thermistors. However, thermistors are more accurate within their temperature range and are easier to incorporate into general sensor systems because they do not require a reference juncture.

Three useful types of simple instruments are the following: (1) pocket thermometer, (2) minimum-maximum thermometer, and (3) soil (or ground) thermometer. Pocket thermometers are short, glass alcohol instruments that are enclosed inside a protective metal or plastic shaft. In use, the pocket thermometer can be hung by an eyehole on the shaft cap. It is a lightweight, compact instrument that provides a safe method for transporting a reasonably accurate thermometer. Although it can be carried in a pocket and removed for quick readings of air or water temperature, the best use is to hang it in a shaded location for periodic reference.

A simple minimum-maximum thermometer consists of a pair of liquid thermometers that are modified to mark the highest or lowest reading until they are reset. The marking mechanism can be a plug at the end of the liquid column or a constriction in the column, similar to an oral temperature thermometer. A minimum-maximum thermometer can provide the immediate temperature, and it can also track the range of temperatures during the measurement period. It is particularly useful in determining whether the air temperature drops below freezing overnight.

A ground or soil thermometer looks like a small, all-metal meat thermometer with a shaft that is pushed into the ground. The bimetal thermometer uses a dial display scaled to the appropriate range of soil temperatures. Often, bimetal expansion does not provide as accurate a measurement of temperature and, in some cases, the pointed metal shaft of a soil thermometer can present a hazard during transport.


A special set of thermometers is used to obtain the WBGT index. WBGT is the weighted sum of three temperatures: (1) a shaded air temperature, (2) a natural wet bulb temperature, and (3) a black globe temperature. Ta is conventional. The natural wet bulb is a thermometer with a wetted wick or cover exposed to the normal air movement (natural convection) described in the later section on Measurement of Humidity. The black globe thermometer is described in the following section on radiation measurements.

Radiation Measurement Instruments

Instruments for measuring radiation can be split into two categories: (1) thermometers and (2) direct radiation sensors. The simplest and most common instrument for measuring radiation is the Vernon black globe thermometer.2 A black globe thermometer is part of the WBGT instrument set. The standard instrument is a 15-cm (or 6-inch) hollow copper sphere with a flat black outer surface and a thermometer inserted into the center. The flat black surface has high emissivity (ϵ) and absorptivity (α). The solar angle is unimportant, because a sphere always presents the same cross-section area perpendicular to solar beams. When air temperature and wind speed are known, the globe temperature, Tg, is used to compute the mean radiant temperature ([image: art]), which represents the effect of radiation that would be emitted in a chamber with all walls heated to that temperature.3 The theoretical basis for [image: art] is the Stefan-Boltzmann law that all bodies emit radiation in proportion to the fourth power of surface temperature in degrees Kelvin (°K). [image: art] goes in the reverse direction to determine the theoretical temperature of surrounding surfaces that would produce that level of isotropic radiation.

[image: art]

One objection to the black globe thermometer as a radiation instrument is that it measures the combined effects of radiation, air temperature, and wind. Another problem is that many radiation sources are not isotropic. In particular, solar angle has a significant effect on the amount of direct solar radiation striking the body surface. Other objections include the globe color and the slow response time of the 15-cm globe thermometer. A variety of modified globe thermometers exist, including scaled-down spheres, flesh-colored surfaces that more closely simulate absorption by human skin,3 an ellipsoid comfort meter,4 and globes protected by transparent wind shields.5 The modified globes are attempts to correct objections to the original globe while retaining the simplicity of operation and the concept of [image: art]. Matthew and colleagues6 have developed a method for approximating black globe temperature and [image: art] using a single radiation instrument as an alternative to the bulkier globe thermometer.


[image: art]

Fig. 8-A3. A pyranometer—a radiometer for measuring global solar radiation. On this instrument, the thermopile sensor is protected from convective heat loss by double-glass hemispheres. Hukseflux model LP02.
Photograph: Courtesy of US Army Research Institute of Environmental Medicine (Natick, Mass).



The alternative to [image: art] is to measure the separate incoming radiation components. This is the only way to obtain an accurate estimate of the amount of solar radiation, or solar load, reaching the body surface. Unfortunately, the investment in instruments and effort required to obtain separate values for the different radiation components is extensive.7 With very few exceptions, weather stations make only one radiation measurement. Consequently, only a few investigators8–11 have obtained enough of the data required to calculate accurately the actual solar load. Although a variety of different names are used to differentiate radiometers by function, most instruments follow the same basic design. A generic radiometer consists of a flat thermopile or photoelectric sensor disc covered with a half dome of transparent material to protect the sensor surface from damage and convective heat loss (Attachment Figure 8-A3). Usually, the instrument mount incorporates levels so that the sensor can be mounted in a fixed position relative to the horizon. By using different orientations of the sensors, mounts that limit or block radiation from different sources and domes that filter out different segments of the electromagnetic spectrum, visible infrared, and sometimes ultraviolet, radiation can be separated into direct, diffuse, or sky, and reflected or ground components. To obtain continuous radiation data for the basic solar and infrared components requires a minimum of four or, preferably, five radiometers, plus at least one special instrument mount.12 The majority of weather stations have limited or no radiation instrumentation.

Pyranometers, for example, are radiometers used to measure solar radiation. The sensor is covered by a glass dome that limits the spectral range to the near-ultraviolet, visible, and near-infrared spectra (300–3,000 nm). A level pyranometer exposed to the sky measures global radiation, which is a combination of direct and diffuse solar radiation. The previously noted relationship developed by Matthew and colleagues6 to estimate [image: art] uses global radiation as the alternative to measuring black globe temperature. To separate direct and diffuse solar radiation, a separate value for diffuse or direct solar radiation must be obtained. A pyrheliometer is aimed directly at the sun to measure direct solar radiation. Diffuse radiation is measured with a pyranometer just like global radiation, except that a shadow-band mount or a disc is used to block direct radiation. A shadow band consists of a band of metal positioned at the correct (solar) angle to block the direct sun rays as the sun travels above the horizon from east to west. Lambert’s cosine law and the solar angle are used to compute the intensity of the direct solar beam.7,12,13 Reflected solar radiation is measured exactly like global radiation, except that the sensor is inverted so that only radiation from the ground reaches the thermopile. It is also possible to estimate reflected solar radiation by multiplying global radiation by the appropriate surface albedo.

Other radiometers use a polyethylene dome rather than glass to protect the sensor surface. The plastic is transparent to a broader spectrum (300–60,000 nm) of infrared radiation than glass; therefore, both short- and long-wave radiation are measured. By subtracting solar radiation from the total radiation, a value for infrared radiation can be obtained.

A combination of pyranometers and net radiometers can be used to determine the incoming radiation components. A net radiometer consists of two radiation sensors mounted back-to-back with plastic domes. When mounted horizontally, one of the sensors measures ground radiation, and the other sensor measures radiation from the sky. The signals from the two sensors are electronically subtracted to obtain a net value. A second net radiometer with one side covered with a metal cup14 is used to determine the total sky radiation. From those four instruments, separate values for sky and ground infrared, plus direct, diffuse, and reflected solar radiation can be derived. Yet another radiometer with another filter is required to obtain a separate measurement for ultraviolet radiation.

The standard height for a black globe thermometer is 1.2 m (4 ft). For pyranometers that measure radiation from the sun and sky, the important factor is exposure rather than height. The sun is 150 • 106 km from the Earth—a meter closer or farther away will not make much difference. The sensor element should not be shaded by any surrounding vegetation or structure, nor should light be reflected off a wall or other surface.

Measurement of Wind Speeds

Outdoor wind speeds are often quite variable, and it is useful to record both the range and mean wind speeds. Another problem is the effect of objects and surface variations on wind speed. Wind speed varies with respect to height above ground, the texture or roughness of the ground surface, and any obstacles or surface variability that affect the flow of air. A variety of instruments are used to measure wind speed, including pressure, mechanical force, sonic, and convective or heated anemometers.15 The two most common types are electrically heated anemometers that are used to measure convective cooling and mechanical instruments (eg, propeller and cup anemometer; see Attachment Figure 8-A4) that are used to measure wind force in one plane.

Hot-wire or heated-bead anemometers are often used indoors to measure lower air velocities, whereas the most common outdoor instruments are mechanical cup or propeller anemometers. Mechanical anemometers measure mechanical wind force in one plane, whereas heated anemometers measure convective heat loss to air. The inertia of mechanical anemometers generally limits their threshold sensitivity to low air velocities. From a physiological perspective, the heated anemometers measure the effects of turbulence and the more relevant factor of heat exchange. However, in an outdoor environment where air velocities are usually higher, the more rugged mechanical anemometers are the common choice.


Air movement close to the ground tends to be turbulent relative to air measured at standard weather station heights (1.2–10.0 m). The two basic wind parameters are (1) wind speed and (2) wind direction. Direction is clearly important if the military population varies in its exposure to the wind. A change in wind direction can change a relatively comfortable sheltered position into an exposed position or vice versa. Wind direction would, of course, also be critical in the event of a nuclear, biological, or chemical attack. Mechanical wind vanes or simple observations of wind direction with reference to a compass will usually suffice. The basis of a mechanical wind vane can be modified with a contact sensor to sense electronically the direction of the wind vane. Aside from the overall bulk, the only real objection to wind vanes is that the motion of the vane tends to draw attention.

Like wind direction, wind speed can be estimated by observation. The Beaufort wind scale (Attachment Table 8-A1) uses observations of the effect of wind on common objects (eg, flags and dry leaves) to estimate wind speed. Wind speed is measured with an anemometer. One type of anemometer operates on the basis of the Bernoulli principle. This simple anemometer or wind gauge is a plastic tube with a small, light bead inside that moves up and down as the wind blows across the open top of the tube. Wind speed is read from a scale on the side of the tube. A pitot tube can be used as a much more sophisticated version of the same sensor.15,16 Other anemometers are based on the actual deflection of an arm against a known resistance. This type of simple gauge is often combined with a wind vane so that it is also orientated into the wind. The most familiar anemometers are cup or propeller anemometers that are rotated by the force of the wind. The number of rotations is counted electronically to calculate wind speed. Like wind vanes, these anemometers tend to draw attention.


[image: art]

Fig. 8-A4. Cup anemometer, which measures wind speed in a horizontal plane. MET ONE model 014.
Photograph: Courtesy of US Army Research Institute of Environmental Medicine (Natick, Mass).



Electronic Sensors

Cup anemometers (see Attachment Figure 8-A4) are relatively rugged, and some can actually generate an electronic signal. However, the stall speed, based on inertia of the cup assembly, limits the sensitivity of the instrument to a threshold value of 0.2 m • s–1 to 0.5 m • s–1. For greater sensitivity, an electronically heated anemometer can be used. These anemometers operate by measuring the power required to heat a small wire or bead to a constant temperature. The power demand is proportional to the convective heat loss from the heated element, and convection is directly related to air velocity. Convection, which includes the effect of turbulence in addition to the mechanical force of the wind, is measured. A cup anemometer is a direct measurement of wind speed in a single plane of rotation. A heated anemometer is based on the more physiologically relevant property of convection. Beaded sensors are usually more rugged than hot-wire anemometers and tend to be more omnidirectional in terms of exposure.

As noted previously, wind speed varies in relation to height above ground, the texture or roughness of the ground surface, and any obstacles or surface variability that influence the flow of air. Turbulence and variation in air velocity are caused by friction or drag between the surface and air. Consequently, the height at which wind speed is measured is important. The best solution is to measure wind speed at two heights, 0.5 to 2 m apart. In addition, objects in the path of the wind (or fetch) have an effect. The general rule is that the fetch should be 10 times the height of an obstructing object.17 It is often simply impractical and unrealistic to obtain an unobstructed fetch. Wind speed fluctuates rapidly and can vary considerably within a small distance. In areas with any significant topography or tall vegetation, wind parameters are very local. The degree of correlation between a remote weather station and local wind conditions can be tenuous.


TABLE 8-A1

BEAUFORT WIND SCALE



	Beaufort No.
	Wind Speed

	Description
	Specifications for Land Conditions



	m • s–1
	mph



	0

	<1

	0.5

	Calm
	Calm; smoke rises vertically



	1

	1

	2

	Light air
	Direction of wind shown by smoke drift



	2

	2

	5

	Light breeze
	Wind felt on face; leaves rustle



	3

	4

	9

	Gentle breeze
	Leaves and small twigs in motion; wind extends light flag



	4

	7

	16

	Moderate
	Raises dust, loose paper; small branches moved



	5

	10

	22

	Fresh
	Small trees in leaf begin to sway



	6

	12

	27

	Strong
	Large branches in motion; whistling heard in overhead wires



	7

	15

	34

	Near gale
	Whole trees in motion; some difficulty walking against wind



	8

	18

	40

	Gale
	Breaks twigs off tree; impedes walking progress



	9

	20

	45

	Strong gale
	Slight structural damage occurs



	10

	26

	58

	 Storm
	Trees uprooted; considerable damage occurs



	11

	30

	67

	Violent storm
	Widespread damage



	12

	> 33

	74+

	Hurricane
	Massive and widespread damage to structures




Adapted with permission from Lutgens FK, Tarbuck EJ. The Atmosphere: An Introduction to Meteorology. Englewood Cliffs, NJ: Prentice-Hall; 1979: 144.

Measurement of Humidity

Broadly defined, humidity is the moisture content of the air. Measurement problems arise in part because a number of variables can be used to describe humidity, including absolute humidity, dew-point temperature, relative humidity, psychrometric or aspirated wet bulb temperature, natural wet bulb temperature, and water vapor pressure. The situation is not helped when many of the variables can be expressed in multiple units. For example, water vapor pressure can be expressed in units of millimeters of mercury or torr (mm Hg) or kiloPascals (kPa). Psychrometric charts (Figure 8-3) illustrate the third complication, the nonlinear relationship between temperature and humidity. However, psychrometric charts also demonstrate that, given air temperature and one measure of humidity, virtually any other humidity variable can be derived.

Instruments for measuring humidity include natural wet bulb thermometers, sling psychrometers, dew-point thermometers, and various electronic capacitance devices. Each presents its own problems. Humidity sensors that use water are of limited utility when the temperature range falls below the freezing point of water, although some of the electronic sensors claim a lower limit of –40°C. In other cases, a modified dew-point thermometer is also used below freezing. To some extent, the question is irrelevant, because even at saturation, the vapor pressure of water at –40°C is only 0.01 kPa versus 2.34 kPa at 20°C. When saturated cold air is warmed, either by contact with the body surface or inside the lungs, the warmer air is no longer saturated and has a much greater capacity to absorb water. Hence, in an apparent paradox for humans, even saturated cold air is very dry. From a physiological perspective, the effect is primarily on the respiratory tract, because thermoregulatory sweating is often minimal in extreme cold.

Natural wet bulb thermometers, which are a standard component of WBGT instruments, are as reliable as any liquid thermometers, as long as the wick covering the ball is kept clean and wet. Unfortunately, the natural wet bulb (or naturally aspirated temperature) has little application except for WBGT. The measured temperature is a product of humidity, air temperature, and wind speed. Unlike the other measurements of humidity, water vapor pressure cannot be readily derived from the natural wet bulb. Gagge and Nishi18 determined that, above 2.5 m • s–1, natural wet bulb and aspirated wet bulb are essentially equivalent. Most people are familiar with the sling psychrometer, which has wet bulb and dry bulb thermometers on a mount that is rapidly rotated or whirled to obtain a relatively uniform velocity. The reason for using a sling psychrometer is to eliminate the effect of variation in wind speed on the wet bulb temperature reading. Objections to using the sling psychrometer include the following: (a) wick management, (b) errors in reading the two thermometers, (c) susceptibility to damage, (d) time required to obtain a reading, and (e) difficulty in replicating the measurement. Relative humidity is computed from the difference or wet bulb depression between dry bulb and wet bulb temperatures. A third type of mechanical humidity sensor is the hair hygrometer, which senses expansion and contraction of human hair under tension in relation to changes in humidity.

An aspirated psychrometer uses a small electric fan rather than the sling to maintain a constant air velocity over temperature sensors. Dew-point thermometers cool a small mirror until water condenses on the surface. Dew-point thermometers are accurate, but often complex instruments. The term “frost point” is used when temperatures are below the freezing point. Neither aspirated psychrometers nor dew-point sensors are particularly well suited to remote field use because of fragility, weight, or power requirements for the fan or cooling. Electronic humidity sensors measure electronic signals generated in response to the effect of humidity on a variety of sensor elements. Properties measured include the absorption or conductivity of salt solutions, thin film capacitance, and differential cooling surfaces. Calibration and stability are the primary concerns with many electronic sensors, but the wide variety of sensors available makes it difficult to generalize about this category. The best solution, when feasible, is to use a second humidity sensor. The two sensors can be mounted as a pair, or one can be mounted 0.5 m lower than the other. Electronic humidity sensor elements are often wafer thin, and power requirements for some sensors can be low. Consequently, electronic humidity sensors can be readily incorporated into the small environmental sensor suites described in the main text.

Other Meteorological Parameters

In addition to the four basic parameters that define the thermal environment—(1) temperature, (2) solar radiation, (3) wind speed, and (4) humidity—there are two other meteorological parameters that can significantly modify environmental effects on the soldier: (1) pressure, often an altitude effect; and (2) precipitation.

Pressure and Altitude

The original barometer used a column of mercury with one open and one closed end, with a vacuum above the mercury column. The open end is sensitive to pressure, which pushed the column of mercury up into the end with the vacuum.19 Aneroid barometers use a metal diaphragm, which is usually a hollow disc of thin metal enclosing a cavity that is partially or completely evacuated with a spring inside. As pressure changes, the diaphragm expands or contracts. Changes in the diaphragm are electronically or mechanically translated into a pressure reading.

Altimeters are barometers that use changes in atmospheric pressure to determine altitude. Most altimeters are calibrated for changes in atmospheric pressure at a known elevation. Because altimeters usually include barometric pressure as an output, they can be used to calculate changes in barometric pressure from standard temperature and pressure. For greater precision, barometric measurements should be adjusted for temperature effects. Making adjustments for barometric pressure is important if a unit moves to a different elevation. Usually, over short periods of time, changes in pressure from elevation are greater than changes from variation in atmospheric pressure associated with movement of air masses. Altimeters also aid in the navigation of mountainous terrain.

Precipitation

Rain and snow have important effects on the overall operation of aid stations and medical evacuation operations. Simple rain gauges consist of a large collecting area, which funnels water into a smaller, scaled tube or gauge, so that even a small amount of rain can be read off the gauge. More elaborate instruments, including weighed or tipping rain buckets and raindrop detectors, are also available. Stream depth gauges are used to predict flooding and depth of immersion to monitor hazards for stream fording by both individuals and vehicles. Snow depth is sometimes read in a bucket or larger diameter gauge, but it is common to simply insert a scale or gauge into the snow. Snow depth can be read easily by allowing it to accumulate on a flat bench, using a ruler to measure the depth, and then sweeping the bench clear for the next accumulation of snow. A more precise measurement of the weight of precipitation is to collect the snowfall, then melt it down to the liquid water equivalent. This can be more important in determining snow loading on tents, but snow removal is a function of both weight and volume.
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INTRODUCTION

The purpose of this chapter is to provide general information on the skin and its contribution to health, general skin care, factors that contribute to skin disease during deployment, skin protection during deployment, and skin diseases affected by deployment. This chapter includes a review of the effects of skin disease on military operations during deployment and the necessity of adequate medical planning for managing skin disease in the field.

Relative to the other immediate hazards of deployments, skin protection is seldom considered a priority in the US Armed Forces. For example, it is common to see personnel working in military installations without adequate skin protection from ultraviolet (UV) light. Actions that protect against UV exposure can also help prevent heat injuries. Many military personnel have been plagued by skin malignancies, as well as by skin infections and dermatitis from insufficient skin protection. These preventable diseases cause a significant loss of man-hours to garrison and field forces. However, once diagnosed, skin diseases can be treated easily, thus allowing the affected service member to return to duty (Figure 9-1).

When skin diseases occur from insufficient skin protection, service members might be evaluated by healthcare providers who have limited training and experience in the management of skin disease. Inexperienced providers use a set array of therapeutic options to treat patient symptoms without diagnosing the illness. Often, this results in multiple visits and failed patient treatments. In addition, it results in great cost to the military healthcare system (Figure 9-2 and Figure 9-3). For the care and management of skin diseases, readers are referred to a more complete reference on the military importance of diagnosing and treating skin disease.1
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Fig. 9-1. Benign neoplasms are the second most frequent dermatological cases in recent deployments; skin cancers are less frequent, but their early diagnosis and treatment are critical. This case of a malignant melanoma in a 30-year-old soldier was originally considered simply a cosmetic issue. AKO (Army Knowledge Online) teleconsultation from Afghanistan quickly led to evacuation, excision, treatment, and return to duty of this soldier, possibly saving his life. In April 2004, the US Army Medical Department approved the use of the US Army e-mail system (AKO) for teledermatology consultations from deployed providers in Iraq, Kuwait, and Afghanistan.
Data sources: Henning JS, Firoz BF. Combat dermatology: the prevalence of skin disease in a deployed dermatology clinic in Iraq. J Drugs Dermatol. 2010;9:210–214. Poropatich RK, DeTreville R, Lappan C, Kohuth C. The US Army telemedicine program—general overview and current status in Southwest Asia. Telemed J e-Health. 2006;12:396–408). Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0274040909.
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Fig. 9-2. Pseudofolliculitis barbae (PFB) is a common form of skin irritation on the face in men with curly hair, where shaved hair tends to curl into the skin leading to an inflammatory reaction. The skin irritation can become a serious problem for some soldiers, leading to papules and over time cause keloid scarring in the beard area. This case illustrates a peculiar pattern of burns and depigmentation in a soldier who obtained incorrectly applied laser treatment for PFB and associated keloids from a local provider during deployment. He received successful corrective treatment from military dermatologists.
Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0293090815.




Media and public opinion focus on healthcare priorities and affect planning during military operations. Rapid communications magnify the effect of real or rumored skin diseases on operations (Figures 9-4 and 9-5). Newspapers described the difficulty of controlling lice and skin disease among Cuban detainees during Operation Sea Signal.2 This media report resulted in large-scale evaluation and treatment of all refugees in Guantanamo Bay, Cuba. Outbreaks of skin disease in a large number of Bosnian fusiliers were reported by a British newspaper, which forced a large-scale investigation of the involved unit.3 Unexpected demands on medical personnel and supplies are but one result of such media reports and are often difficult to anticipate in planning.

SKIN AND ITS CONTRIBUTION TO HEALTH

The skin is our largest organ. It is also a complex organ composed of three layers:


	epidermis

	stratum corneum

	keratinocytes

	basal layer



	dermis

	blood vessels

	lymph vessels

	hair follicles

	sweat glands

	nerves

	sebaceous glands



	subcutaneous fat.


The epidermis is the outermost layer that contains skin color. The dermis (or middle layer) provides skin pliability and elasticity. The subcutaneous fat layer is between the muscle fascia and the dermis. Skin is essential to a person’s survival, and it:
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Fig. 9-3. Granulomatous tattoo reaction in a deployed 34-year-old military contractor. Red tattoo ink is commonly associated with nodular tattoo reactions. Cinnabar (mercury sulfide) coloring is a likely cause of this reaction 4 months after the tattoo. Definitive treatment includes surgical excision or intralesional steroid injection, and should include patient education.
Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0493081022.
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Fig. 9-4. Vigorous response to smallpox immunization in a 25-year-old airman during deployment to Afghanistan 10 days after smallpox and typhoid vaccinations in the left arm and anthrax immunization in the right arm. Antihistamine therapy was prescribed, with resolution of the rash within 1 week. Safety of militarily specific vaccines, such as anthrax and smallpox, has been a controversial issue in the past, with public perceptions fed in part by relatively infrequent and manageable immunological hyperresponsiveness.
Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0169110501.
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Fig. 9-5. Leishmaniasis is a parasitic infection transmitted to humans from rodents by sand flies and has been an important military issue since the first Gulf War, when soldiers deployed to areas where the infection is endemic. There was much misinformation about symptom complaints following the 1991 Gulf War; leishmania infection was briefly implicated in mystery illnesses, and redeploying soldiers were even banned from blood donations for a period of time. This case illustrates lesions on the hands of a soldier with cutaneous leishmania infection in Afghanistan in 2011. Data source: Martin S, Gambel J, Jackon J, et al. Leishmaniasis in the United States military. Mil Med. 1998;163:801–807. Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0020110119.




	provides a barrier that prevents harmful substances and microorganisms from entering the body,

	protects body tissues against injury,

	controls the loss of life-sustaining fluids (eg, blood and water),

	helps regulate body temperature, and

	protects against the sun’s damaging UV rays.


The epidermis provides the barrier function of the skin. The stratum corneum—an epidermal layer composed of interlocking acellular keratin plates—acts as a barrier against microbe invasion and loss of water. Sweat aids lipid distribution. The accumulation of sweat on the skin dilutes antigens and microbes that collect there. Through sweat accumulation, keratin plates become saturated by water on the skin. This antimicrobial barrier is augmented by Langerhans cells, which are an integral part of the cell-mediated immune system. These cells attach to foreign material and present it to the T lymphocytes for destruction. Disruption of this barrier causes a loss of body fluid (particularly noted in blisters and burns) and increases the risk of infection.

Protection from UV radiation is provided by a protein barrier in the stratum corneum and melanin. Melanin is a pigment produced by melanosomes in the basal layer of the epidermis. It absorbs UV radiation and produces a “tanned” color. Skin that lacks the ability to produce melanin has a higher risk for production of UV or solar-induced skin cancer. Skin types with little melanin production seldom tan, but they burn easily. Although the ability to tan indicates a lower risk of sunburn, the long-held belief that a good tan is a healthy sign is false. A deep tan is indicative of excessive exposure to UV radiation without adequate skin protection.

The primary site for heat exchange between the body and the surrounding environment is the skin surface. Dermal blood vessels provide nutritional support to the skin and regulate body temperature by transferring heat to the body surface. Body temperature is maintained near 37°C primarily by action of the blood vessels and sweat glands. Blood flow to the skin is regulated by dilation and constriction of these blood vessels. When the body has excess heat, these dermal blood vessels dilate, thus allowing heat dissipation by radiation, convection, and conductance. Water is secreted by sweat glands in the dermis. Water reaching the skin surface reduces core body temperature by evaporation. Skin disease associated with a large buildup of scale impairs sweat. Impaired sweat production makes a service member vulnerable to hyperthermia.4

Psoriasis, atopic dermatitis, seborrheic dermatitis, eczema, and contact dermatitis are skin diseases that can cause a generalized inflammation of the skin. Patients with these conditions present with generalized erythema (redness), which is caused by vasodilation of the dermal blood vessels. Generalized cutaneous vasodilation brings additional heat from the body core to the skin surface, where it is normally lost to the external environment. Radiant heat loss, which is exclusively a function of surface temperature, can increase significantly. This loss of body heat, which is not controlled by any thermoregulatory mechanism, causes the core body temperature to fall. These patients have very warm red skin, complain of being cold, and shiver. Treatment is aimed at vasoconstricting the dermal blood vessels.

The skin also plays a role in the synthesis of activated vitamin D. Activated vitamin D is essential in the regulation of calcium and in the differentiation of epidermal keratinocytes.5 The importance of vitamin D to overall health—including a possible protective function for nonskin cancer—and vitamin deficiencies in different populations must be balanced against concerns over rising skin cancer rates. The merits of dietary vitamin D supplements versus natural synthesis mediated by exposure to sunlight are also part of an ongoing debate, as described in Exhibit 9-1.

GENERAL SKIN CARE

Skin Cleansing and Lubrication

Guidelines for bathing frequency in the field were established to prevent body louse infestation and louse-borne disease.6,7 This bathing frequency, however, does not address its effect on morale or rate of bacterial skin infections among service members. Bathing frequency became important during deployments to Iraq and Afghanistan because of the logistical requirements of supplying water. In 1991, after reviewing after-action reports and correspondence on bathing and skin disease in field environments, Troychock8 noted that:


	daily bathing/showering was recommended but, at a minimum, bathing or showering should occur at least weekly;

	loose clothing should be worn; and

	skin integrity must be maintained.


Operations in extremely cold environments also present challenges in terms of bathing frequency. In a 1991 report on the role of showering frequency in the reduction of skin infections among military personnel in the field, the US Army Medical Research and Development Command made the following four recommendations9:


	The interval between showers should not exceed 24 hours in personnel deployed to the tropics if chlorhexidine antiseptic or medicated soap is used with water. Using unmedicated soap requires more frequent showers.

	In a tropical environment, wounded or abraded skin will need to be cleaned twice a day if medicated soap or chlorhexidine is used with water. Cleaning with unmedicated soap should be performed three times a day on damaged skin.

	Showers or baths should be taken at least every 7 days to prevent body lice infestations in the military.

	The role of antimicrobial additives in preventing skin infections among service members in the field warrants further research. Chlorhexidine is the only substance shown to have prophylactic activity against skin infections.


Cleansing of the skin with soap and water enhances the removal of oil, grime, and microbes. Deodorant soaps have added antimicrobial ingredients to reduce skin bacterial counts, but these antimicrobial additives do not improve the cleaning ability of soaps or detergents. Using antibacterial/deodorant soaps promote the growth of Streptococcus pyogenes on the skin.10 Plain soap reduces the growth of S pyogenes, but does not affect the growth of Staphylococcus aureus. Antibacterial soaps inhibit the growth of normal skin bacteria, which can have an inhibitory role in the growth of S pyogenes.10,11

Skin cleansing during military operations in cold or minimal water environments is limited by water supply and the practicality of field bathing. Lipid-free skin cleansers (eg, Aquanil [Person & Covey, Inc, Glendale, Calif] or Cetaphil [Galderma Laboratories LP, Fort Worth, Tex]) can be used in these environments. These cleansers are wiped on and then wiped off. For years, these products have been used to cleanse patients suffering from skin diseases exacerbated by soap and water cleansing. Aquanil freezes at around 27.6°F to 28.4°F. Extended freezing of Aquanil for a 10-day period caused the product to clump or become watery. This finding was not observed during periods of brief freezing (RA Crowell, Director of Quality Assurance, Person & Covey, Inc, personal communication, 1977). There are no other data available on the stability of these products in hot or freezing environments. These findings should be examined further for future deployments.

Solar Protection and Skin Cancer

Skin cancer is the most common form of cancer in the United States. It is estimated that more than 1 million nonmelanoma skin cancers are diagnosed each year; nearly 60,000 cases of melanoma were diagnosed in 2005.12 Basal cell carcinoma (BCC), although seldom fatal, accounts for 80% of skin cancers. BCCs are locally destructive. Squamous cell carcinoma (SCC) is the second most common form of skin cancer.12 Its incidence has increased from 4% to 8% since 1960.13 SCC and BCC both cause local tissue destruction. Cutaneous SCC is responsible for about 2,300 deaths per year. Melanoma, the most aggressive form of skin cancer, caused almost 7,700 deaths in the United States in 2005. Nonmelanoma skin cancers caused approximately 2,800 deaths in the same year.12

In the past 6 years, increasing numbers of service members have been diagnosed with skin cancer. At least 2% of BCC occurs in an age group less than 30 years old. These younger patients have an increased risk of developing additional skin cancers later in life. Seventy percent of BCCs in this age group are located on the nose and cheek, with most patients being women. Because of cosmetic concerns, younger patients are more likely referred for tissue-sparing procedures (ie, Mohs surgery). A second age group (31–55) accounts for 6% to 8% of the total number of BCC cases.14 People in both of these age groups serve in the military.


EXHIBIT 9-1

VITAMIN D VERSUS SKIN CANCER

Clothing, as well as the ultraviolet (UV) index, provides protection from UV radiation (UVR). Excessive exposure to sunlight is associated with an increase in morbidity from skin cancer and other skin diseases. There is a worldwide effort to reduce individual exposure to UVR, best illustrated by Australian government programs.(1–5) The take-home message from these public health programs has, in some cases, been reduced to a blanket directive to minimize exposure to UVR.

However, some media(6) coverage has been given to contradictory scientific evidence that suggests excessive avoidance of UVR is detrimental to overall health.(7–10) The basis for this apparent contradiction lies in the following argument:


	Vitamin D provides protection against some cancers and represents other possible health benefits.(11)

	If the best human source for vitamin D is UVR-mediated synthesis, then complete avoidance of exposure to UVR can result in vitamin D deficiencies and associated morbidity.


Historically, diseases such as rickets have provided proof that vitamin D deficiencies can be detrimental, and, under some circumstances, exposure to sunlight can both prevent and treat the disease.(11,12)

The underlying science is more complicated than simply making a choice between complete protection and full exposure. The following factors can contribute to ensuring an adequate source of vitamin D:


	latitude and time of year,

	length of exposure,

	age,

	skin type (melanin),

	clothing coverage,

	lifestyle,

	body fat,

	natural dietary sources of vitamin D, and

	various vitamin D supplements.


Ironically, vitamin D deficiencies have been identified even in Australian populations.(13) Although vitamin D deficiencies are more common in older people, deficiencies have been identified in populations of young adults, including urban medical personnel in US cities.(14) Although UVR intensity is too low at higher latitudes during the winter months, there are seasonal variations in vitamin D (ie, fat storage from other seasons can offset that situation). In obese individuals, stored vitamin D might not be accessible.(11) More melanin reduces vitamin D production relative to the UVR exposure; therefore, individuals less prone to sunburn would need a longer exposure time to produce the recommended levels of vitamin D. Within some ethnic communities, religious or cultural practices set a standard of modesty that requires that, in public, clothing covers most or all of the body surface. Vitamin D deficiencies have also occurred within these groups.(15,16) This might be an important consideration when providing medical care to civilian populations.

When UVR intensity is sufficient to simulate vitamin D production, only limited exposure of the face, hands, arms, and/or legs for 5 to 15 minutes, 2 to 3 times per week, is necessary.(11) Vitamin D production is determined by the finite amount of precursor; therefore, when the precursor supply is converted, additional exposure does not result in additional production of vitamin D. Thus, the length of exposure required to ensure optimal vitamin D production is not long. As noted during the winter months, UVR intensity is not sufficient to stimulate vitamin D synthesis. Holick(11) reported that the same conditions that decreased UVR during the winter months at higher latitudes, lowered solar angles, and created a longer pathway for light through the atmosphere (see Exhibit 9-6) also occurred in the early morning and late afternoon. Holick recommended specifically that the short exposure time occurred between 1000 and 1500 hours local daylight time. This time period near solar noon corresponded to the guideline for skin cancer protection that sunlight exposure be minimized. He showed that the limited recommended exposure time would not cause sunburn.

To a degree, the media positions presented in the scientific literature might reflect professional biases. Public health officials, as well as many dermatologists, facing alarming statistical evidence of an increase in skin cancer with patients presenting with melanoma and other sun-related skin morbidity might be less than enthusiastic about the health benefit claims of maintaining adequate levels of vitamin D if it encourages greater UVR exposure.(12) In addition, nutritionists and scientists who examine cancer epidemiology might promote the importance of vitamin D. Also, some dermatologists might favor vitamin D supplements over calls for UVR exposure.

Other nutritionists might place more emphasis on external dietary or supplementary vitamin D. In Europe, vitamin D supplements in food is restricted because of toxicity from excessive supplement use.(11) For US military personnel, generally, the MRE (Meal, Ready-to-Eat) rations do not include many foods naturally rich in vitamin D, nor is there good access to foods with supplemental vitamin D under field conditions.

The problem of balancing concerns over vitamin D deficiencies versus skin cancer is similar to the dilemma of ensuring adequate hydration while avoiding hyponatremia (see Montain, Chapter 7). (Hyponatremia refers to a low concentration of sodium in the blood; also known as “water intoxication.”) Emphasis on the importance of hydration in the prevention of heat injury has, in a few cases, lead to hyponatremia and fatalities. During military deployment, both vitamin D deficiencies and overexposure to UVR are possible. The addition of dietary supplements to military rations is under consideration. Currently, most military training occurs in the southern latitudes of the continental United States, and the majority of military deployments are to the Middle East, other desert climates, or higher altitudes. Despite the emphasis on sunscreen—and directives to wear uniforms in a manner to maximize protection against sunburn, insects, and abrasion—it seems unlikely that most US Army personnel with outdoor duties would not receive enough UVR exposure to ensure adequate vitamin D production levels. Despite the apparent benefits of vitamin D, soldiers, generally, should avoid excessive exposure to solar radiation, tanning, and sunburn.

___________________

Note: Exhibit courtesy of Staff, US Army Research Institute of Environmental Medicine, Natick, Massachusetts.
Data sources: (1) World Health Organization, 2002. Global Solar UV Index: A Practical Guide. WHO/SDE/OEH/02.2. http://www.who.int/uv/.2002 Accessed July 24, 2006. (2) McCarthy W. The Australian experience in sun protection and screening for melanoma. J Surg Oncol. 2004;86:236–245. (3) Albert MR, Ostheimer KG. The evolution of current medical and popular attitudes toward ultraviolet light exposure: part 3. J Am Acad Dermatol. 2003;49:1097–1106. (4) Ferrini RL. American College of Preventative Medicine Practice Policy: skin protection from ultraviolet light exposure. Am J Prev Med. 1998;14:83–86. (5) Kaminester LH. Current concepts: photoprotection. Arch Fam Med. 1996;5:289–295. (6) Klado B. The good sun? Boston Globe. August 29, 2005. (7) Ness AR, Frankel SJ, Gunnell DJ, Smith GD. Are we still dying for a tan? J Cosmetic Dermatol. 2002;1:43–46. (8) Grant WB. An estimate of premature cancer mortality in the U.S. due to inadequate doses of solar ultraviolet-B radiation. Cancer. 2002;94:1867–1875. (9) Grant WB, Strange RC, Garland CF. Sunshine is good medicine. The health benefits of ultraviolet-B induced vitamin D production. J Cosmetic Dermatol. 2004;2:86 98. (10) Zittermann A. Vitamin D in preventive medicine: are we ignoring the evidence? Br J Nutr. 2003;89:552–572. (11) Holick MF. Sunlight and vitamin D for bone health and prevention of autoimmune diseases, cancers, and cardiovascular disease. Am J Clin Nutr. 2004;80(suppl):1678S–1688S. (12) Albert MR, Ostheimer KG. The evolution of current medical and popular attitudes toward ultraviolet light exposure: part 2. J Am Acad Dermatol. 2003;48:909–918. (13) Nowson CA, Margerison C. Vitamin intake and vitamin D status of Australians. Med J Aust. 2002;177:149–152. (14) Tangpricha V, Pearce EN, Chen TC, Holick MF. Vitamin D insufficiency among free-living healthy young adults. Am J Med. 2002;112:659–662. (15) Glerup H, Mikkelsen K, Poulsen L, et al. Commonly recommended daily intake of vitamin D is not sufficient if sunlight exposure is limited. J Intern Med. 2000;247:260–268. (16) Matsuoka LY, Wortsman J, Dannenberg J, Hollis BW, Lu Z, Holick MF. Clothing prevents ultraviolet-B radiation-dependent photosynthesis of vitamin D3. J Clin Endocrinol Metab. 1992;75:1099–1103.



Recreational and occupational exposure to sunlight is associated with the development of skin cancer, as indicated by the predominant region of involvement. Although sunlight over the entire spectral range of solar radiation (200 to 8 × 104 nm) contributes to general body warming, only a small amount of the total solar energy—in the UV spectral range of 280 to 400 nm—is associated with skin damage. The potential for skin damage from UV exposure is broken down further into UVA rays ([UV light ray A] UV radiation [UVR] from 320 to 400 nm) and UVB rays ([UV light ray B] UVR from 290 to 320 nm). In men, 75% of SCC and 80% of BCC develop on the face, head, and neck regions. An additional 18% of SCCs develop on the upper extremities in men; however, only 1.3% occur on their lower extremities.15,16 The involved areas correspond to regions that received the greatest amount of UV radiation on a daily basis.17

Prevention of these skin cancers among service members and, thus, eventual retirees, focuses on protecting the areas of the skin that develop the most skin cancers. The upper extremities can be protected by requiring the service member to wear the battle dress uniform (BDU) with the sleeves down. Wearing the uniform in this manner protects against UV light exposure and biting insects. Service members who wear their BDUs with the sleeves rolled up must wear sunscreens. These sunscreens need to be reapplied regularly, especially when the individual sweats. Uniforms currently worn by service members provide excellent protection from UVA and UVB rays to the covered areas (Table 9-1).

Headgear also provides protection against solar radiation. In general, headgear should shade the entire face and neck area from direct sunlight during the time of maximum exposure to solar radiation. Unfortunately, almost no issue headgear offers protection from solar radiation that is reflected off the ground or other surfaces; therefore, facial sunscreen is still essential. Additional information on the selection of headgear for protection against solar radiation is included in the section on Protection from Solar Radiation.

FACTORS THAT CONTRIBUTE TO SKIN DISEASE DURING DEPLOYMENT

Service members are exposed to a wide range of environmental conditions during deployment. Physical factors in the environment that impact the skin include temperature, humidity, rainfall, wind, and sunlight. Individual factors that can affect skin disease include the following:


	age,

	gender,

	medications,

	stress, and

	general health.


In addition, the type of clothing and footwear worn alters conditions at the skin surface.18 In other disciplines, microclimate refers to meteorological factors that directly impact an individual for a given set of locations in time and space. Conditions at the interface between skin and the environment are so important that physiologists refer to physical conditions at the skin surface as “the microclimate.” Table 9-2 is a summary of known skin diseases that are affected by environmental and psychological changes.

The role that climate plays in skin disease is easily observed in tropical operations, which are characterized by an abundance of bacterial and fungal infections because of the combination of high temperatures and high humidity. Observations have shown that high levels of humidity, in combination with a lower dry bulb temperature, promote sweat duct occlusion with the formation of miliaria (or sweat rash) and hidradenitis suppurativa (a chronic inflammation of the apocrine glands).19 High temperatures promote increased sweating; however, high humidity reduces the evaporation of moisture from the skin. Buildup of moisture in the stratum corneum dilutes the surface lipids and reduces its barrier properties. Continued accumulation of moisture on the skin raises the protective acidic skin pH to a neutral level. Increased hydration of the stratum corneum promotes the growth of gram-positive cocci on the skin.19 In the tropics, bacterial skin infections are caused predominately by S pyogenes.11,20

Climate also affects the activity of insects and, therefore, insect-borne disease. As a general rule, the risk of insect-vectored diseases is greater at lower latitudes and warmer climates; but, locally, the risk of exposure can also vary with season or time of day. Canizares,21 for example, found a relationship between temperature and insect numbers. Few cases of insect-borne disease were seen during Operation Desert Storm, because it occurred during the winter months. With year-round exposure, the incidence of leishmaniasis has increased significantly during Operation Iraqi Freedom/Operation Enduring Freedom, beginning in 200222 (Exhibit 9-2).

A decrease in humidity during the winter months causes its own problems by promoting the development of dry skin. Drying of the stratum corneum causes a loss of epidermal flexibility, with cracking and fissuring ensuing. Uncontrolled pruritus soon develops. The only satisfactory treatment is rehydration of the stratum corneum. Periods of low humidity also exacerbate skin diseases affecting the stratum corneum. Chapping of the skin has been associated with periods of low air moisture following periods of high air moisture.23 Extreme cold weather increases the granular layer of the skin on the dorsum of the hands. In addition, a loss of dermal elastic tissue was seen with this change.24 (Additional information on the effects of cold weather exposure can be found in Medical Aspects of Harsh Environments, Volume 1 [see Section II: Cold Environments].)

Clothing and footwear, especially if designed to be “waterproof” or impermeable, reduce the loss of body heat and impair or block evaporation of moisture from the skin. Close-fitting clothing allows heat and moisture buildup to produce a localized tropical environment on the skin folds, particularly the feet. Aly and colleagues25 noted that prolonged skin occlusion changed the normal, protective acidic skin pH to neutral. Skin maceration and loss of barrier function develop from this localized environment. Some service members experience this problem when wearing the Vapor-Barrier military boots (commonly known as “Mickey Mouse” boots; AirBoss Acton [Acton Vale, Quebec, Canada]), which were designed for extreme cold weather use.26 Impermeable footwear promotes the growth of bacteria and fungi, and it is not uncommon to see the rapid development of cellulitis arising from tinea pedis (or athlete’s foot; Figure 9-6).

During deployment, service members are also exposed to new medications and vaccines. Military personnel should start all new medications about 2 to 3 weeks before deployment. Development of drug reactions or exacerbations of preexisting disease might occur before deployment. (Table 9-3 lists skin diseases that flare up from medications during deployment.)

SKIN PROTECTION DURING DEPLOYMENT


TABLE 9-1

PERCENTAGE OF UVA AND UVB TRANSMISSION AND UPF VALUES FOR THREE CAMOUFLAGE FABRICS



	Uniform
	Color
	Status
	UPF*
	%UVA
	%UVB



	Desert




	BDU
	Lt tan Initial
	240
	1.35
	0.31



	
	Lt tan
	Washed†
	414
	0.76
	0.17



	
	Lt brown
	Initial
	1,440
	0.16
	0.06



	
	Lt brown
	Washed†
	2,035
	0.09
	0.05



	
	Khaki
	Initial
	413
	0.56
	0.19



	
	Khaki
	Washed†
	687
	0.31
	0.12



	Hot-weather woodland




	BDU
	Lt green
	Initial
	856
	0.23
	0.10



	
	Lt green
	Washed†
	920
	0.17
	0.10



	
	Dk green
	Initial
	1,484
	0.10
	0.07



	
	Dk green
	Washed†
	1,698
	0.07
	0.06



	
	Brown
	Initial
	1,498
	0.08
	0.07



	
	Brown
	Washed†
	2,049
	0.05
	0.05



	
	Black
	Initial
	16,597
	0.01
	0.01



	
	Black
	Washed†
	6,262
	0.02
	0.02



	Temperate woodland




	BDU
	Lt green
	Initial
	576
	0.33
	0.15



	
	Lt green
	Washed†
	666
	0.26
	0.13



	
	Dk green
	Initial
	884
	0.17
	0.11



	
	Dk green
	Washed†
	1,152
	0.12
	0.08



	
	Brown
	Initial
	977
	0.13
	0.10



	
	Brown
	Washed†
	1,328
	0.09
	0.08



	
	Black
	Initial
	2,237
	0.06
	0.04



	
	Black
	Washed†
	2,324
	0.05
	0.04




*All fabrics in the dyed colors would be labeled UPF 50+ (“Excellent UV Protection”) in accordance with ASTM D6603 standards.
†Washed = 40 wash cycles + UVR exposure to simulate 2 years of wear. BDU: battle dress uniform; Dk: dark; Lt: light; UPF: ultraviolet protection factor; UVA: ultraviolet light ray A; UVB: ultraviolet light ray B.
Data source: Winterhalter C, DiLuna K, Bide M. Characterization of the Ultraviolet Protection of Combat Uniform Fabrics. Natick, Mass: US Army Soldier and Biological Chemical Command, January 2002. Technical Report NATICK/TR-02/006.

 

Skin disease is a major factor in lost man-hours during ship operations. Vidmar et al27 found that pyoderma accounted for a large percentage of morbidity during cold water deployment. Commanders can reduce the incidence of skin disease among their personnel by preventing conditions that cause occlusion with skin maceration. (Maceration of the skin occurs when the skin is consistently wet. Thus, the skin softens, turns white, and becomes easily infected with bacteria or fungi.) Preventive measures are shown in Exhibit 9-3. The effect of skin disease in tropical operations is reduced by preventing maceration and occlusion through the reduction of moisture buildup on the skin. Measures should also be taken to reduce skin maceration when service members are not in the field (Exhibit 9-4).

Protection from Hot Weather Environments

In a desert environment, low humidity and reliance on the use of a limited amount of potable water for all purposes can cause different skin problems. Table 9-4 lists clothing properties for current issue uniforms, including the water vapor permeability index (im) values. The im scale is 0 to 1, with 0 representing impermeable clothing and 1 representing bare skin28 (Table 9-4 and Figure 9-7). Commanders should consider that wearing heavy or starched clothing, body armor, or chemical-biological protective clothing significantly limits evaporation of perspiration. Service members wearing these types of clothing suffer acute, heat-related disease because of their inability to regulate core temperature when the pathways for heat exchange via convection, radiation, conductance, or especially evaporation are blocked or severely reduced. Long-term wear creates a tropical microclimate with eventual skin maceration. Exhibit 9-5 describes protective measures for desert deployment.


TABLE 9-2

FACTORS THAT AFFECT SKIN DISEASE



	Factor
	Disease



	Humidity



	Low

	Eczema, atopic dermatitis, psoriasis, dry skin, hand dermatitis, ichthyosis




	High

	Fungal infections, bacterial infections, atopic dermatitis, Hailey-Hailey disease, acne, warts, miliaria, hidradenitis suppurativa




	Sunshine

	Discoid lupus erythematosus, Darier’s disease, porphyria, herpes simplex




	Stress

	Atopic dermatitis, psoriasis, lichen planus, acne






EXHIBIT 9-2

DERMATOLOGY INFORMATION AVAILABLE THROUGH ARMY KNOWLEDGE ONLINE

Army Knowledge Online (AKO) provides dermatology information to all service members in the US Army who have AKO accounts. For example, this site provides information on leishmaniasis* and teledermatology.† To access this information, follow these eight steps:


	Access the AKO Web site at https://www.us.army.mil/suite/login/welcome.html.

	Select “Login to AKO.”

	Login with established user name and password.

	Go to far left at top of screen and click “Home,” then use arrow to scroll down to click on “site maps.”

	Scroll down to “search sites,” fill in “name of site” block as “60L Dermatology,” then click under “type of site,” then “organizational sites,” and then click “search.”

	A series of organization names will appear; the first one should be “60L Dermatology”—click “Homepage.”

	A page should appear with the first left-hand column heading in black—“Dermatology Support for OIF/OEF.”

	Scroll down through the items to the black heading entitled “Leishmaniasis Information.”


Although the layout of Web sites invariably changes with time, the basic approach to accessing information by narrowing the focus of the search through directories and subdirectories will be similar from one version to the next. Contact your unit’s information management officer if you have any difficulties accessing the AKO site or navigating through it.

___________________

*A parasitic disease spread by the bite of infected sand flies.
†Delivery of healthcare for persons with skin diseases using long-distance communication.



Protection from Cold Weather Environments

Skin protective measures during cold weather operations are similar to those during desert operations. With a lack of humidity in the air, all exposed skin loses moisture and dries out. This drying of the stratum corneum causes chapping of the skin, which can be prevented by frequently applying an emollient lotion to lubricate the skin. Lubrication follows cleaning of the skin. Reversal of dry skin is achieved by applying an ointment to the skin after it has been moistened. The affected area (hands and feet) should be covered with socks, and other areas should be covered with clean, long underwear. Crisco (J. M. Smucker Company, Orrville, Ohio) or lard can be used as an ointment if white petroleum jelly is not available. Lip protection using a wax-based sunscreen is advised.

Relative to operations in cold, dry environments, there are additional concerns to consider during operations in cold, wet environments. In the wetter environments, clothing should keep the skin warm and dry. Being wet in cold weather is a life-threatening condition because of the danger of losing core body heat. Service members must dry the affected area immediately and put on dry clothing. Exposed areas of the skin can dry and crack. However, frequent applications of emollient creams or lotions29 can manage and prevent this problem.

Protection from Solar Radiation

During deployment, wearing effective sun protective headgear is essential. Many deployments require the use of the Kevlar (E. I. du Pont de Nemours and Company, Wilmington, Del) helmet for protection against fragments or gunshot wounds. When service members are not required to wear the Kevlar helmet, they should wear the hot weather hat. Sometimes, a cotton neckerchief is issued for additional sun protection and as a sweat cloth. The solar protection provided by a brimmed hat is greater than the beret or the BDU cap—or the newer Army Combat Uniform-billed patrol cap—that is similar to civilian baseball caps. The BDU cap protects the forehead and nose; however, the ears, cheeks, and back of the neck have minimal or no protection30 (Figure 9-8). Diffey and Cheeseman31 found that a hat with at least a 7.5-cm brim provided the best protection for the face, cheeks, chin, and back of the neck, whereas peaked baseball-style caps protected only the nose and the forehead.
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Fig. 9-6. Tinea pedis with secondary bacterial infection in a 45-year-old seaman aboard ship. The bacterial infection often includes gram-negative organisms (Pseudomonas). This was treated following teleconsultation with a combination of antibiotic, oral antifungal, and attention to foot hygiene, including modification of foot wear.
Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0135110413.



The official headgear of the Army, the beret, provides less solar protection of the head and neck than the BDU cap. The beret is an asymmetric brimless hat. There is a 1-inch to 2-inch part of the beret that drapes over the right scalp and upper right ear. How far the beret drapes depends on the amount of molding performed by the wearer. Solar protection would only occur in hatband areas and in those areas covered by the draped beret. Schissel32 reported that the beret provided a 75% reduction in UVB radiation to the vertex of the scalp, an area that the beret covers when worn. Furthermore, he reported that the beret provided only a 2% reduction in UVB radiation to the ear and chin, and a 12% reduction to the neck. In this study, the ear monitor was located near the left ear, the side not covered by the beret.32 The beret might provide greater protection to the right scalp and right upper ear when it drapes over these areas.


TABLE 9-3

SKIN REACTIONS CAUSED BY DIFFERENT CLASSES OF DRUGS



	Skin Reaction
	Drug Class
	Examples



	Phototoxic
	Antimicrobials
	Tetracylines, quinolones, sulfonamides, nalidixic acid



	
	Cardiac
	Nifedipine, quinidine, propranol



	
	Acne medication
	Retinoids



	
	Tricyclic antidepressants
	Nortriptyline



	
	Diuretics
	Furosemide, hydrochlorothiazide



	
	Nonsteroidal antiinflammatory
	Ketoprofen, naproxen, piroxicam



	
	Hyperglycemic agents
	Sulfonylureas



	Pruritus
	Antimalarials
	Chloroquine



	Psoriasis
	Cardiac
	Beta blockers, angiotensin-converting enzyme inhibitors, quinidine



	
	Antimalarials
	Chloroquine, primaquine



	
	Nonsteroidal antiinflammatory
	Ketoprofen, naproxen, ibuprofen, indomethacin



	Xerosis
	H2-receptor blockers
	Cimetidine, rantidine, famotidine



	
	Acne medication
	Isotretinoin, tretinoin




Data source: Litt JZ, Pawlak WA. Drug Eruption Reference Manual. New York, NY: Parthenon Publishing Group; 1997: 481, 485, 496–497.

 

The 1989 study conducted by Keeling and colleagues30 monitored the upper and lower ear separately on live subjects and noted little change in the solar protection provided to those two areas. The headgear in their study covered either the entire ear or not at all. Bilateral solar protection in asymmetric headgear has not been measured. The beret, although limited in its design to protect the head and neck of the wearer, might provide equivalent protection to the right scalp and right upper ear similar to that provided to the vertex of the scalp. Because the beret provides limited solar protection to the facial area, service members with lupus, a history of melanoma, or multiple skin cancers should wear an alternative hat when assigned to sunny climates.


EXHIBIT 9-3

PREVENTION OF SKIN DISEASE FOR SAILORS

Sailors should adhere to the following guidelines to help prevent skin disease:


	Dry all wet clothing after wearing. Avoid continued wearing of wet clothing.

	Sleep in dry clothing only.

	Shower after work shift.

	Wear wet weather gear (including boots) when working in wet environments (especially for service members working in the galley).

	Change shoes and socks daily. If appropriate, wear sandals when not on duty to allow feet to dry.

	Wear rubber gloves when performing wet work. After removing gloves, hands should be rinsed, dried, and lubricated with a lotion.

	Replace any wet weather footwear or handwear if it contains a hole.

	Personnel on deck should wear a lotion-based sunscreen on exposed skin areas and use a lubricating lotion when out of the sun.




Medical personnel need to advocate solar protection for soldiers in the field. Service members working on flight lines should wear a sunscreen preparation of titanium dioxide or zinc oxide (“clown white”) or both. Sunscreen should be applied to all exposed areas of the face and arms. Gel formulations of sunscreens can be applied to the face after shaving. Reapplication of sunscreen is essential after heavy sweating or swimming. The addition of titanium dioxide or zinc oxide, or both, to sunscreens provides total protection against UVB and UVA rays. Some commercially available preparations (eg, Total Block COTZ [Contains Only Titanium and Zinc—it is a mineral-based, sun care product produced by Fallene Ltd, King of Prussia, Pa]) have these compounds as their primary active sunscreens in a micronized particle form. These are usually water and sweat resistant and are nonirritating. Sun exposure should be limited during a time block centered around solar noon, when the solar irradiance and UVR is strongest. The width of the time block can vary with latitude, time of year, and assumed acceptable level of exposure. However, limiting UVR exposure is highly recommended during the summer months in the southern United States or during year-round overseas deployments to low latitude environments, 1000 to 1600 hours Daylight Savings Time (Exhibit 9-6; with accompanying Exhibit Table E6-1 and Exhibit Figures E6-1 and E6-2). Although this is not practical during an operational environment, training schedules should factor in sun exposure risk when planning exercises.


EXHIBIT 9-4

SKIN PROTECTION FOR TROPICAL DEPLOYMENTS

Service members deployed to tropical areas should follow these guidelines for preventing skin disease:


	Wear well-ventilated clothing to prevent the buildup of moisture on the skin. Clothing should be hung up to dry after being worn. Flies lay eggs in clothing dried on the ground, and myiasis* can develop. Clothing should be washed in potable water.

	Wear dry socks and footwear. Ventilated footwear, such as hot weather boots, should be worn during tropical deployments.

	Wear sandals† when not in the field to allow feet to dry.

	Wear insect repellant and use mosquito nets at night to reduce insect bites.

	Use sunscreens. Commanders should encourage personnel, whenever outside, to wear the hot weather jungle hat or a similar, wide-brim hat.

	Bathe immediately on return from field operations. Cleansing with deodorant soap reduces the bacterial count on the skin.

	Encourage commanders to limit operations in watery terrain to 48 hours if the tactical situation permits. Longer operations increase the risk of skin infection.


___________________

*Infestation of the organs/tissues of host animals by the larvae (maggots or grubs) of flies.
†From 1969 to 1970, the 9th Infantry and other units were issued lightweight footwear (officially labeled as “comfort shoes,” but also referred to as “bivouac slippers”) to be worn during bivouac and other situations so that soldiers could remove their jungle boots, but still have some foot protection. These shoes are described in the following source: Stanton S. U.S. Army Uniforms of the Vietnam War. Harrisburg, Pa: Stackpole Books; 1989: 139.
Data source: Memorandum on prevention of skin disease in the Ninth Infantry Division, HQ Ninth Infantry Division, APO San Francisco, Calif; October 28, 1968. Adapted from: Army Regulation 40-29. Prevention of Skin Disease Among Troops Operating in Inundated Areas. US Army Vietnam (US-ARV); January 10, 1968.




TABLE 9-4

WATER VAPOR PERMEABILITY AND INSULATION OF US ARMY UNIFORMS



	Uniform
	IT*(clo)

	im†(ND)

	im/clo‡(ND)




	Army Combat Uniform

	1.35

	0.45

	0.34




	Army Combat Uniform + Body Armor with small arms protective inserts (SAPI plates)

	1.47

	0.44

	0.31




	Chemical and biological agent protective ensemble with Joint Service Lightweight Integrated Suit Technology (JSLIST) overgarment over Army Combat Uniform fully encapsulated

	2.53

	0.39

	0.15





BDU: battle dress uniform; clo: units of total insulation; im: vapor permeability index; Im: permeability index; IT: total insulation measurement; ND: nondimensional units; SAPI: small arms protection inserts.
*Total clothing insulation in clo units (1 clo = 0.155 K × m2/W).
†Water vapor permeability nondimensional (ND) index: values—0 = impermeable, 1 = bare skin.
‡Ratio approximate “cooling power” of clothing. Values measured at 0.4 m • s–1.
Data source: US Army Research Institute of Environmental Medicine (Natick, Mass).

 

Commanders should discourage tanning as a means of reducing sun exposure risk among service members. Myths about the benefits of tanning cover a wide range. The facts are as follows:


	Tanning does not promote heat endurance. Only working in hot environments promotes heat endurance.

	Tanning does not promote physical endurance. Only physical activity promotes physical endurance.

	A tan obtained in a tanning salon does not protect against sunburn. Tanning salons have UVA light sources. These only protect against UVA burns. The immediate sunburn experienced from direct, as well as indirect (ie, reflection of the sun’s rays off water or other reflective surfaces), exposure to the sun is caused by UVB radiation. A UVA tan obtained in a tanning salon does not protect against a UVB burn.

	A tan is not a sign of good health. Tanning is only a sign that exposure to UVB or UVA radiation has occurred. Tanning is a fashion trend, not a health practice.
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Fig. 9-7. Clothing properties are tested on a thermal manikin. Values obtained for insulation and water vapor permeability are used to compare clothing as inputs to thermal models. The uniform ensemble shown is the Interceptor Body Armor worn with a Marine Corps Combat Utility Uniform with mismatched camouflage patterns.
Photograph: Reproduced from the US Army Research Institute of Environmental Medicine (Natick, Mass).




	Self-tanning lotions do not protect against sunburn. These preparations are cosmetic stains that change skin color. No UVR protection is gained from their application.

	Sunscreens do not allow longer exposure to the sun for tanning purposes. Sunscreens, by design, limit UVB or UVA radiation exposure to the skin and, therefore, prevent tanning.

	Skin cancer affects people of all ages, not just the elderly. Eighty percent of a person’s total lifetime exposure to solar radiation occurs prior to military service before the age of 18; thus, early prevention programs are important.



EXHIBIT 9-5

SKIN CARE IN DESERT OPERATIONS(1–3)

Service members deployed to desert environments should follow these guidelines for avoiding skin disease:


	Use emollient-based sunscreen on the skin regularly. Protect lips by using a lip wax/sunscreen protectant. Wear a wide-brimmed hat (or jungle hat) to protect the face from solar radiation.

	Wear ventilated footwear and clothing. Do not starch clothing. Keep clothing clean.

	Clean skin regularly with soap and water. Nonlipid skin cleansers (eg, Cetaphil or Aquanil)* can be used if water is unavailable for showering. These cleansers clean and lubricate the skin.

	Lubricate the skin. Use nonlipid cleansers. If skin becomes dry, use an emollient lotion after bathing.

	Wear insect repellant.


___________________

*Brand names: Cetaphil, Galderma Laboratories (Fort Worth, Tex); Aquanil, Person & Covey, Inc (Glendale, Calif).
Data sources: (1) Pace JL. Sun, sand, and skin: the Persian Gulf. Int J Dermatol. 1991;30:247–249. (2) US Army Research Institute of Environmental Medicine, Walter Reed Army Institute of Research, US Army Medical Research and Materiel Command. Sustaining Soldier Health and Performance in Southwest Asia: Guidance for Small Unit Leaders. Natick, Mass: USARIEM; 1994. Technical Note 95-1. (3) US Army Research Institute of Environmental Medicine. Sustaining Health and Performance in the Desert: A Pocket Guide to Environmental Medicine for Operations in Southwest Asia. Natick, Mass: USARIEM; 1990. Technical Note 91-2.




This incidence of skin cancer can be reduced by educating service members and their commanders about proper skin care and informing them about the tanning misconceptions (Figure 9-9).

SKIN DISEASES AFFECTED BY DEPLOYMENT

Common skin diseases can cause problems among military personnel. Field conditions—such as heat, humidity, poor hygiene, occlusive clothing, secondary infection, inadequate nutrition, UV light, etc—can exacerbate these disorders. An understanding of the following skin diseases and their management is vital:


	acne,

	hidradenitis suppurativa,

	psoriasis,

	atopic dermatitis,

	lichen planus,

	discoid lupus erythematosus,

	Darier’s disease, and

	hand dermatitis.


Acne

Acne is an inflammatory disease of the pilosebaceous apparatus. Hot-humid environments can cause the disease to flare up. The eruption can become infected secondarily by Staphylococcus or Streptococcus. Acne can localize to areas that are chronically rubbed, including the chin, shoulder, waist, and buttocks. These areas can become unresponsive to treatment unless the source of rubbing is removed.

Service members who handle petrochemical products and cutting fluids are susceptible to acne. This chronic oily residue on the skin predisposes it to acne development. It is important that these service members wear protective clothing to keep these compounds off the skin. Line supervisors should ensure that service members wear protective clothing and that soiled clothing is properly laundered rather than worn again.

In the field, cleaning of the skin with soap and water helps control acne. For some people, the addition of an oral antibiotic might be necessary. Service members with acne requiring the use of Accutane (Hoffman-LaRoche, Basel, Switzerland) should not be deployed until they have completed at least 3 months of drug treatment. This period of time allows the drug to be adjusted to the appropriate dose and any side effects monitored (as well as a response to therapy).
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Fig. 9-8. Solar protection of different head covers: jungle hat, BDU baseball hat, and beret. Jungle hat—front view (a) and side view (b). Illustrations show the areas protected by the jungle hat. All areas of the head and neck have at least a 50% reduction in direct radiation exposure. Facial areas have greater than a 80% reduction in direct solar radiation. BDU baseball hat—front view (c) and side view (d). Illustrations show the areas protected by the BDU baseball hat. The ears and posterior neck are not protected by this hat. The cheeks receive minimal protection (≤40% protection). Only the forehead and nose have greater than a 80% reduction in direct solar radiation. Beret—front view (e) and side views (f and g). The beret was adopted in 2001 for use by all personnel in the US Army. Illustrations show the areas protected by the beret, which provides less than a 13% reduction in solar radiation to the forehead, nose, face, chin, left ear, and posterior neck. The protection is asymmetric because of the beret design, which provides up to a 75% reduction in the covered areas.
BDU: battle dress uniform
Illustrations of jungle hat and BDU baseball hat protection: Adapted with permission from and courtesy of Visual Illustration Service, Brooke Army Medical Center, Fort Sam Houston, Texas. From data reported by Keeling JH, Kraus EW, Pathak M, Sober AJ. Hats: design and protection from ultraviolet radiation. Mil Med. 1989;154:250–255.
Illustrations of beret protection: Courtesy of Visual Illustration Service, Brooke Army Medical Center, Fort Sam Houston, Texas. From data reported by Schissel DJ. Operation Shadow Warrior: a quantitative analysis of the ultraviolet radiation protection demonstrated by various headgear. Mil Med. 2001;166:783–785.



Hidradenitis Suppurativa

Hidradenitis suppurativa is chronic inflammation of the apocrine sweat gland. Clinical features of this disease include recurring, painful, fluctuant cysts and nodules of the axillae, buttocks, and genital area. The cysts are usually infected by gram-positive cocci. gram-negative bacteria are isolated with repeated infections. The disease flares up during conditions of high temperature, humidity, and stress. Patients with the disease can have frequent flare-ups that might require surgical intervention.

A similar eruption involves only the scalp and is called dissecting cellulitis. Service members with this condition cannot wear protective headgear. This is a rapidly progressive disease that eventually causes permanent scarring alopecia (hair loss). Dermatology evaluation is essential to treatment.



EXHIBIT 9-6

ULTRAVIOLET INDEX

The ultraviolet (UV) index (UVI) provides general guidance regarding potential exposure to the risk of sunburn and skin damage due to UV radiation. The UVI can be presented as a forecast or derived from direct UV measurements. Based on the UVI value, different behaviors are recommended, such as applying sunscreen, wearing clothing or sunglasses, or limiting exposure time by seeking shade (Exhibit Table E6-1). A forecast is based on satellite measurements of the ozone layer and a model prediction of the UV portion of solar radiation reaching a given location on the Earth’s surface. The local forecast is adjusted for cloud cover in accordance with a statistical projection of local cloudiness. The methods used by the National Weather Service(1) are consistent with international standards sanctioned by the World Health Organization (WHO),(2) but they differ because many international sites use ground-based measurements rather than calculations based on satellite data. Ground-based measurements are technically more accurate for the locales near the monitoring site, but UV radiometers are uncommon. Thus, ground-based measurements are very limited, whereas satellite-based estimates are possible for almost any location. The following methodology is based primarily on Long et al.(1) As noted by these authors, the methodology continues to be refined and improved. Equivalent methods are used in other countries, such as the methodology reported by Lemus-Deschamps et al(3) in Australia.


TABLE E6-1

GENERAL EPA GUIDELINES FOR PROTECTIVE MEASURES AGAINST OVEREXPOSURE TO UVR BASED ON THE UVI



	Exposure Category
	UV Index

	Protective Actions



	Minimal
	0–2

	SPF 15 sunscreen



	Low
	3–4

	SPF 15 sunscreen and protective clothing (hat)



	Moderate
	5–6

	SPF 15 sunscreen, protective clothing, and UVA/UVB sunglasses



	High
	7–9

	SPF 15 sunscreen, protective clothing, sunglasses, and sun avoidance 10 AM to 6 PM



	Very high
	10+

	SPF 15, protective sunscreen clothing, sunglasses, and sun avoidance 10 AM to 6 PM




EPA: Environmental Protection Agency; SPF: sun protection factor; UV: ultraviolet; UVA: ultraviolet light ray A; UVB: ultraviolet light ray B; UVI: ultraviolet index; UVR: ultraviolet radiation.
Data source: http://www.cpc.ncep.noaa.gov/products/stratosphere/uv_index/uv_info.html. Accessed July 27, 2006.

 

Ozone is not distributed evenly across the Earth’s surface, because it varies by season and hemisphere. A forecast of the ozone layer thickness or column is based on a weighted estimate from satellite observations. Incoming UV radiation is partially absorbed by ozone or scattered by particles in the atmosphere in proportion to the distance the radiation travels through the atmosphere. The shorter the distance or path, the greater the level of irradiance and corresponding risk of skin damage. The path is shortest at solar noon in proximity to the summer solstice and at higher altitudes, and increases relative to sunrise, sunset, the winter solstice, and lower elevations (Exhibit Figure E6-1, a and b). Values will be higher on an annual basis in the tropics and higher when the shadow cast by a standing individual is minimum. During the Hawaiian summer solstice, “no shadow day” is celebrated at solar noon. On that day, when the sun is directly overhead (zenith angle = 0), for a standing individual, there is no shadow. The concept of maximum exposure to UV radiation at solar noon has been expressed as the “shadow rule”—if you cast little or no shadow, you should get out of the sun, because this corresponds to a high zenith angle and maximum solar irradiance. The rule is most applicable in the tropical latitudes and is somewhat confounded by reflected radiation and/or overcast days.

Calculation of UVI is based on a radiation transfer model(4) that uses the following as inputs:


	ozone amount,

	latitude,

	longitude,

	date and time of day,

	solar position, and

	cloud cover.



[image: art]

Fig. E6-1. (a) Seasonal variation in ultraviolet index values for Albuquerque, New Mexico, forecast calculated for clear sky and predicted cloud cover conditions. (b) Erythemal dosage rates vary with time of day and latitude. Ultraviolet index forecast values are usually given for solar noon.
DU: Dobson units; UV: ultraviolet.
Illustrations: (a) Adapted with permission from the National Oceanic and Atmospheric Administration (NOAA), US Department of Commerce, Washington, DC. (b) Adapted with permission from Long CS, Miller AJ, Lee H-T, et al. Ultraviolet index forecasts issued by the National Weather Service. Bull Am Meteorol Soc. 1996;77:729–748 (Fig. 3, p. 732). Courtesy of the American Meteorological Society, Boston, Massachusetts.



Other inputs, such as surface reflection (albedo), are set as constants. See Chapter 8 for additional information on solar radiation. The model computes clear sky spectral irradiance as an energy flux (W/m2), which is adjusted for cloud cover or haze. Because only UV radiation in the 280- to 400-nm range are factors in sunburn—and the relative importance varies in accordance with the CIE (Commission Internationale de l’Eclairage) action spectrum(5)—the raw irradiances are weighted to compute an erythermal irradiance or dose rate. The original National Weather Service UV product was expressed as a 1-hour dosage in mJ/m–2, but is currently expressed as a true nondimensional scale in accordance with the World Meteorological Organization standard of 25 mW/m–2 = 1 UVI unit. The WHO equation for UVI is:
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where Eλ solar spectral irradiance in W/(m2 × nm)–1 for a given wavelength (λ) over dλ, the wavelength interval, and ser(λ) erythema action spectrum,(5) ker is a constant (40 m2/W–1). Eλ can be obtained from ground-based sensors or satellite-adjusted calculations.

UVI Varies with Location

The United Kingdom’s Web page indicates that UVI values in the United Kingdom never exceed 8, whereas the example in the WHO guide (2002) indicates a value of 13 in Darwin, Australia. Exhibit Figure E6-2 shows the National Oceanic and Atmospheric Administration/Environmental Protection Agency report format for UVI values for 58 cities in the United States.

Value of the UVI

The Environmental Protection Agency (EPA) established five categories for interpreting the UVI, which differ slightly from the WHO exposure categories, because a small adjustment was made to conform to the international standard. As noted previously, based on the UVI value, different protective measures are recommended, although it might be more practical to make the applicable EPA recommendation into standard operating procedures for military populations. Long(6) carefully pointed out the following limitations of UVI calculations:


	statistical adjustment for cloud cover,

	assumptions on the use of satellite data to estimate ozone,

	use of constants to represent albedo, and

	emphasis in the forecast on the maximum value at solar noon.
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Fig. E6-2. Sample data sheet of the National Oceanic and Atmospheric Administration (NOAA)/Environmental Protection Agency (EPA) Ultraviolet Index (UVI) forecast for US cities. http://www.cpc.ncep.noaa.gov/products/stratosphere/uv_index. Accessed July 27, 2006.
UV: ultraviolet
Data sheet: Courtesy of the National Oceanic and Atmospheric Administration, US Department of Commerce, Washington, DC.



In addition, the UVI is expressed on an artificial, nondimensional scale. Whereas users should be aware of these limitations required to develop a manageable forecast, the UVI provides both awareness and general guidance relative to the risks of exposure to solar radiation.


___________________

Data sources: (1) Long CS, Miller AJ, Lee HT, Wild JD, Przywarty RC, Hufford D. Ultraviolet index forecasts issued by the National Weather Service. Bull Am Meteorol Soc. 1996;77:729–748. (2) World Health Organization, 2002. Global Solar UV Index: A Practical Guide. WHO/SDE/OEH/02.2. http://www.who.int/uv/. Accessed July 27, 2006. (3) Lemus-Deschamps L, Grainger S, Rikus L, Atkinson R, Steinle P, Gies P. Australian UV and Ozone Forecasting System. http://www.bom.gov.au/bmrc/mdev/expt/uvindex/uvi.shtml. Accessed September 16, 2005. (4) Frederick JE, Lubin D. The budget of biologically active radiation on the earth-atmosphere. J Geophys Res. 1988;93:3825–3832. (5) Erythema Reference Action Spectrum and Standard Erythema Dose. Vienna, Austria: CIE Central Bureau; 1999. ISO 17166: 1999/CIE Standard ISO 17166/CIE S007-1998. (6) Long CS. Presentation to OFCM JAG/TI 2003. http://www.ofcm.gov/jagti/jagti-start.html. Accessed July 27, 2006.



Patients with active disease should not be deployed. Those individuals in remission (under treatment with Accutane) might experience flare-ups when deployed. Service members are eligible for deployment if the disease has been in remission for at least 6 months.

Psoriasis

Psoriasis is a chronic, inflammatory skin disease that presents as scaly papules and plaques (Figure 9-10). At times, the disease can have an unpredictable course. Any combination of factors (eg, stress, low humidity, minimal sunshine, or cold weather) can affect the progression of psoriasis in the Army garrison. Chloroquine and antimalarial chemoprophylaxis can also exacerbate psoriasis.33–35

The abundance of skin scale and odor produced by psoriasis complicates living in the field. Service members with psoriasis often have itching. Thus, daily bathing is essential to reduce the skin scale build-up. Lesions from psoriasis are often colonized by S aureus, and such bacterial infections can cause progression of the cutaneous lesions.

Treatment during deployment focuses on improving skin hygiene and lubrication, applying topical steroids, and taking oral antihistamines. Army Regulation 40-501 (“Standards of Medical Fitness” [February 1, 2005]), and Department of Defense Directive 6130.3 (“Physical Standards for Appointment, Enlistment, and Induction” [December 15, 2000]), both bar people from entering the military if they have active, residual lesions or a history of atopic dermatitis after 8 years of age. Individuals with only mild psoriasis (without nail pitting) that does not interfere with the wearing of military equipment might enter military service. Military service personnel can be treated with the following:


	etritinate,

	isotretinoin,

	bexarotene,
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Fig. 9-9. Sun Smart Cards TA-012-0403. (a) Shade and clothing. (b) Suncreen and eye wear. Available at: http://chppm-www.apgea.army.mil/doem/pgm34/HIPP/sun_smart_card.pdf. Accessed July 27, 2006.
SPF: sun protection factor
Photograph: Reproduced from the Center for Health Promotion and Preventive Medicine (CHPPM), now US Army Public Health Command (PHC).
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Fig. 9-10. Psoriasis in a military contractor serving in Afghanistan. Normally, this individual’s condition is well controlled without medication in a more humid stateside environment. One recommendation from the teleconsultation was a few minutes per day sun exposure three times/week to help control the condition until redeployment.
Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0003110103.




	cyclosporine,

	methotrexate,

	mycophenolate mofetil,

	hydroxyurea,

	systemic biological agents for psoriasis (alefacept [Amevive], infliximab [Remicade], etanercept [Enbrel], and others), and

	psoralen with UVA.


Patients on narrow-beam UVB should be evaluated by a dermatologist prior to deployment to be switched to another treatment regimen. Most of these treatments are not available to deployed military personnel, nor can they interfere with a person’s immune system.

Atopic Dermatitis

Atopic dermatitis is a chronic skin disease that results from an intense pruritus of the skin. It is characterized by symmetrical, eczematous lesions of the face or antecubital or popliteal fossa. These lesions can be weepy, scaly, or lichenified papules and plaques (Figure 9-11). The skin is colonized by S aureus. Atopic dermatitis is triggered by airborne irritants, stress, foods, dry weather, cold weather, and hot weather.

Presentation of atopic dermatitis varies per individual. Patients with this condition rub their skin regularly, with pruritus as the main complaint. They do not tolerate wearing wool or scratchy fabrics. These patients are susceptible to heat injuries because of an impaired sweat mechanism. They have impaired cellular immunity of the skin. Infections caused by varicella, herpes simplex, vaccinia, and dermatophytes can easily involve all skin surfaces. Prophylaxis with an oral antiviral agent is indicated when these patients are exposed to herpes simplex. Service members with this condition usually do poorly in the field.

Lichen Planus

Lichen planus is an inflammatory skin disease characterized by the presence of flat-topped polygonal papules of the skin. The eruption can involve any cutaneous surface. These lesions are pruritic and are exacerbated by stress. Sunshine intensifies the eruption. Lichen planus can cause painful oral ulcerations. The eruption clears with the use of corticosteriods, but returns when the drug is stopped. In the field, healthcare workers have limited therapies for management of this disease.

Discoid Lupus Erythematosus
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Fig. 9-11. Atopic dermatitis (chronic eczema) with a nummular (coin-shaped) eruption on hands with itching and burning. This soldier was managed by teleconsultation from Afghanistan. Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0006110104.



Discoid lupus erythematosus is a cutaneous collagen vascular disease that has the propensity to become generalized. Service members with this disease have hypopigmented, atrophic skin scars. Active lesions usually present as pink-to-red papules and plaques. This eruption can be a source of permanent hair loss. In addition, affected areas tend to be sun-exposed. Both UVA and light can trigger flare-ups of discoid lupus erythematosus.

Treatment focuses on limiting stress and sun exposure. Service members should wear the hot weather hat in lieu of the BDU cap or beret. The hot weather hat protects the cheeks, ears, nose, and neck. Frequent application of a broad-spectrum sunscreen with a solar (sun) protection factor (SPF) of 30 should be used. Commanders might need to limit activities that increase sun exposure. Service members might need job reclassification.

Darier’s Disease

Darier’s disease is an autosomal, dominant skin disease that is triggered by sunshine, heat, and humidity. When the disease is in remission, the only cutaneous findings appear in the fingernails. Red streaks and notching of the free edge of the nail present in one or more nails. Flaring of the disease is characterized by generalized intensely pruritic, weepy, and scaly papules that initially involve sun-exposed areas. Secondary bacterial infections are common. Treatment is aimed at placing the individual in an air-conditioned environment and administering oral antihistamines to control pruritus.

Hand Dermatitis

Hand dermatitis can be caused by atopic dermatitis, psoriasis, contact dermatitis, and chronic irritation. Similar conditions can affect the feet in occupational exposures such as in Figure 9-12. These factors play a major role in hand dermatitis and commonly result from frequent washing of the hands with soap and water or with water-free cleaning solvents. Depletion of the protective skin lipids of the stratum corneum is the result, with the stratum corneum drying out, losing pliability, and cracking. Stiffening of the stratum corneum is inversely related to the level of hydration. Thus, painful cracks and fissures can develop, with fissures extending down to the dermis. Treatment focuses on limiting exposure to an allergen/irritant and rehydrating the skin (Exhibit 9-7).
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Fig. 9-12. Contact dermatitis on the foot of a 29-year-old seaman aboard ship. Teleconsultation resulted in a recommendation of topical steroids and evaluation for dermatitis triggers, such as laundry soap and petroleum products, as well as antibiotic treatment for possible cellulitis. Photograph: Courtesy of Chuck Lappan, AKO teleconsultation, case 0116110331.



EFFECT OF SKIN DISEASE ON OPERATIONS DURING DEPLOYMENT

Ship Operations

Little information exists on the prevalence of skin disease during ship deployments. Some information is provided in a study by Vidmar et al,27 who prospectively examined all sick call visits during a 3-month, cool weather deployment of an aircraft carrier. He found that skin disease accounted for 40% of all sick call visits. Skin disease and sexually transmitted diseases accounted for 24.5% of all lost man-days (916/3,737) during the deployment. Based on the reported values, pyoderma and eczema accounted for 72% of the dermatology/sexually transmitted disease lost man-days, and pyoderma caused 48% of those lost man-days. Skin infections were highest among personnel doing dirty work in damp surroundings.28

Tropical Operations

Skin disease not treated adequately can result in hospitalization. This was noted especially during the Vietnam War: from 1965 to 1971,36 skin diseases, infectious diseases, and ill-defined symptoms were the most common causes for admission of US Marines to hospitals. In that report, Palinkas and Coben36 gave a rate of hospitalization per 1,000 person-years for “diseases of the skin and subcutaneous tissue” as 47.2 for Marines in Vietnam versus 15.6 for non-Vietnam status. That striking difference, and an overall increase in disease and nonbattle injury, was probably the result of a combination of combat and exposure to climate and other environmental factors. During this time,37,38 malaria and skin disease were the leading causes of hospital admissions among military personnel in Vietnam. During a 1-month experience in jungle operations in Panama, English and Fano-Schultz39 reported that more than 50% of sick calls were because of skin disease. Bacterial and fungal infections accounted for more than half of the reported skin diseases.39


EXHIBIT 9-7

PREVENTION OF HAND DERMATITIS IN DEPLOYED SERVICE MEMBERS

Hand dermatitis is common in professionals who do wet work, or who handle raw foods, detergents, or solvents. To prevent these problems, individuals should do the following:


	Protect hands from soaps, detergents, and wet work by wearing waterproof, heavy-duty gloves. Vinyl gloves work better than rubber gloves. Allergies to rubber can occur. An alternative option is to wear cotton or vinyl liners inside the rubber gloves. Gloves should be kept in work areas, their use encouraged, and they should not contain any holes.

	Wear work gloves when doing dirty work. Clean hands are less likely to spread infections.

	Wear vinyl or nitrile gloves (with a liner) when working with solvents (eg, turpentine, gasoline, paints, polishes, or paint thinner).

	Use cool water and a small amount of mild soap to wash hands. (Ivory soap is not recommended.) Dry hands gently. Lipid-free skin cleansers (such as Cetaphil or Aquanil) can be applied to the skin and wiped off. Hands will feel greasy if too much cleanser is used. Cold cream can also remove grease and oil from the hands instead of the waterless hand cleaners.*

	Wear cotton or leather gloves during cold weather to reduce skin water loss and chapping. Treat skin chapping of the hands with frequent applications of a skin lubricant (eg, Lubriderm or Moisturel), especially after wetting the hands. Very dry hands can be managed during cold weather deployment by wetting the hands; applying Vaseline, white petrolatum, or Crisco at night; and covering them with a pair of gloves or socks. During the day, frequent applications of a skin lubricant should follow for normal maintenance.


___________________

*Brand names: Ivory (soap), Procter & Gamble Company (Cincinnati, Ohio); Cetaphil, Galderma Laboratories (Fort Worth, Tex); Aquanil, Person & Covey, Inc (Glendale, Calif); Lubriderm, Johnson & Johnson Consumer Companies, Inc (New Brunswick, NJ); Moisturel Therapeutic Lotion, Dillon Distributors (Kenilworth, NJ); Vaseline, Unilever House (London, United Kingdom); Crisco, J. M. Smucker Company (Orrville, Ohio).
Data source: Adapted with permission from a patient care handout used by the Dermatology Service, Wilford Hall Medical Center, Fort Sam Houston, Texas.



Desert Operations

Available reports do not identify skin disease as a major cause of lost man-hours during Operation Desert Shield (the deployment phase of the Persian Gulf War) and Operation Desert Storm (the combat phase of the Persian Gulf War). Wasserman and colleagues40 reported sick call visits for the 3rd Armored Cavalry Regiment for a 19-week period during Operation Desert Shield. The greatest percentage of visits was listed under the category of “other.” Skin disease accounted for 7% of all first-time sick call visits at the battalion aid station and clearing company. The authors did not identify the number of follow-up visits or patients referred for specialty care.40 Most dermatologists were assigned as general medical officers to hospitals or clearing stations during this conflict. While assigned to a clearing station, Pehr and Kornfield41 reported seeing 81 patients for skin disease. Eczematous dermatitis was the major reason service members sought healthcare in the field. Hepburn42 reported on the British dermatology experience in the Persian Gulf War. During a 6-month period, he evaluated 95 patients for dermatology complaints: 34 required admission, and 5 were evacuated permanently from theater. Infections were the most common reason for referral. In addition to protection from solar radiation, clothing can protect against cuts, abrasions, and bites, which might become infected. Eczema accounted for nearly one third of the dermatology consultations.42 The brief duration of the war, low humidity, and combat operations during the winter months (and, as noted previously, possibly with less insect activity than in the summer months) minimized the number of skin infections among military personnel. Skin conditions sensitive to an environment of high solar radiation and low humidity accounted for a larger number of dermatology consultations. In the April 2005 issue of Medical Surveillance Monthly Report,43 covering 2000 to 2004—which includes the early stages of Operation Enduring Freedom—the relative diagnosis of hospitalization for dermatological diseases increased from 12th in 2000 to 10th in 2004 for US armed forces. During deployment to Iraq, a higher number of cases of cutaneous leishmaniasis was seen in personnel returning from Iraq than was seen after the Persian Gulf War (1990–1991). This might result from the longer time these military units spend in theater and problems with the availability of protective mosquito nets (Figure 9-13). Thus, a portion of this increase might be caused by changes in reporting procedures.22 However, as noted previously,22 a rapid increase began for US Army personnel in 2002. The reported rates were nearly flat from 1999 to 2002, with rapid increases for US Army personnel and much smaller increases for other service members (Figure 9-14).
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Fig. 9-13. During World War II, troops slept under mosquito netting.
Painting: Courtesy of the Army Art Collection, US Army Center of Military History, Washington, DC.



Cold Weather Operations

Corbett and Benson44 presented an overview of cold weather dermatology issues. Two reports described skin disease during cold weather operations in Bosnia. Croft and colleagues3 reported a 100% survey of two company-size units that operated there. One of the companies stationed at a dam site reported an outbreak of skin rashes allegedly from exposure to water contaminated with human remains. Members of both units were living in fixed facilities with running water. Skin diseases were reported in 14% of the study unit and in 21% of the control unit, with the most common diseases being infections, eczema, and acne. During a health survey of British troops in Bosnia, from December 1995 to April 1996, Smith and Croft45 noted that skin diseases accounted for 12.7% of all primary care consultations. Dry skin and chapped lips were common cold weather problems.45 Habek et al46 reported the sick call activities of the 105th Croatian Army Medical Brigade from 1991 to 1992. Of 4,220 reported patient visits:


	skin disease was the fourth leading cause of these visits,

	skin infections and dermatitis were the major causes of the sick call visits, and

	scabies accounted for 1% of the total visits.


In addition, this unit provided care to the refugees, as well as to its army.

SKIN DISEASE AND MEDICAL PLANNING

The effect of skin disease on military personnel/military deployment is largely unappreciated by medical operational planners. Yet, skin diseases occur quite frequently, and—as in other minor, nonbattle injuries—military personnel can become rapidly disabled. Compounding the effects from skin disease is the inability of healthcare providers without specialty training to recognize and manage skin disease. A large expenditure of patient and healthcare provider time and medical supplies is often used in search of the correct diagnosis.47 With proper care, affected personnel are a source of valuable, recycled manpower during deployment. Skin disease can also cause morale problems in affected individuals and in other personnel in the unit. With sufficient operational planning for proper care and protection of the skin, the cost of treating skin disease in deployed personnel can be reduced.
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Fig. 9-14. Clinical diagnoses/reports of leishmaniasis at US military medical treatment facilities and estimated leishmaniasis infection incidence rates among US service members in Operation Enduring Freedom/Operation Iraqi Freedom, by month, January 2003–December 2006. After an initial increase, the incidence of leishmaniasis has decreased significantly. Illustration: Adapted with permission from Lay JC. Leishmaniasis among U.S. Armed Forces, January 2003–November 2004. Med Surv Monthly Rep. 2004;10:1–5 (Fig. 1, p. 3). Courtesy of the US Army Center for Health Promotion and Preventive Medicine (CHPPM), Aberdeen Proving Ground, Maryland (now the US Army Public Health Command [PHC]).



Schissel and Wilde48 reviewed past deployments and the cost savings of intratheater dermatology support to deployed units. They reported savings in preventing lost workdays and in reducing funds from having had 12 periodic dermatology missions to Bosnia. In addition, they demonstrated the advantages of having a dermatologist in theater. If, however, a dermatologist is not available in theater, a “teledermatology” consultation is an alternate method of delivering this needed healthcare. (The Internet has become more available to all deployed units and healthcare personnel, even in austere environments.) Teledermatology consulting involves a formal setup—arranged through the unit’s information management officers and the Army Medical Department (AMEDD)—that allows personal data and images to be transmitted over a secure system. These consultations are normally handled by a group of military dermatologists from the Army’s teledermatology project. Another method involves a healthcare worker e-mailing a dermatologist with a description of the skin disease. However, this type of consultation might take longer to answer and is usually not over a secure system.

SUMMARY

The skin is a complex organ and is affected by internal and external factors. Awareness of external factors that degrade the integrity and function of the skin is important for commanders and medical staff, because they can modify working and living environments that promote skin disease. It is imperative that medical officers become familiar with the recognition and treatment of common skin diseases. Before deployment, medical staff need to evaluate and seek consultation for personnel with any long-standing skin disease. These actions can reduce the number of medical evacuations from the theater and the expense of deploying replacement personnel. In addition, knowledge of drug and skin disease interaction is important for the deploying medical officer. Commanders must ensure that personnel keep their skin clean, dry, and well lubricated. Through the guidance of their medical staff, commanders should promote the effort to limit UVR exposure. With these efforts, acute and long-term skin disease can be reduced in service members during training, deployment, and beyond. The Internet provides valuable dermatology support to deploying healthcare workers. In the future, this tool will be of increasing value to healthcare workers and service members in promoting a more active partnership in the overall health of the military force.
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INTRODUCTION

In 1864, during the American Civil War, the 48th Pennsylvania regiment was made up primarily of men who had been coal miners in civilian life. As the siege of Petersburg, Virginia, dragged on, the idea arose to dig a tunnel under the Confederate lines. It was dug, filled with gunpowder, and the fuse lit on July 30, 1864. The initial explosion killed 280 Confederate soldiers. But, ironically, the subsequent Battle of the Crater led to casualties totaling 1,500 Confederate and 4,000 Union soldiers, not counting any who were wounded or missing.1

In 1968, fuel-air explosives were introduced in the Vietnam War to clear densely forested areas, minefields, and enemy soldiers. The tremendous blasts from dispersed clouds of kerosene literally crushed everything below. The Russians further perfected these thermobaric weapons and used them in Afghanistan and the Chechen Republic.

In 1979, during developmental testing of a new M198 howitzer (Rock Island Arsenal, Rock Island, Ill), firing of the most energetic rounds generated blast pressures in the crew locations, which slightly exceeded the limits of Military Standard 1474 (“Noise Limits for Military Materiel”). By regulation, soldiers could not be exposed to such intense noise, so further testing was stopped. Because the capability to fire the energetic rounds was a key element in the mission of the howitzer, fielding of a critical weapon system was effectively blocked.

On October 23, 1983, the First Battalion, 8th Marines Headquarters building in Beirut, Lebanon, was destroyed by a terrorist truck laden with compressed gas-enhanced explosives.2 The resulting explosion and the collapse of the building killed 241 marines, sailors, and soldiers. Use of massive amounts of low-tech explosives to produce mass casualties has become an increasingly common tactic in modern, asymmetric warfare and in civilian terrorism.

As of October 2005, improvised explosive devices (IEDs) have accounted for one third of all American deaths in Iraq. Roadside bombs were used in World War II by Belorussian guerillas to derail Nazi trains as part of the “rail war,”3 in Northern Ireland against the British Army, in Afghanistan against the Russian Army, in Lebanon against the Israelis, and now against the United States throughout the Middle East. In 2005, the US military invested $3.3 billion in IED countermeasures, primarily through improved armor and other technologies.4

As these examples show, for hundreds of years, blasts from explosions have been a threat on the battlefield, a threat to civilians from acts of terrorism, and a threat to soldiers in training. For more than 25 years, the Military Operational Medicine Research Program (MOMRP) of the US Army Medical Research and Materiel Command (USAMRMC; Fort Detrick, Md) has been a leading world research organization in the study of blast-related injury. The MOMRP program has


	conducted extensive animal tests to establish injury patterns, elucidate injury mechanisms, and provide critical data for establishing injury standards;

	developed mathematical models of physiological response in both animals and humans to extrapolate test data to situations of military relevance;

	developed injury criteria that are used throughout the military and civilian communities to estimate injury potential and set safe limits of exposure; and

	developed instrumentation to standardize the measurement of blast environments for injury assessment.


This research covers the traditional blast-effect categories:


	primary effects—those resulting from the crushing effects of blast overpressure,

	secondary effects—those resulting from the impact of debris accelerated by the blast wave and following winds, and

	tertiary effects—those resulting from impacts with walls and the ground caused by accelerating the body itself.


In addition, other effects have been studied—for example, incapacitation, injury, and lethality from the inhalation of gases generated by explosives and effects on sensory systems, including auditory injury. Research findings have assisted in human protection in areas other than blast, including the development of better body armor, automobile safety systems, and less injurious nonlethal weapons.

Many of the key findings of the MOMRP blast research program have been published in peer-reviewed literature. Hardware and software for the characterization and analysis of blast pressure have been widely distributed. Nonetheless, other results appear only in technical reports and are less accessible. The purpose of this publication is to provide an overview of the USAMRMC blast research program, to show how quantitative physiology has provided useful solutions to operational medicine, and to indicate future directions of research.


Blast Injury Taxonomy

The violent consequences of being near an explosion can produce a wide range of injuries that can be organized into a taxonomy (Table 10-1). The high pressures of the blast can crush the body and cause internal injury. These injuries are called primary blast injuries. Strong winds behind the blast front can hurl fragments and debris against the body and cause the same blunt trauma or penetration injuries that would occur if the material were propelled by other means. This class of injuries is called secondary injuries. The strong winds behind the blast front and the pressure gradient in the wave can exert significant forces that can accelerate the body and cause the same blunt trauma that would occur in a fall or a car crash. This class of injuries is called tertiary injuries. The extreme heat and light released by the explosion can cause burning and blindness, whereas inhaling the toxic fire gases can lead to immediate incapacitation or delayed lethality. This class of injuries is called quaternary injuries. Finally, any of these traumas can lead to subsequent effects caused by disruption of the body’s biochemical or neurological system. This class of injuries is called collateral injuries. Although blast provides a unique process by which projectiles are propelled, bodies are accelerated, and trauma is caused, the resulting injuries and sequelae can also result from other traumatic events.

Injuries that result from crushing overpressure, however, are truly unique to blast. These primary blast injuries occur because the body is not a solid, incompressible mass; it has air-containing organs that will crush under the external load. Crushing allows the outer shell of the body in those regions to move rapidly inward, thus distorting the air-containing tissue and producing local, large stresses. Injuries to the lung, gastrointestinal (GI) tract, and upper respiratory tract (URT) are common manifestations of this effect. Rapid distortion of the air-containing organs can transmit stress to neighboring solid organs as well. Contusions to the heart, for example, arise in part from the strong stress waves that develop in the lung. Large deformations of the body can also lead to stresses in solid organs that result in damage (eg, liver and spleen lacerations). Finally, rapid volumetric changes outside the normal physiological range can disrupt systemic processes. Creation of air emboli by forcing gas across the air–blood barrier of the lung and creation of large pressure transients in the vascular system may be responsible for brain injury and cell death.

The study of blast injury can be roughly divided into two objectives: (1) to characterize primary blast injuries, processes that are not investigated in other trauma research; and (2) to relate blast to projectile impact characteristics, whole-body motion, and extreme heat, light, or atmospheric environmental conditions that, in turn, lead to nonprimary injuries. The first objective has required new research, whereas the second objective has required adaptation of previous research. Together, a complete, quantitative physiological understanding of blast injury has emerged.

Post-World War II Research

Following development of nuclear weapons, research into blast injury centered on the effects of extremely large blasts—in particular, establishment of lethality criteria for a wide range of conditions. Biological injuries from blast were categorized as primary, secondary, and tertiary, but there was little attempt to understand the mechanism of these injuries. During this period, empirical models of lethality were used.

In the United States, the majority of blast biology research was conducted at the Blast Test Site at Kirtland Air Force Base (Albuquerque, NM). The Lovelace Foundation for Medical Education and Research (Albuquerque, NM) operated this site from the 1950s until 1980, under the sponsorship of various defense agencies concerned with nuclear weapon effects or, in the 1970s, with fuel-air explosions. Animals ranging from mice to steers, as well as test dummies, were used to estimate lethality from blast in the open, in buildings, in foxholes, and with combinations of blast and thermal effects. (See the comprehensive history of the Blast Test Site.5)

Lethality correlations developed during this time have become part of nuclear weapons assessment and Army field manuals. The so-called Bowen curves relate lethality to the strength of the blast, as measured by peak pressure and duration.6,7 An empirical scaling based on body mass allows the same correlations to be used for all large animals and humans.

Occupational Limits of Blast Exposure

Whereas the Bowen curves provide a criterion for lethality, Military Standard 1474 provides a criterion for hearing protection during occupational exposure to blast.8 The standard is based on a 1965 report of the National Research Council Committee on Hearing, Bioacoustics, and Biomechanics (CHABA; Washington, DC) that sets noise limits for occupational environments.9,10 The Military Standard, using a relation adopted from CHABA that depends on amplitude and duration of the overpressure, limits the number of impulse noise (blast) exposures that can be received in a day. If hearing protection (plugs or muffs) is worn, a greater number of exposures is allowed. The standard contains a special limit, called the Z-line, corresponding to the auditory limit of 5 shots/day when wearing protection. Exposure above the Z-line is prohibited because of the potential for nonauditory injury. Although it is unlikely that any data to support this limit existed when the CHABA originally met, it is understandable that, at some level—no matter how effective hearing protection is—there will be a risk of injuries to other parts of the body from blast. In 1965, no occupational noise approached the Z-line limit.


TABLE 10-1

TAXONOMY OF BLAST INJURY
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As noted previously, the M198 howitzer, a critical new weapon system, exceeded blast noise limits and could not be fielded. It fell on USAMRMC and MOMRP to address this issue. It had always been suspected that the Z-line was a conservative limit, but it was not known at what level internal injury would first appear or how it would manifest.

To solve the immediate crisis of the M198 howitzer, a human volunteer study was organized.11 Starting from distances known to be safe, the volunteers moved closer to the howitzer until they were at the crew positions. Medical examination showed that hearing could be protected and that no internal injuries were sustained. The M198 testing proceeded, and the system was fielded, although a training restriction on the number of exposures above the Z-line was made. Additionally, USAMRMC initiated a research program for blast injury to develop a replacement standard for the Z-line. Until a new standard was developed, similar human-rated qualification of weapons systems would be conducted whenever the Z-line was exceeded.12

Military Operational Medicine Research Program (Blast Injury Research)

From the beginning, the MOMRP blast research program was model-based. The decision to use a model-based system came from a balanced assessment of the immediate and long-term benefits of animal, physical surrogate, and mathematical model approaches. On one extreme, a test of the actual threat against a human under the exact conditions of interest is the least ambiguous way to determine an effect and one that requires no understanding of the internal mechanisms. This is ethically not possible for conditions that produce injury and is impractical to define the range of conditions. On the other extreme, a mathematical model that captured every mechanical, chemical, and biological aspect of the human body can provide a simulation basis for studying any situation without risk to an individual. Given the state of knowledge and computing, this goal exceeds any reasonable endeavor. In between these extremes are combinations of animal, physical surrogate, and mathematical models that describe some part or scale of the interaction (Figure 10-1). The goal of the MOMRP effort is to use the appropriate mix of tools to derive the best possible immediate answer, while continuing to develop incrementally better mathematical models that will expand the generality of our understanding.
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Fig. 10-1. Animals, physical surrogates, and mathematical models.



The first problem addressed was the interpretation of the pressure signal. Unlike the idealized waveforms that had been encountered and characterized in large-scale explosions, the howitzer waveform contained two peaks. This form confounded the simple empirical correlates that existed and, because they varied in magnitude and time of separation from place to place around the howitzer, were suspected to be artifacts of the test geometry or the instrumentation. Jaycor, Inc (San Diego, Calif), developed a mathematical model of the propagation of the blast from the muzzle of the weapon, accounting for the nonlinear reflection from the ground. The model proved conclusively that the waveforms were from those interactions. Furthermore, the model was able to provide a complete map of the hazardous areas around the gun, for all gun elevations and charge types, without requiring extensive physical measurements. With this model, analysis of other weapon systems could also be made with data from only a few measurement locations for calibration.13

Using the results of the model as a guide, animal studies were formulated and conducted at the Blast Test Site. From 1980 until its closure in 1998, the focus of the research was injury, not lethality. Studies spanned blast conditions that produced no observable effects to serious, life-threatening injury and death. Great care was taken to document pathologies observed in all organs. Primarily sheep were used as test subjects to provide consistency across all studies. This 18-year effort produced nearly 2,000 animal exposures that represent the most extensive collection of blast-related injury data in the world. Subsequently, a comprehensive pathology scoring system for blast injuries was developed.

The earliest injury tests were focused on establishing a threshold level of blast overpressure, below which injury would not occur. Unfortunately, such a level could not be determined definitively, because small probabilities of injury required a large number of animals to estimate thresholds with confidence. These low-level tests did show, however, that the air-containing organs (ie, lungs, GI tract, and trachea/larynx) were the first organs to be injured.14

Next, tests were designed to determine if URT injury occurred before lung and GI injuries, with the thought that a harmless precursor injury could be used as an indicator of impending, more serious, internal injury. This hypothesis was based on auditory experience in which a temporary threshold shift (a minor, transient hearing loss) always preceded permanent hearing loss and, therefore, allowed human subjects to be used to establish safe boundaries. Unfortunately, blast-caused URT injury occurs at essentially the same levels that cause lung and GI injuries.

Finally, tests were conducted to establish a universal blast exposure dose that could predict injury from the blast pressure signal alone, eliminating the need to conduct animal or human tests. The logical candidate, based on the trends seen in structural damage from blast, was impulse—the time integral of the pressure signal. Impulse, however, did not provide a universal correlate with blast injury.

Failure of these attempts to identify simple patterns or markers in blast injury was amplified when blasts in enclosures were studied. Results of these studies underscored the need to understand actual anatomical dynamics and root causes of primary blast injury. Mathematical modeling helped guide research and establish criteria.

FIRST-GENERATION INJURY MODELING

First-generation models correlated injury to mechanical responses of the body, rather than to the characteristics of the blast pressure itself. This biomechanically based criterion was driven by failure of pressure-based correlates to predict injury for simple waves in the free field or for complex waves in enclosures.

The mechanism of injury was hypothesized to consist of three causal steps: (1) blast waves create temporal and spatial loading distributions on the external body surface; (2) the body deforms under the loading and causes internal stresses and strains in the tissues; and (3) when these tissue stresses exceed material limits, injury occurs. Computational power, both in terms of computer speed and simulation software, was in its infancy in the early 1980s; however, mathematical modeling made significant contributions. Four organ systems were considered in first-generation injury modeling: (1) the tympanic membrane, (2) the trachea, (3) the GI tract, and (4) the lung.

Observed Blast Injuries

Blast can cause a wide range of injuries. As the explosive levels grow, the magnitude of the forces acting on the body grows, and the extent of the body response increases. Occupational standards, however, focus on identifying the organs most easily injured and on setting acceptable levels of lesser injuries.

From testing at the Blast Test Site, a clear pattern of blast injuries emerged. Over time, as more data have been collected, these patterns have been reaffirmed; and, using the animal tests currently available, the patterns could be assigned statistical significance. To observe the pattern of injury from a range of tests that used different explosive weights, ranges, heights of burst, orientations, and number of exposures, it is necessary to select a single characteristic of exposure. One such parameter is the charge weight per characteristic volume. In the free field, this volume is a sphere with a radius equal to the distance to the test subject; in enclosures, this volume is the volume of the enclosure. Surprisingly, and, perhaps fortuitously, this quantity provides a good correlation and similar numerical values for the thresholds in all cases.

The average explosive weight per volume, at which minor and severe injuries are seen for each organ group, is shown in Figure 10-2 for tests in enclosures. A similar trend exists for the free-field tests. Organs can be separated into three groups having similar characteristics. The air-containing organs (larynx, trachea, lung, and GI tract [forming the first group]) show the first signs of injury at approximately the same blast intensity, which is well below that seen in other groups. The liver and spleen (Figure 10-3) fall into a second group, whereas the kidney, pancreas, and gallbladder form the third group. Clearly, the air-containing organs are the most vulnerable and, therefore, require the greatest consideration for occupational exposure. All organs are seriously injured at similar blast intensity. Lethality, which is primarily due to a multiple organ failure, is seen at this same level.

Exploratory Injury Models

Mathematical modeling of biological systems is particularly difficult, because every aspect of the system (geometry, material properties, and strengths) is complex and determined by ever smaller structures, all the way down to the cells themselves. Therefore, each aspect of the model must be guided and validated by experimental data.

Tympanic Membrane Injury Modeling

Tympanic membrane rupture is a common blast injury and one that occurs at blast levels usually well below any of the internal injuries. Although not considered a life-threatening injury, eardrum rupture can be extremely painful and may or may not be associated with hearing loss. In the mid-1980s, eardrum rupture was a concern of blast exposure in training and in combat. Thus, an effort to develop a mathematical model of the process was undertaken. Finite element modeling (FEM) was used to model the stapes and the membrane. The stresses at which the membrane tore were based on independent tissue properties measurements. The model was subsequently validated against in vitro data to establish biomechanically based injury criterion.15

Tracheal-Laryngeal Injury Modeling

The interest in establishing URT injury as a precursor to more serious internal injury prompted the need for a model that could be used to extrapolate URT injuries from animal to humans. Blast-induced tracheal injury is often striated in appearance, corresponding to the cartilage between the bony rings. In extreme conditions, it can present as a confluence of hemorrhagic tissue (Figure 10-4). The trachea was selected for modeling because of its geometric simplicity and because material properties were available from the literature. Blast loading on the neck was used as the external boundary condition, and injury was correlated with peak stress that developed in the tissue. This model predicts the mechanical response of the larynx, and the general trends of the injury are correlated with stress in the tissues.16
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Fig. 10-2. Observed blast injury. GI: gastrointestinal.
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Fig. 10-3. Liver injury resulting from blast.
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Fig. 10-4. Tracheal injury resulting from blast.



Gastrointestinal Injury Modeling

GI injury from blast appears first as small petechia in the gut lining, grows in hemorrhagic area as blast intensity increases, and can reach frank rupture. In sheep, the injury most commonly appears in the cecum, although large blasts produce injury throughout the GI tract (Figure 10-5). GI injury—especially rupture of the tract wall—can lead to sepsis and death, and can complicate treatment of other injuries, especially those in the lung.

Rabbit experiments confirmed that GI injuries were associated with sections of the tract containing air bubbles. The bubbles collapsed during the overpressure phase of the wave and then violently reexpanded. If the bubble was close to the tract wall, this rapid volumetric change led to deformation of the wall. The effect varied with bubble size, overpressure, and tract contents. For large overpressure, the stresses became so great that rupture of the wall occurred. Once the mechanism was established, surrogate GI models were developed that allowed this bubble–wall interaction phenomena to be further studied.17–20

With these surrogate observations as a guide, a mathematical model of the bubble dynamics and wall response was developed.21 The model produces the same dynamic response and, when coupled with material properties and the strength of the tract wall, can provide a predictive model for GI injury from blast.

Because lung injury was eventually selected as the primary injury to set blast exposure limits, the GI model was not pursued. The model suggested, however, that GI injury may be greater in sheep than in humans because the sheep is a ruminant with much more gas in the intestines. A summary of the early blast data analysis and model development is found in the publication Modeling of the Non-Auditory Response to Blast Overpressure: Characterization and Modeling of Thoraco-Abdominal Response to Blast Waves.22

Lung Injury

Even though all of the air-containing organs are injured, Walter Reed Army Institute of Research (WRAIR) physicians determined that injury to the lung is of greatest concern and should be used to set exposure standards. As a result, modeling research efforts focused on understanding lung injury mechanisms and developing predictive lung models.
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Fig. 10-5. Gastrointestinal injury resulting from blast.



Most organs of the body are liquid-filled, some are air-filled, but the lung is a complex matrix of more than 500 million small air sacs (or alveoli), with tens of millions of connecting airways.23 Under normal physiological motion, this structure acts as a simple balloon that fills and empties, with a pressure drop from inside to outside that is modest and reflects the resistance of the many small airways. Under the rapid motion caused by blast, however, air cannot flow fast enough through the airways, and the lung acts as a collection of isolated air bubbles—a foam. Foams have the interesting physical property that their speed of sound (the speed at which a volumetric disturbance in one part of the material can be spread to other parts) is only 30 to 40 m/s—one tenth that of air and one fiftieth that of water.24,25 This low speed of sound causes the lung parenchyma directly behind the moving chest wall to be crushed and severely injured, if the chest wall velocity is great enough. The injury produces a characteristic surface hemorrhage pattern predominantly on the blast side in the free field, but can involve the entire lung when the blast is enclosed (Figure 10-6).

In the early 1980s, Jaycor began working with Professor YC Fung at the Bioengineering Department at the University of California, San Diego, to collect data that would support the development of a lung injury model. Professor Fung had already been studying the material properties of lung tissues.26 Over the subsequent several years, he and his colleagues established the key dynamic properties of lung tissue under the rapid motion associated with blast.27 They confirmed the low speed of sound and determined its variation with transpulmonary pressure. This group also established the correlation of internal lung pressure with edema—the breakdown of the alveolar walls.28 They measured the properties of the whole lung and lung tissue for both small animals and humans, and they showed that the material properties were similar. Experiments were conducted to elucidate the injury process, and mechanisms of injury at the tissue level were proposed.28,29 Jaycor, in one of the first applications of finite element analysis of biological systems, developed a two-dimensional model of the thorax under blast loading to quantify these tissue injury processes.30,31 That model reproduced the slow speed of the internal pressure waves in the lung, showing that the highest values of these pressures were located on the pleural surface of the blast side, the heart, and the spinal process. These locations are similar to lung contusion observed in animals exposed to blast.

INJURY Software, Versions 1.0 to 4.3
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Fig. 10-6. Lung injury resulting from blast. (Left) Complex waves. (Right) Freefield waves.



Finite element analysis, although insightful, was too problematic at that time to be used as a means to understand the hundreds of animal tests that were being collected or to be used as a replacement for the Z-line. Consequently, simpler models were used: modeling the inertia of the chest wall and the density and speed of sound of the lung to create the so-called pleural surface model (Figure 10-7).22 When blast pressure acts on the chest wall, it accelerates, creating a pressure wave in the lung tissue, which in turn pushes back against the chest, thus slowing it down.32 The mechanical model was also validated against closely spaced blast loads that produce a double-peaked wave within the lung.33 The total work (integral of the product of force and velocity) done on the lung represents the magnitude of damage caused by crushing the alveoli. This irreversible work was the first biomechanical correlate of lung injury. Normalized work, which is the irreversible work divided by the product of the lung volume and ambient pressure, has proven to be a reliable predictor of blast lung contusion that can be applied across species, body weight, and altitude. The final version of the pleural surface model was published in 1996.34

Work also proved to be a correlate of lethality. The Bowen curves, developed decades earlier as empirical correlates of lethality observed in the free field, were shown to correspond to a particular work value. This finding not only provides a rational basis for the curves, but also provides a way to make lethality estimates in situations other than the free field. The lethality criteria based on work also allowed other observations, such as the reduction of lethality for slow-rising blast waves, to be explained with a single theory.34

The first versions of the INJURY software (Jaycor, Inc)—versions 1.0 through 4.5—were developed to solve the pleural surface model equations and provide a prediction of the probability of injury. The input to this analysis is the so-called free field or side-on pressure measurement, which is converted to torso load with formulas for wave reflection. Effects of body orientation are accounted for by the angle of the chest to the blast direction. The medical staff at WRAIR used these versions of INJURY software to make case-by-case health hazard assessments of weapon systems.

Simple Waves

Use of a biomechanical model to describe blast injury requires knowledge of torso loading. Loading distributions can be quite complex, even for simple, free-field blast waves. A blast wave in the free field has a relatively simple description. The explosion produces a high-pressure region that evolves into a shock front that moves at a speed greater than the speed of sound. The pressure decreases behind the shock and can even drop below the ambient pressure. Tables of experimentally determined values and elegant theories and correlations capture these data.35 When a blast wave strikes the ground, it creates a reflected wave with a second shock front. The incident and reflected waves can interact with one another and, if the blast is strong enough, produce a third shock wave, the so-called Mach wave, that moves parallel to the ground. Above a certain height, called the triple point, where the three shocks intersect, one observes the incident and reflected waves; below the triple point, one observes only the Mach wave (Figure 10-8). As can be seen, even free-field explosions produce complicated blast patterns.


[image: art]

Fig. 10-7. Pleural surface model of chest–lung interaction.



When a shock wave hits a body, another complicated interaction occurs. The surface of the body facing the blast source acts as a reflector, producing its own reflected wave; but, because it is generally curved, not flat, there can be many reflected shock waves. As the wave passes around the body, the angle of the incident wave to the surface changes, altering the strength of the reflected waves; at the side, there is no reflected wave. Near this location, the flow from the blast separates from the body and creates a region behind the body that has a pressure lower than the incident wave, but higher than ambient. Consequently, the loading pattern on a standing human in a simple blast wave is quite complex: (a) the chest, assuming facing the blast, receives a loading that can be 2 to 8 times greater than the incident wave; (b) the sides receive a loading comparable with the incident wave; and (c) the back feels a loading that is a fraction of the incident wave. These interactions can be calculated with computational fluid dynamics (CFD) simulations.36–38 If the torso is above the triple point, then the distribution is even more complicated because the body is hit by two waves: (1) the incident component and (2) the reflected component.
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Fig. 10-8. Mach stem and triple point. HOB: height of burst.



For an animal standing on all fours, there is even more complication. One part of the wave passes over the back of the animal in the manner described previously, but the other part of the wave passes under the animal and creates additional reflections off the ground. The chest, which is normally facing downward, can receive a blast loading that consists of multiple shock interactions.

Clearly, even in the “simple” geometry of the free field, the blast loading on the body required to determine blast injury can be quite complex. Characterizing the torso loading in terms of a single, free-field pressure measurement was not adequate.

The Blast Test Device

Because the blast loading in the free field was not easily inferred from a free-field pressure gauge, a new instrument was developed. Eventually known as the Blast Test Device (BTD), it consists of a metal cylinder, supported from the ends, with the approximate diameter of the sheep chest and with four surface-mounted pressure gauges evenly spaced around the cylinder. The latest BTD has an anthropomorphic shape and provides a host of attachments for ease of use in complex testing environments (Figure 10-9). One pressure gauge is oriented facing the oncoming blast wave, with the other gauges corresponding to the sides and back. The BTD is oriented in the same direction as the test subject, vertically for a standing human or horizontally for a standing animal.39

Since its inception, the BTD has been the preferred instrument for providing loading data for blast injury analysis. Because it measures the loading directly, there is no need to interpret the instrument output, correct for gauge orientation, account for being in or out of the Mach wave, or other factors that are required when free-field gauges are used. Over the years, the BTD has been placed directly on the ground to simulate a soldier firing from a prone position, propped up in a seat simulating a passenger in a vehicle, and hung from vertical supports to simulate suspended animals in an enclosure.

Blast in Enclosures

In the late 1980s, increased importance of Military Operations on Urban Terrain (MOUT) emphasized the need to train on weapons fired from buildings or enclosures. Initial animal studies showed that these situations are far more dangerous than their free-field counterparts and showed what appeared to be non-intuitive trends (eg, that animals farther away from the explosive, but in a corner, are much more severely injured than animals closer to the blast, but along a wall). These findings meant that the explosive charge weight and the distance, which had been mainstays of characterizing free-field blast, were no longer sufficient factors to consider.

Blasts in enclosures, often called complex exposures, led to attempts to extend previous injury and lethality correlations. Even though the Bowen curves provided a correlation of lethality in the free field, it could not be applied to complex waves. Although the peak pressures were about the same as would occur at the same distance from the same charge in the free field, the durations were much longer because of the wave reflections from the walls. If the Bowen curves were used, they would often predict lethality in benign conditions. Ad hoc changes were proposed to the definition of duration in an attempt to explain the data, but the changes were not satisfactory.
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Fig. 10-9. Blast Test Device.



The BTD proved to be the perfect instrument for characterizing the effects of blast in an enclosure. BTD measurements in corners showed the strong blast loading on the back side of the instrument, the side away from the blast and facing the corner. In many pressure traces, clusters of very large peaks were observed in the side or back gauges that had never been seen in the free field. When the pressure measurements from the back side of the BTD were used in INJURY software, the large work values calculated explained the occurrence of injury in the lung lobes facing away from the blast.

Although the BTD measurements offered a plausible explanation for the injuries seen in enclosures, the complexity and violence of the pressures measured had not been anticipated. It seemed likely that these pressures were from a convergence of waves coming to the corner from many reflective paths, but there was also concern that some or all of the effects may be artifacts of the pressure gauges in such harsh environments. Although simple ray-tracing techniques had adequately described the howitzer blast in the open, they proved inadequate to capture the complex reflections and interactions of the blast waves in an enclosure.

Computational Fluid Dynamics

CFD represents the numerical solution of the highly nonlinear, highly coupled, fluid dynamics equations. The science and art of CFD was first developed to support nuclear weapon design and effects analysis; but, by the late 1980s, the technique was used in all areas of engineering.

The technique was adapted to blasts in enclosures to provide a rational understanding of “complex” blast. Simulations using the Equation Independent Transient Analysis Computer Code (EITACC; Jaycor, Inc) were made to understand the data from the BTD. Simulations could reproduce, with remarkable fidelity, the details of pressure measurements.38 As computer power rapidly grew in the early 1990s, CFD was used routinely to analyze complex waves (eg, to determine the effects of other objects in an enclosure on the blast loading).36

The first-generation models provided a way to predict injuries to the tympanic membrane, URT, GI, and, most importantly, the lung. These models, although simple, were based on biomechanical principles and had parameters that could be rationally determined from anatomy and tissue property measurements. The emerging importance of explosions in enclosures prompted development of new blast instrumentation, the BTD, and use of state-of-the-art CFD tools.

SECOND-GENERATION INJURY MODELING

The second generation of injury modeling extended the single-degree-of-freedom models of primary blast injury to use the data directly from the BTD and to standardize the health hazard assessment process. Also, models for secondary and tertiary injuries were developed. The collaborative work between MOMRP and the Joint Non-Lethal Weapon Program (JNLWP) on projectile impact injury for nonlethal weapons led to the development of models to capture modes of impact injury to all parts of the body that could be used to assess secondary blast injury. The collaborative work between MOMRP and the National Highway Traffic Safety Administration (NHTSA) led to models of injury from whole-body impacts that could be used to evaluate tertiary blast injury. Finally, a cooperative project between MOMRP and the Defense Nuclear Agency explored the combined overpressure and thermal injuries and the collateral effects of compromised immune systems.

INJURY Software, Versions 5.0 to 7.1

Previous versions of INJURY software that considered the loading from a single side of the body successfully predicted free-field blast injury. In the free field, the injury is primarily in the lobes on the blast side. Complex wave exposures, however, showed the importance of loading from all sides of the body and, consequently, the pathology showed injury to all lung regions. The refinements of the INJURY software benefited from the growing number of animal data collected with BTDs at the Blast Test Site.40

Total Work on the Lung

The first change in INJURY software was to compute the normalized work from four calculations with the pleural surface model, one for each of the BTD measurements. The work was summed and correlated with overall observed pathology. This simple approach explained the injury trends, especially the increased hazard in corners of enclosures.

Whole-Body Loading

The importance of simultaneous loading from all sides of the body led researchers to consider more complete biomechanical descriptions of thoracic motion. The Lobdell model, developed at General Motors Corporation (Detroit, Mich), is used in the automotive industry to characterize chest impacts and has been calibrated by cadaver studies.41 The model accounts for the entire torso mass and, therefore, can be used to estimate whole-body acceleration from blast. It replicates the dynamic force–distance relationships of large chest deformations with a combination of springs and dampers. The Lobdell model, however, is not anatomically based; it characterizes the chest with an equivalent mass, but not an equivalent area. For solid-body impacts, only the chest mass is needed; but, for blast waves that are described by a pressure (force/area), a chest area must be assigned.

To determine the effective area of the chest acted on by a blast wave, a finite element model of the thorax based on the National Library of Medicine (Bethesda, Md) Visible Human Project data set was developed.42 The internal organs were resolved as separate anatomical regions and materials. Material properties of the lung were based on earlier, established measurements; the heart treated as a liquid-filled sac; and the ribs and chest wall muscles combined into a single material whose elastic properties were selected from data in the literature. The model was validated for the same impact conditions that had been used to calibrate the Lobdell model, including both frontal and side impacts.

The validated finite element model was examined using a series of tests for which blast loadings and lung pathology were known in detail. The resulting prediction of internal pressure distribution closely matched the observed pathology patterns. The total normalized work was determined from the calculated chest wall motion, which also agreed with the simpler INJURY software estimates. Finally, the fully validated model was used to determine the effective area that should be associated with the Lobdell model. The frontal area presented to the blast could be divided into the part that is deformed by the blast and the part that moves with the entire torso. The resulting modified Lobdell model (Figure 10-10) agrees with the more detailed finite element model with respect to chest compression, total normalized work, and whole-body motion. The pleural surface model was replaced by the modified Lobdell model in the next generations of INJURY software.43
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Fig. 10-10. Modified Lobdell model.



Effects of Multiple Exposures

Based on animal test data available at the development of the first versions of INJURY software, it was believed that there was no cumulative injury to the lung from blast (ie, the lung was injured on first exposure, or it was never injured, no matter how many times the blast was applied). As more data were collected, it became clear that there was a cumulative effect in lung injury and that this effect was critical to determining the occupational exposure.

The animal data set was analyzed using a model of tissue fatigue to account for cumulative damage. Multiple logistic regressions, incorporating the fatigue factor, were used to produce correlations for four levels of lung contusion: (1) trivial (small petechia), (2) slight (less than 5% of the lung surface area contused), (3) moderate (less than 30% of area contused), and (4) severe (more than 50% of area contused).

Probabilistic Prediction

Multioutcome logistic regression was used to generate correlations between normalized work and each level of lung injury severity. This advanced mathematical technique brings the greatest statistical power to the development of the correlation and allows INJURY software to predict not only the expected injury, but also the most likely distribution within a population (Figure 10-11).

Full Coupling to the Blast Test Device

The interface to INJURY software was changed to allow the software to directly use the pressure data files taken from the BTD. Data format standards were established, and standardized reports were generated with each analysis.44 A tightly coupled instrument and software analysis procedure was established that continues to be used.

Replacement of the Z-line in Military Standard 1474

From the release of the first version of INJURY software, health hazard assessments for nonauditory blast have been made based on its analyses. As the BTD gained acceptance, evaluation of occupational exposure conditions in which nonauditory blast injury was suspected used the BTD–INJURY software combination to estimate the probability of lung injury. Initially, the assessments were done by WRAIR physicians, and the upper limit on exposure was the occurrence of 1% of the most trivial lung injuries. To transition the technology to the US Army Center for Health Promotion and Preventive Medicine (CHPPM; Aberdeen Proving Ground, Md—it is now known as the US Public Health Command [PHC]), the Executive Agent for the Army’s Health Hazard Assessment (HHA) Program, it was necessary to standardize the procedure and to interpret the predictions in terms of a risk assessment code (RAC).
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Fig. 10-11. Probabilistic prediction of lung injury. BOP: blast overpressure; NS: number of repeated exposures; Wsum: sum of normalized work from all sides of the body.



The RAC, used by CHPPM to assess the health hazards of military materiel, is a score from 1 to 5 that indicates the potential consequences of the hazard. A RAC of 5 represents a hazard that is negligible, whereas a RAC of 1 represents a hazard with catastrophic consequences.

A second form of the blast injury assessment software called BOP-HHA (Jaycor, Inc)45 can analyze data from a complex test series in which multiple positions, explosive strengths, and repeated shot data are collected. The software determines the probability of each of the four levels of primary blast injury, from the trivial to the most severe, and incorporating both biological and shot-to-shot variabilities. These probabilities are used along with the hazard matrix to determine the RAC.

MOMRP sponsored a human volunteer study at the Blast Test Site from 1989 through 1997.46–51 The test procedure exposed groups of individuals, each wearing hearing protection, to an increasing sequence of blast noise conditions. (See Figure 10-12 for an example of volunteers being exposed to blast from a simulated mortar.) Pretest audiograms established baseline hearing profiles for each individual and ensured proper fitting of the protective devices. Posttest audiograms established the temporary threshold shift at a range of auditory frequencies. Temporary threshold shifts of 25 dB were taken as the recoverable failure limit for exposure of an individual. Long-term tracking of each individual showed that all hearing returned to baseline levels.

The study produced about 2,000 subject-exposure tests designed to determine the effects of blast intensity and number of exposures on recoverable failure. As would be expected, the percentage of failures increases monotonically with blast intensity and with number of exposures. The design of the experiment envisioned groups of 64 subjects progressing through the exposure matrix. That number of subjects would allow an estimate of the probability of failure at the 95% confidence level. Invariably, some subjects dropped out of each group, causing the significance of the results for a particular exposure condition to drop below the target confidence level.52

An independent statistical analysis of the volunteer data was conducted using logistic regression analyses.53 The subject-exposure tests were pooled into a pass-fail outcome with blast intensity, duration, and number of exposures as independent variables. The large number of data gave the analysis considerable statistical power and resulted in an estimate of the failure criteria with a narrow confidence band. Results showed that the observed threshold for failure, a 25-dB temporary threshold shift, is nearly 10 dB higher than the current Military Standard limit. In addition, the analysis showed that the best correlation of blast injury decreases with duration, but is consistent with data on the risk of short duration exposure, such as rifle fire.

Taken together, the estimated human threshold tolerance to both auditory and nonauditory blast injuries are greater than that previously indicated in Military Standard 1474. Formal revisions of the Military Standard to incorporate model-based criteria for both auditory and nonauditory injuries are undergoing consideration for adoption by the HHA Program.
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Fig. 10-12. Volunteers being exposed to simulated mortar blasts.



Secondary Blast Injury Modeling

In occupational settings, primary blast injury is the only concern. In combat, where blasts are much larger, debris can be propelled at the soldiers by the blast and lead to impact trauma or secondary blast injury. MOMRP has developed a biomechanical model of the impact trauma that can be used to evaluate this hazard.

In 1996, an interagency collaboration was formed—involving USAMRMC; the Armament, Research, Development, and Engineering Center (ARDEC); the National Institute of Justice (Washington, DC); and the US Department of Transportation (Washington, DC)—to quantify projectile impact injuries in terms of the characteristics of the projectile (mass, velocity, shape, and composition) and the region of the body impacted. The research collected and reviewed all previous studies and mathematical models on impact injury and selected the most credible set that would describe the widest range of blunt trauma and penetrating injuries. A software program, the Interim Total Body Model (ITBM; Jaycor, Inc), was developed and distributed to the sponsoring organizations.54

The ITBM software depends on the characterization of the impact loads from the projectiles. Specialized instrumentation for measuring the magnitude, duration, and extent of the forces delivered by the projectiles was developed.55,56 A specialized test apparatus was developed to accelerate various projectiles at controlled speeds onto the instrumentation for determination of dynamic properties and other test protocols for static properties. The combination of the testing apparatus, protocol, and model estimation became the standard for nonlethal weapon assessment.

WRAIR conducted swine tests to determine internal injuries from nonlethal projectile impacts. Test conditions covered an injury spectrum from mild skin bruising to through-and-through thorax penetration.

Subsequent to this initial work, the Joint Non-Lethal Weapon Directorate (JNLWD; Quantico, Va) was formed, and in 2005, a Memorandum of Agreement between USAMRMC and JNLWP was formalized to share technology and resources. Under this agreement, joint research continued on blunt trauma from projectiles that includes model development, and animal and postmortem human subject testing. This research benefits both organizations by providing fundamental blunt trauma injury data to support USAMRMC soldier protection research programs and JNLWD nonlethal weapons assessment programs.

This partnership has produced new biomechanically based models for a wide range of secondary blast (impact) injuries. A finite element model of skin response under impact has produced a model for penetration injury that takes into account the detailed anatomical structure and clothing.57 This model has been validated against animal studies at the Air Force Research Laboratory (Brooks City Base, Tex) and historical data collected from the literature. Similarly, a biomechanically based correlate for rib fracture has been developed that accounts for the detailed anatomical structure and material properties of bone.58 Similar cross-applications of head injury, skull fracture, and abdominal injury are being pursued. The ITBM, the Advanced Total Body Model (ATBM), and derivative applications provide the best estimation of injury from secondary blast effects.

Tertiary Blast Injury Modeling

The third mode of injury results from whole-body translation caused by the blast pressure differential and blast winds. These forces can hurl the body itself into surrounding objects and cause subsequent tertiary injuries. Although these injuries can result from blast, they are not unique to blast and have been studied in many other circumstances. In 1993, MOMRP began a collaborative effort with NHTSA (Washington, DC) on head and neck injuries—the most significant injuries that occur from body impacts. This collaboration has produced models of closed-head injury and head-neck injury that can be applied to tertiary blast injuries.
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Fig. 10-13. Example of blast injury data retrieved and displayed using IISYS software.



Combined Injury Modeling

Complications of exposure to nuclear explosions include the following:


	physical trauma from the blast wave,

	burn trauma from thermal radiation, and

	disturbance to the immune system from the ionizing radiation.


Because of the possibility of sepsis and secondary infection, reduced immune function is especially dangerous when it occurs along with injury to the gut. In 1990, the Defense Nuclear Agency, now the Defense Threat Reduction Agency (Fort Belvoir, Va), approached MOMRP for assistance in defining a relationship between blast and GI injury that could be used to assess battlefield consequences. As part of the joint work, Jaycor developed mathematical models and a visual assessment of the nuclear battlefield showing where combined injury effects could occur. In addition, a cellular-based model of the response of the immune system to ionizing radiation was developed.59 This model incorporated stem cell dynamics and the interaction of white cells with opportunistic infections. The results generalized the standard, empirical response curves previously used into a form that could study a wider range of exposures and interventions.

Closing of the Blast Test Site

New residential communities around Kirtland Air Force Base objected to the noise from the blasts, making it increasingly difficult to schedule tests at the Blast Test Site. Furthermore, the success of biomechanical modeling in understanding and predicting blast injury greatly reduced the need for new animal studies. Consequently, in 1998, the Blast Test Site in Albuquerque, New Mexico, was closed.

Although the original questions about blast injury had been answered, data that had been collected for more than four decades of research could never be reproduced. With this realization, Colonel Karl Friedl (Director, Telemedicine and Advanced Technology Research Center) identified materials of irreplaceable historical value (eg, the original investigator notes from studies conducted at Hiroshima) and sent them to national libraries. Other remaining materials were shipped to Jaycor for safekeeping.

Under MOMRP support, these blast data are undergoing sorting, cataloging, and electronic preservation. Figure 10-13 provides an example of the data that can be retrieved from the database with IISYS software (Jaycor, Inc). This process continually supports MOMRP’s ongoing blast injury programs, including the refinement and extension of INJURY software, the refinement of HHA software for occupational exposure, and studies of injury from thermobaric explosives.

THIRD-GENERATION INJURY MODELING

The third generation of injury modeling expands the anatomical and physiological fidelities of the injury process. These models use finite element analyses to capture the mechanical response of the body to blast trauma, and high-fidelity, systemic simulations to capture the physiological response to inhaled toxic gases. Finite element models allow predictions of regional injury patterns and the effects of protective clothing. Physiological models extend the effects of blast to include inhalation injury, incapacitation, and delayed lethality.

Finite Element Modeling

FEM is a mathematical tool developed for analyzing engineering structures that is finding increasing application in biomechanics and trauma assessment. The approach breaks the object to be studied—in this case the human body—into small volumes or elements. The elements correspond to parts of different tissues or organs, and they can be irregular in shape so that the anatomy is accurately represented. Because each element represents part of a single tissue, its mechanical properties are considered uniform. Each of the elements interacts with its neighboring elements through the common boundaries. As one element moves and changes shape, these forces and motions (stresses and strains) are transmitted to neighboring elements.

A simulation begins with application of an external loading, from the blast overpressure or a projectile impact, and the calculation advances in time to the motion and distortion of the whole body and all of its internal elements. Every part of each tissue experiences stresses and strains as the body responds to the external load; when those quantities exceed the material strength of the tissue or the organ, damage occurs. The power of the FEM approach is that, in principle, if the anatomy is adequately resolved by enough elements, if the material properties of each tissue are adequately known, and if the limiting stress/strain is known, then injury from any trauma can be predicted.

Each of these aspects (geometric features, material properties, and failure limits) are only imperfectly known, however, so FEM is still very much an art. First, the human body is extremely complicated, with structures on every scale down to the cells; consequently, it is not possible to generate a complete anatomical representation. Judgment must be used to resolve the anatomical features that are most important for the process being studied. Second, almost no biological tissue is truly homogeneous; rather, it is made up of finer structural elements that make the apparent material properties dependent on the scale of elements being used. Again, judgment is needed to select material “constitutive” relations and their parameters that will capture the most relevant responses at the scales of interest. Finally, most tissues, because of their complex composite nature, do not have simple failure stresses and strains. The mechanism of damage can be partial, cumulative, and sometimes self-correcting. Furthermore, the most important damage is often functional, rather than structural, so that simple mechanical failure is not the critical endpoint. For example, rupture of a blood vessel can either lead to a small blood loss that is self-correcting or it can lead to a fatal hemorrhage, with only a slight difference in the extent of the material failure.


Despite the considerable challenges facing the application of these engineering concepts to biological systems, powerful results have been achieved and, in time, many of the difficulties noted previously will be overcome by the relentless increase in computational power.

Finite Element Modeling in Blast Injury

One of the first applications of FEM to blast injury was the study of wave propagation in the lung under blast loading.30,60 This work was conducted when FEM software was in its infancy, but it was able to demonstrate the critical nature played by the lung’s unique material properties on concentrating and distributing loading. The lung, because it has the compressibility of air but a density 100 times greater than air, has a very low speed of sound—only about 30 to 40 m/s. When the chest wall moves at a fraction of that speed (eg, 10 m/s), considerable pressures can build up at the inner surface of the thorax wall. When the velocities become greater than 20 m/s, the equivalent of shock waves can be produced that are very destructive. These insights helped guide the early INJURY software models.

The next application was rupture of the tympanic membrane.61 In this case, the geometry of the affected organ is far simpler than other parts of the body. The mechanical structure of the outer ear consists of the tympanic membrane, a tissue of well-known geometry and material properties; the ossicular chain, again with well-known geometry and properties; and the cochlea that, although it has a complex internal structure, acts only as a flexible base for purposes of determining the load on the ear drum. This model was able to provide a biomechanical explanation and a predictive model for tympanic membrane rupture. It even explained some of the unique tearing patterns seen in this kind of injury.

The first application of FEM to the whole thorax was used to calibrate the Lobdell model that was described previously. The Lobdell model is a nonphysiological model of thorax response under impulsive loading. The model specifies a mass of the sternum region, but not an area. Because blast waves apply a pressure (force/area) to the body, it is necessary to determine the area that corresponds to the Lobdell model mass so that the model can be used to compute the chest motion. For this purpose, a FEM model of the human thorax was constructed from the Visible Human Project data set. The anatomical detail was quite limited, with the model only resolving the chest wall, lung, heart, and diaphragm. Because these are composite tissues, material properties were estimated from composites of the underlying tissue materials. The model was calibrated against human cadaver studies using impact masses. From these simulations, the Lobdell model could be reinterpreted in terms of the true physiological elements and, in particular, the equivalent area of loading determined. This model was then used to study blast loading, and a correlation was developed to translate pressure loading into forces that could be applied to the masses in the Lobdell model. This key correlation forms the basis of the INJURY software versions 5.0 to 7.1.

The joint research program between MOMRP and NHTSA on blast and car crash injury produced a series of finite element models of the human skull that were used to set skull fracture injury criteria. Here, the geometry is relatively simple and can be accurately determined by medical imaging. Jaycor developed mathematical transformations to produce FEM models of the skull directly from imaging, including the resolution of the composite structure of the inner and outer tables and the diploe.62–64 These studies produced biomechanically based head-injury criteria that could be used in the automotive field for head impacts against interior vehicle structures and for tertiary blast injury. These same biomechanical models are used to predict focal skull fractures that arise from the head hitting very small protrusions or the secondary blast projectiles.65 These models are also being used to study the effects of head protection66 and the creation of a single skull fracture criterion for all insults. These models are used in the ITBM.

These four examples of FEM application were developed to improve or validate other simpler injury models and correlations. Beginning in 2000, MOMRP began a program with Jaycor to model the blunt trauma that occurs behind body armor when the armor stops a high-speed bullet with FEM as the final product. These models reproduce the anatomy in far greater detail than those used previously, and required new medical imagery and new mathematical treatment to analyze, segment, and build robust elements. The models developed have been validated with animal tests in which medical imaging is used to produce subject-specific models that are validated against instrumented animal tests.

Starting in 2003, MOMRP and JNLWD formulated a collaborative research program to apply these high-fidelity thoracic response models to the impact of projectiles. The result is ATBM, which uses finite element simulation to determine rib fracture and lung contusion based on projectile-specific, subject-specific, and location-specific conditions. JNLWP uses ATBM to provide the most accurate estimate of nonlethal weapon effects. The same model increases the fidelity of estimation of secondary blast injury.


In addition to better biomechanical response, ATBM computes the trajectory and impact locations of projectiles, including the determination of impact locations on individuals in a crowd. This capability, when applied to secondary blast injury, allows for computing the statistics of both injury locations and injuries under realistic combat conditions.

INJURY Software, Version 8

The latest version of INJURY software, released in 2005 from the MOMRP Web site, introduces further anatomical refinement (Figure 10-14). Account is taken of the fundamental anatomical difference between sheep (narrow chest, wide sides—for which the majority of the injury data have been determined) and humans (broad chest, narrow sides—for which the model is applied). In addition, body orientation is accounted for by distinguishing the front and back in the Lobdell model. This generation of the model has been validated against Blast Test Site data that have been carefully quality checked, and the code offers a red-yellow-green characterization of the relative hazard of the blast exposure.
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Fig. 10-14. INJURY software, version 8.2, used to estimate lung injury from blast exposure.



Toxic Gas Inhalation

In addition to the mechanical blast injuries, explosives produce toxic gases that, when inhaled, can lead to disorientation, incapacitation, or death. Both health hazard and survivability assessments require a means to estimate the probability of these endpoints from exposure to gases generated by blast or the resulting fires.

The Live Fire Test Program (LFTP; Director of Operational Test and Evaluation) is a US Department of Defense organization responsible for overseeing and evaluating the survivability of US systems and vehicles from enemy weapon systems. In 1994, the LFTP invited MOMRP to participate in the formulation of human effects from enemy weapon fire in the areas of blast and toxic gas. MOMRP entered into a series of projects with Jaycor to evaluate existing toxic gas exposure standards, identify shortcomings, and demonstrate improvements that could be made in the near term to assist the LFTP. Small animal tests were conducted that highlighted the shortcomings of existing standards.67 These projects resulted in the airway blood chemistry model that was used to expand toxic gas survivability assessments. This work identified that the shortcomings of existing standards arose from their lack of a physiological basis, both to scale results from animals to humans and to account for critical physiological responses.

Following this initial evaluation, an effort to develop a detailed physiological model of the body’s response to toxic gas inhalation was undertaken. This effort produced a series of source books that reviewed and summarized existing models and experimental data from which the research effort had been planned. The first book of this series reviewed all previous models, mechanisms, and assessments of biological effects caused by toxic gas inhalation.68 All existing test data—from books, reports, and papers—were collected in a second book.69 These data were digitized and analyzed to evaluate current standards and to identify missing data that would be needed to construct a physiologically based model. The third book of this series reviewed all control-of-breathing models, because ventilation was the dominant physiological factor missing from previous models.70

These reviews clearly identified the lack of knowledge of ventilation changes that occur during toxic gas inhalation; thus, an extensive series of small animal tests has been conducted at WRAIR and at the Lovelace Respiratory Research Institute (Albuquerque, NM). These studies on ventilation effects, coupled with a compilation of thousands of previous animal tests on incapacitation and lethality, provide the basis for developing physiologically based models.

The first version of the Toxic Gas Assessment Software (TGAS, Jaycor, Inc) provides estimates of immediate incapacitation from any combination of seven toxic gases: (1) carbon monoxide, (2) hydrogen cyanide, (3) hydrogen chloride, (4) nitrogen dioxide, (5) acrolein, (6) low oxygen, and (7) carbon dioxide. The gases can vary in concentration over time, and TGAS accounts for animal species, mass, and activity. TGAS estimates ventilation changes and tissue absorption to compute a body-weight–normalized internal dose, accounting for all of the factors described previously. The normalized internal dose is used to determine a dose-response curve that is species and exposure independent. The model predicts the probability of immediate incapacitation that can provide a toxicological assessment of survivability for both military and civilian applications.71

TGAS version 2.0 provides estimates of immediate incapacitation and immediate and delayed lethalities from combinations of these same gases.72 Many irritant gases produce lung injury that can lead to death long after exposure. Because the exposure levels that can cause these effects might be much smaller than those that cause incapacitation, it is necessary to set standards based on the most limiting condition.

Explosions often occur in enclosures or vehicles that have fire suppression systems. These systems often contain halide compounds, which can break down by pyrolytic processes and introduce acid gases into the enclosure atmosphere. These acid gases are toxic themselves and have a strong effect on ventilation. Furthermore, the explosion can cause secondary fires that release other complex toxic gases. The combination of these primary and secondary effects of explosions leads to an even more complex mixture of noxious gases that must be considered to determine incapacitation and lethality.

In the past 30 years, physiologically based pharmacokinetic (PBPK) models have been developed to describe the physiological effects of the inhalation of harmful organic gases. These models are used to set internal dose limits, based primarily on blood concentration levels, for each compound. This internal dose approach allows animal data to be scaled to humans and allows effects due to time-varying gas concentrations to be estimated from data collected under constant conditions. The primary use of PBPK models has been in setting short-term environmental exposures, but these results are readily assimilated into the TGAS framework.

The first step taken was to survey the current literature on PBPK modeling and the known mechanisms of interaction of halocarbon materials with the body. The development of PBPK models involves replicating with mathematics the transport, metabolism, and elimination of inhaled chemicals. Furthermore, the chemical and physiological parameters used by these models must be estimated from in vitro tissue measurements or limited animal testing. These quantities generally have large variations in their values and require a systematic means to come to a single, accepted value. The mathematical basis for PBPK models, their variation in application, the techniques for establishing parameter values, and the methods for interpreting and using the results are summarized in a comprehensive source book.73 Although PBPK models are used in many aspects of physiology, considerable literature exists just for halocarbons. Not only are these substances important to fire-extinguishing applications, but also many are ozone depleting and are being eliminated from global use for environmental reasons. The sheer number of possible compounds that vary in importance—depending on their environmental impact, chemical composition, and/or pyrolytic effects—makes this area extremely complex. These compounds and the PBPK models that have been developed to understand their biological effect are discussed in a second source book.74 Finally, not only are the chemical and biological impacts of these substances complex, but also so is the regulation that controls their use and replacement. Because devising appropriate fire protection schemes is a component of blast mitigation, the regulatory landscape of this complex area is analyzed and summarized in a third source book.75

PBPK models include a respiratory component that determines the amount of chemical inhaled during the exposure. Because these models have been developed at different times and by different researchers, there is little consistency in the selection of normal physiological parameters, especially ventilation. Furthermore, all of the models assume that ventilation is unaffected by the gases inhaled and ignore any interaction in ventilation caused by gas mixtures. A PBPK model (which uses common physiological parameters) has been developed that has been recalibrated against all halocarbon test data available in the literature. Furthermore, this model has been coupled to the TGAS version 2.0 model for describing ventilation changes from chemical and exercise effects. The combined model can analyze more than 30 gases in combination and is designated TGAS version 2.0P.76

TGAS versions 1.0 to 2.0P account for ventilation changes with factors that vary with the external concentrations of the gases. The animal studies, however, show that these ventilation changes vary with time in a complex way. Many of the changes do not occur for several minutes in small animals, corresponding to the time required for critical blood chemistry changes to occur. Because of large differences in the ventilation-to-body mass ratio between small animals and humans, these effects might take longer to occur. Because some toxic gases suppress ventilation, whereas others enhance it, ventilation is critical to properly account for the temporal and species effects in extrapolating small animal results.

To account for these complex ventilation changes, a Dynamic Physiological Model (DPM) was developed.77 The DPM includes models of ventilation, circulation, and metabolism and, most importantly, models of the neural control systems that govern these processes. The neural controls are driven, in turn, by blood chemistry changes sensed by chemoreceptors in the carotid arteries and the medulla oblongata of the brain. Consequently, the DPM contains extensive blood chemistry models and models for the metabolism in the brain. This model reproduces most of the significant ventilatory changes seen in animal tests and provides a physiologically based means to extrapolate those critical changes to humans (Figure 10-15).
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Fig. 10-15. Ventilation response to acute carbon monoxide exposure.



Blast Effects Behind Body Armor

As the US military is engaged in urban and asymmetric warfare, soldiers are increasingly exposed to blasts from nonmilitary explosives. In the Afghanistan and Iraq conflicts, nearly 65% of all casualties are from blast injury. Because of the concern that ballistic body armor may have some unexpected amplifying effect on blast injury, the Natick Soldier Center (Natick, Mass) has teamed with MOMRP to make a scientific determination of the effects of body armor on blast injury.

MOMRP is assisting this effort in two key areas. First, the considerable experience of WRAIR in animal tests has been applied to assisting the Natick Soldier Center to conduct animal tests that will provide hard evidence of the effect of blast on armor and the resulting injury. The experience of Jaycor is being used to analyze test data, utilize mathematical models to interpret animal results, and extrapolate the findings to humans. This effort is providing further validation of the INJURY software model, especially in extreme environments where lethality occurs.


To support armor evaluation, a specialized BTD to measure the force under clothing and armor is being developed. This new device, coupled with a new series of INJURY software models, will provide the assessments needed to determine the vulnerability of current protection systems.

FOURTH-GENERATION INJURY MODELING

The fourth generation of injury modeling integrates mathematical models of the mechanical response of the body with those describing the physiological and systemic responses. These integrated models will predict physical and cognitive performance consequences, not just pathological outcomes, and will address neurocognitive injury that occurs through secondary processes. These models are important steps toward a complete, quantitative understanding of biological response to all traumas.

Performance Endpoints

Previous modeling of blast effects has focused on predicting injury and lethality. Although these are important endpoints, they do not characterize the complete hazard caused by blast nor the full operational impact. At exposures far less than required to produce immediate incapacitation and death, blast can degrade the physical and mental performance of warfighters, with the consequence that they may be unable to accomplish the mission or to protect and defend themselves against other lethal threats.

The goal of the Physical and Cognitive Performance Modeling Project is to develop and validate mathematical models that predict these performance endpoints. The work will combine the finite element models used to characterize the physical damage of blast trauma with the DPM used to characterize the physiological consequences. The integrated finite element model consists of models that describe the head, neck, thorax, and abdominal regions (Figure 10-16). The DPM is used to estimate oxygen delivery and incapacitation in hypoxic and toxic gas exposures78–82 (Figure 10-17). Integration of these two modeling systems will produce a complete description of the physical and physiological responses to blast trauma.
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Fig. 10-16. Integrated finite element model of the head, neck, thorax, and abdominal regions.



Central Nervous System Injury

The possibility that blast is responsible for the traumatic brain injury (TBI) observed in returning warfighters has become an issue of national importance. Similar concerns exist in sports and automotive safety. Blast-induced TBI involves a complex and not fully understood mechanical pathway that is different from that encountered in civilian settings. The ability to assess the magnitude of this risk, prevent its occurrence, and detect and diagnose it may be enhanced by a predictive methodology that can link traumatic events to meaningful neurocognitive measures and clinical outcomes. The Predictive Model of the TBI project will use focused laboratory and clinical tests to strengthen the links in the causal path and mathematical modeling to tie the links together into a usable predictive methodology.

Epidemiological data from Operation Enduring Freedom/Operation Iraqi Freedom (OEF/OIF) are correlating mild TBI to blast. A recent study indicated that 59% of blast-injured patients from OEF/OIF admitted to Walter Reed Army Medical Center had at least mild TBI.83 In that study, data were provided by Dr Deborah Warden, Director of the Defense and Veterans Brain Injury Center, based on patients seen at Walter Reed Army Medical Center. Of the 450 patients with brain injuries treated between January 2003 and February 2005, most brain injuries were caused by IEDs, and closed-brain injuries outnumbered penetrating ones. It is believed that cases are likely underreported because of lack of prompt diagnosis. Mild TBI adds a significant, long-term challenge to patient recovery and rehabilitation, especially when other permanent disabilities are involved, such as loss of extremities that requires the patient to learn new skills. It has also been observed that mild TBI from the current conflict accounts for a larger proportion of casualties than in other recent US wars.
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Fig. 10-17. Schematic diagram of circulatory and respiratory systems in the Dynamic Physiology Model. Temp: temperature; Vol: volume.



Extreme head trauma from blunt impact leads to massive damage and hemorrhaging that have been studied extensively. Thresholds for high-mass, low-speed impact head injury have been based on tissue pathological observations in primates and postmortem human subjects. Although these thresholds are not based on biomechanics and neurological modeling, they have served the automotive safety needs. Mild TBI is now being seen in returning soldiers, as well as in sports, and has a far more subtle injury mechanism, a more subtle clinical outcome, and a much lower threshold. Thresholds for these lower level injuries will not be developed readily from epidemiological data alone and are not easily studied in animal models. A greater understanding of the underlying mechanical processes will be required. Furthermore, blast presents additional challenges because the primary mechanism of action is not blunt impact to the head, may involve other mechanical pathways, and is far more rapid than almost all previous head injury causes.


Causal Links of Trauma-Caused Brain Injury

It is generally accepted that TBI is caused by local mechanical stresses in the brain that disrupt neural cells and tissues (primary injury), which, in turn, leads to functional disruption through metabolic and biochemical processes (secondary cascade), resulting in the clinically observed neuropsychological consequences. Although the physical, chemical, and neurological processes are not rigorously quantified, there is ample evidence that the primary injuries lead to the neurological consequences that are seen in patients with TBI.

Mechanically caused primary injury has been observed in animal models for both impact and blast trauma. In blast animal models, astrocyte and microglial responses have been seen,84,85 as well as changes in apoptotic mechanisms.86 Histological studies have detected degenerating neurons in the cerebral cortex and hippocampus of rats 1 and 5 days after blast exposure.87,88 Evidence of ultrastructural and functional changes following blast neurotrauma has also been observed.88,89 Chemical alterations leading to motor and cognitive dysfunction follow diffuse TBI in rats.90,91 In isolated tissue tests, injury to cells resulting from the application of rapid mechanical forces has been observed in endothelial cells,92 in axons,93–96 and in cortical astrocytes and neurons.97 Evidence of tension as a regulator of axonal activity has also been observed.98 In addition to tension and shear-induced cellular injury, there is also evidence of cellular damage from direct pressure effects. Cavitation, which has been shown to occur at moderate head acceleration, leads to large local pressures (thousands of atmospheres) upon vapor bubble collapse.99 This mechanism has been confirmed in lithotripsy studies.100 Depolymerization of spindle microtubules has been observed at very high static pressures (680 atm) and in ultrasound exposures (low-pressure amplitudes, but rapid fluctuations).

The blast-induced primary mechanical damage to cellular structures starts a secondary cascade of effects, including ion channel disruption, apoptosis, and necrosis. These secondary processes lead to functional and metabolic dysfunctions that are observable in advanced magnetic resonance imaging (MRI). Quantification of the link between observable microscopic damage and MRI parameters is the fourth link in the predictive chain. Observation of secondary brain injury, in the form of biochemical alterations, has been observed in blast injury.101–104 More importantly, however, it is well known that secondary injury is a complex cascade of physiological events caused by the residual metabolic, biochemical, endocrinological, and immunological alterations initiated by primary injuries.105,106

These secondary effects are readily observable with magnetic resonance spectroscopy (MRS). MRS is a powerful in vivo method to detect neurochemicals within the brain that are relevant to brain processes. The most widely used methods are 1H-MRS and 31P-MRS that detect compounds with hydrogen and phosphorus. Recent studies have shown that the absolute concentrations or ratios of concentrations, particularly N-acetylaspartate (NAA), correlate with neuropsychological tests, cognitive dysfunction, and early detection and longitudinal change.107 MRS has provided correlates with the following:


	cognitive decline in the aging brain108;

	cognitive outcomes in children109;

	the Wechsler Memory Scale110,111;

	genetically based Williams syndrome112,113; and

	diseases such as bipolar disorder,114,115 Alzheimer’s,116,117 and schizophrenia.118


MRS has correlated with posttraumatic stress disorder (PTSD) in combat veterans,119–121 combat veterans with evidence of biochemical change,122 prisoners of war,123 and nonprisoners of war.124 In some studies, however, patients with PTSD did not score differently on attention, memory, or learning tests,125 nor did they show lower levels of NAA.126 Proton MRS also has mood disorders.127–133 MRS imaging has correlated with functional independence measure,134 Glasgow Outcome Scale, and neuropsychological performance.135

Blast Traumatic Brain Injury Mechanisms

Once mechanical stresses have created primary cellular injury in the brain tissue, subsequent biochemical, metabolic, and neurological processes will lead to neurocognitive dysfunctions and adverse clinical outcomes. The unique challenge of blast TBI is to determine how the external stressors (mechanical, chemical, and electrical) created by exposure to explosions create and amplify those of primary cellular injury. The Predictive Model of the TBI project will build on the 25 years of blast model experience and tools to determine a quantitative connection. The following sections frame the nature and magnitude of the blast stressors that are likely to be involved in blast TBI.

Characterization of Blast Exposure

Blast injury is initiated by the mechanical loading of the blast wave on the body, with secondary effects of the toxic gas and electromagnetic pulse released by the explosive. The strongest blast waves for which there is a high probability of survival have a peak pressure of ~20 atm and a duration of a few milliseconds. Using CFD and data compiled in the Blast Overpressure Database, there is adequate information to characterize blast threats faced by US warfighters and to select conditions that will be meaningful for laboratory investigation. Characterizing the blast effects is the first step in developing an end-to-end predictive model.

IEDs can span an explosive energy range from the equivalent of a few pounds of TNT (trinitrotoluene) in pipe bombs to thousands of pounds in truck bombs. Distances from these explosions to the warfighter can also vary, and the blast loading can be amplified by reflections inside enclosures. The ranges of interest for studying TBI, however, are those exposures that will not otherwise produce severe injury or death. The biomechanically based INJURY software, used throughout the military to estimate blast injury for all levels from occupational exposure limits to survivability estimates,136–138 is used to select exposure conditions that are in a meaningful range (Figure 10-18). Based on INJURY analyses and confirmed by the extensive blast overpressure data repository, it is concluded that the strongest blast waves for which there is a high probability of survival have a peak pressure of ~20 atm (as described above) and a duration of a few milliseconds.
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Fig. 10-18. INJURY correlation of lethality. BOP: blast overpressure; Wtot: Wsum corrected for the number of exposures.



Pathway of Internal Disturbances

Acceleration of the brain from direct blast loading to the head or a surge of blood into the brain from blast loads to the torso can produce pressure excursions, flow pulses, and mechanical stress far outside the normal physiological range that can cause tissue and cellular damage. Furthermore, temporary disruption of oxygen delivery from immediate neurological response and electrical disruption of cellular processes from the explosion-generated electromagnetic pulse may further compound these primary injuries. Modeling these pathways is a critical part of building a Predictive Model and designing protective solutions.

Acceleration Effects. A blast wave travels at ~300 m/s, so one side of the head/body is affected a fraction of a millisecond before the other. This differential pressure can accelerate the head, and simulations show that, at the maximum survivable peak values, the head can be accelerated up to 300g’s. Jaycor has determined that the threshold for mild TBI, based on sports injury reconstruction,139 is 50g’s, so that head acceleration from blast is certainly a potential injury pathway. Acceleration also introduces a hydrostatic pressure gradient in the brain, with a pressure difference equal to the acceleration x density of the brain x half the width of the brain. For a 300-g acceleration, the brain could experience regions of compression as great as 3 atm on the impact (coup) side. Accelerations greater than 80g’s are capable of lowering pressure in the brain to a point wherein cavitation occurs on the opposite (contrecoup) side. Collapse of the vapor bubbles can lead to large pressures in excess of 1,000 atm,116 which can cause considerable local damage. This phenomenon has been demonstrated in surrogate models and in mathematical simulations,140,141 and is one of the primary injury mechanism candidates in head impact.140–146 Simulations further show that small flexure of the skull can extend the cavitation to large areas of the brain.141 The biomechanical FEM of the head provides a way of translating external loading into stress in the brain tissue (Figure 10-19).

Vascular Surge. Distortion of the thorax and abdomen is observed under blast loading, arising from the presence of air-containing organs in the torso. In the thorax, the inward-moving chest wall produces a compression wave in the lung that not only does damage to the lung tissue, but can also exert a compressive force on the heart. The application of blast loading to the abdomen produces a direct coupling, through the abdominal contents, to the diaphragm, leading to an upward motion that also exerts a force on the heart—a “blast punch to the gut.” Both of these processes can lead to a surge in blood flow. Brain injury from blast animal models, whose heads were protected from the direct blast,100 might be explained by this mechanism. Finite element analysis shows that a 20-atm blast loading against the torso produced a small, volumetric surge of blood from the heart of about 0.2 mL as a result of the load transmitted to the heart through the lungs; but, it also produced a 10-mL surge as a result of loading delivered through the abdomen (Figure 10-20). Assuming the normal distribution of blood flow, about 2 mL of the surge will be delivered to the brain. When this volumetric surge reaches the brain, the sudden increase of blood volume produces a subsequent pressure increase. Simulations using the L-3/Jaycor head model estimate that an intracranial pressure of nearly 10 atm can result. Combined with the increased crushing effect of personal body armor, this mechanical pathway is being studied in the project.

Mechanical trauma caused by the blast waves, blast winds, or secondary impacts is most likely the primary cause of TBI. Nonetheless, there are auxiliary effects that are associated with explosives that could augment or aggravate the mechanical injury.

Hypoxic Effects. It is commonly observed that animals exposed to blast suffer disruptions in ventilation and cardiac output for 10 s following blast exposure and reductions of these outputs that persist for many minutes. In addition, explosions produce noxious gases that have other acute effects on these processes. In our studies, the effect of toxic gas on oxygenation of the blood has shown that brain ischemia effects can occur in minutes under acute conditions. This process has been quantified with the DPM.147
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Fig. 10-19. Deformations of the skull coupled with head acceleration can create regions of high stress concentration within the brain.



Electromagnetic Pulse. The overpressure of the explosion accelerates hot, ionized gases in the fireball to a velocity exceeding the ambient speed of sound, and the rapid motion of charged particles results in a radiated electromagnetic pulse (EMP). Soloviev et al148,149 provide a summary of field data collected from conventional high explosives (1–5 kg) and a theoretical model that can be used for extrapolation. They conclude that, in the far field of these explosions, the electric field component of the EMP acts as an electric quadrupole—that is, the strength decreases as the fourth power of distance—with strength proportional to the explosive weight.

It is well established that significant thermal effects are produced from continuous, incident power levels greater than 100 mW/cm2. At this flux of energy, the body cannot dissipate the heat rapidly enough, and tissue temperatures rise, leading to a wide range of physiological effects and damage. A few tests have looked at nonthermal effects on cerebral tissues of short-duration pulsed exposures (perhaps like repeated blast exposure) or modulated high-frequency exposures. Servantie et al150 saw changes in the electroencephalogram in rats at pulsed exposures: 0.1-µs pulses, average power 5 mW/cm2; and 500 to 600 pulses/s, for 10 days. Bawin et al151–154 observed changes in Ca2+ release in chicken cerebral tissue after 10 minutes of exposure to 0.75 mW/cm2 of modulated 450 MHz radiation, which is an energy dose of 450 mW-s/cm2. At 10 m from a 100-kg explosive, the blast wave is predicted to produce only 1% lethality, whereas Soloviev’s relation predicts that the EMP energy dose will be about 500 mW-s/cm2. Therefore, there is a possibility that blast-generated EMP, under the right circumstances, may augment the Ca2+ channel disruption that is initiated by primary mechanical injury.
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Fig. 10-20. Schematic diagram of mechanical response model for binding structures in neurological cells.



Biomechanical and Physiological Response Models

The Predictive Model of the blast TBI project will build on Jaycor’s integrated finite element models of blast and trauma responses. Additionally, the parallel work to integrate FEM and DPM will greatly assist the blast TBI project. Surrogate large and small animal testing and clinical examination of civilian and military patients with TBI will provide quantitative data for each causal link and a validation of the overall predictive methodology.

The research partnership between USAMRMC and NHTSA has advanced finite element models of the head that combine anatomical geometry with the mechanical properties of the tissues to provide a powerful calculation tool. This partnership has spurred a number of studies into dynamics of the entire brain,155 tissue properties,156–161 and individual cells.94,162 Because of the availability of high-resolution anatomy and dynamic tissue properties, the ability to determine local mechanical stresses within the brain is well advanced.

As in decades past, the USAMRMC/MOMRP foresight of developing fundamental mathematical tools to understand blast/trauma injury may allow an issue of national importance to be addressed quickly, with the potential for developing both a scientific understanding and a strategy for prevention and mitigation.

SUMMARY

For more than 25 years, MOMRP has been a world leader in the study of blast-related injury. This research has produced insights, data, and predictive models that set standards for human exposure, guide the design of protective systems, and allow quick responses to the questions generated in a rapidly changing battle environment.

The work of MOMRP continues to address the new blast issues of the 21st century. Together with its partners, MOMRP is researching injury to the central nervous system; protection of current body armor from emerging thermobaric weapons; and prediction of performance decrement, both physical and cognitive, under the stress of blast and other trauma.

The decision (made decades before) to use mathematical modeling as a lens to focus the understanding of data; to guide future experiments; and to project understanding to complex, real-life scenarios on the battlefield has resulted in a capability that is responsive to new challenges. Furthermore, the ability to simulate biomechanical and physiological aspects of the body under traumatic circumstances can be applied to interests of health, safety, and performance of soldiers.
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INTRODUCTION

Because of mission requirements or the limited transportation assets of some types of units, service members must often depend on their personal mobility to move individual equipment. The carrying of loads by troops is an important aspect of military operations that can become critical in some situations. Overloading with ammunition and equipment can lead to excessive fatigue and impair the ability to fight. Military historians can cite numerous examples when heavy loads directly or indirectly resulted in reduced performance, unnecessary deaths, and lost battles (Exhibit 11-1).1–4 The experience of British troops in the Falkland Islands War (1982) and US Army troops in both Grenada (1983) and Afghanistan (1999–2010) emphasizes that overloading troops is still a problem in modern warfare.5–7

The purpose of this chapter is to review the historical, physiological, biomechanical, and medical aspects of load carriage. Practical suggestions are offered for reducing the stress of loads on service members and for preventing and treating common load carriage-related injuries. Reviews on other aspects of load carriage are available in the works of Haisman8 and Knapik et al.9,10

HISTORICAL PERSPECTIVE

Loads Carried During Various Historical Periods

Figure 11-1 shows loads that were carried by various military units in history, with emphasis on more recent times. Lothian11 provided data on ancient military units. Until about the 18th century, troops carried loads that seldom exceeded 15 kg as they marched. Extra equipment was often moved by auxiliary transport, including assistants, horses, carts, and camp followers. The extra equipment often consisted of weapons and protection used by troops when they went into battle (eg, swords and shields). After the 18th century, auxiliary transport was deemphasized, and more disciplined armies required troops to carry their own loads. The latter-day service member often carried more equipment during the march and less when in contact with hostile forces.2 It should be noted that most of the loads provided in Figure 11-1 are from estimates and literary sources. The only actually measured values are those from the Joint Readiness Training Center (in Fort Chaffe, Ark) and Operation Enduring Freedom (Afghanistan).

19th- and 20th-Century Efforts to Study Load Carriage

European Efforts

After the Crimean War, a British “Committee Appointed to Inquire into the Effects of the Present System of Carrying Accouterments, Ammunition and Kit of the Infantry Soldier” recommended that soldier loads be reduced to 21 kg through the elimination of “necessaries,” especially underclothing.2,4 Studies at the Frederick Wilhelm Institute in 1895 showed that, if the weather was cool, soldiers could tolerate marching 24 km with a load mass of 22 kg. In warm weather, this test caused “minor disturbances,” from which the men recovered in 1 day.2 In 1908, a “Committee on the Physiological Effects of Food, Training, and Clothing of the Soldier” developed a much-improved load carriage system that was used in World War I. In 1920, the Hygiene Advisory Board of the British Army recommended that the soldier’s load should not exceed 18 to 20 kg or one third of his body weight while marching. With the development of indirect calorimetry, Cathcart and colleagues12 were able to study the energy cost of two men marching at a variety of paces and with a variety of load masses. They found that energy cost per mass carried was lowest when subjects carried a mass equal to 40% of their body mass.

US Efforts

There is little information about US efforts to study load carriage formally before World War II, if these efforts even existed. Under the direction of the Quartermaster General, Captain HW Taylor developed a soldier “payload plan.” This was an attempt to unburden the soldier by providing him with only the items needed for combat. There were also attempts to develop segmented packs: if the tactical situation permitted, a portion of the pack containing nonessential equipment could be left behind.13

World War II led to many situations in which soldiers had to carry loads for long distances. Figure 11-2 shows American soldiers marching to relieve troops in the Ardennes Forest during the Battle of the Bulge. Figure 11-3 shows a training exercise in which a modern airman is being transported using a two-man carry, not an uncommon situation in World War II. Figure 11-4 shows an infantryman transporting loads by mules in Burma. Presumably drawing on many of the experiences from World War II, US Army Field Board No. 3 (Fort Benning, Ga) performed a number of studies from 1948 to 1950. Board members noted that previous work had ignored the individual soldier’s mission within the military unit. In studying individual positions, they found that loads ranged from 25 kg for the rifleman to 50 kg for the ammunition carrier. In cooperation with the Office of The Surgeon General, the Board estimated how load masses should be reduced to make the soldier more combat effective. Metabolic data and stress placed on soldiers in combat were considered. Based on a literature review, the Board determined that the energy available for marching (with the basal metabolic rate subtracted) could not exceed 3,680 kcal/day. They recommended that a rifleman carry 18 kg in the worst conditions; 25 kg was recommended as the maximum march load.14


EXHIBIT 11-1

HEAVY LOADS IN MILITARY HISTORY

Omaha Beach, France (1944)

“In the initial assault waves at Omaha Beachhead there were companies whose men started ashore, each with four cartons of cigarettes in his pack—as if the object of the operation was trading with the French. Some never made the shore because of the cigarettes. They dropped into deep holes during the wade-in, or fell into the tide nicked by a bullet. Then they soaked up so much weight they could not rise again. They drowned. Some were carried out to sea but the great number were cast up on the beach. It impressed the survivors unforgettably—that line of dead men along the sand, many of whom had received but trifling wounds…. No one can say with authority whether more men died directly from enemy fire than perished because of the excess weight that made them easy victims of the water…. This almost cost us the beachhead. Since it is the same kind of mistake that armies and their commanders have been making for centuries, there is every reason to believe it will happen again.”(1)

Grenada (1986)

“Unfortunately too few commanders enforced load discipline. Consider this soldier’s observation: ‘We attacked to secure the airhead. We were like slow moving turtles. My rucksack weighed 120 pounds. I would get up and rush for 10 yards, throw myself down and couldn’t get up. I’d rest for 10 or 15 minutes, struggle to get up, go 10 more yards, and collapse. After a few rushes, I was physically unable to move and I am in great shape. Finally, after I got to the assembly area, I shucked my rucksack and was able to fight, but I was totally drained.’ Consider another soldier’s telling comment: ‘I was scared I was going to get killed because I couldn’t really run with that rucksack on.’ Even allowing for some exaggeration by the soldiers, no one can doubt they were overloaded.”(2)

Saudi Arabia and Iraq (1990)

“During Operation Desert Shield, a brigade conducted a live fire training assault to seize a bridge. The brigade commander noticed that the equipment the soldiers were carrying was interfering with the mission. At the after action review he directed the battalion commanders to investigate the weight the soldiers carried in their battalions. At the brief back one commander indicated that the average soldier in his battalion carried more than 100 pounds. At Christmas 1990 the 2d Brigade, 82d Airborne Division was conducting training far to the South of the front. During this relatively peaceful time, and especially as a result of the holiday, the soldiers had accumulated many items they could not take into combat. When the order came for the brigade to spearhead the French 6th Light Armored Division’s attack into Iraq, the chain of command took steps to care for the soldier’s personal effects and excess baggage. They made a list of what a soldier would carry on his person (fighting load), what he would carry in his rucksack (approach march load), what he would carry in his A-bag (sustainment load), and what would go in his B-bag (contingency load). Items that did not fit in these categories, the soldier shipped home…. The battalions that entered the Euphrates River Valley had learned a valuable lesson as a result of their earlier training attack on the bridge. Although their fighting and approach march loads were still heavy, they knew better how to manage them. When units arrived at their landing zones, the battalions secured their rucksacks (approach march load) with a minimum guard force while the rest of the soldiers occupied their positions. As soon as practicable, soldiers went back, a few at a time, to retrieve the rucksacks. In at least one instance, a unit placed excess ammunition and water in kick-out bundles that could then be taken forward and stored in a central location for further distribution.”(3)

Afghanistan (2002)

“We had extreme difficulty moving with all of our weight. If our movement would have been to relieve a unit in contact or a time sensitive mission we would not have been able to move in a timely manner. It took us 8 hours to move 5 clicks. With just the vest [Interceptor hard body armor] and LBV [Enhanced Tactical Load Bearing Vest or the MOLLE vest] we were easily carrying 80 lbs. Throw on the ruck and you’re sucking.”(4)

___________________

Data sources: (1) Marshall SLA. The Soldier’s Load and the Mobility of a Nation. Quantico, Va: Marine Corps Association; 1950. (2) Dubik JM, Fullerton TD. Soldier overloading in Grenada. Mil Rev. 1987;67:38–47. (3) Porter SC. The soldier’s load. Infantry. 1992;May–June:19–22. (4) Comments from the 187th Regiment First Sergeant, Operation Anaconda, 2002.
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Fig. 11-1. Loads carried on the march by various infantry units throughout history. Inf: infantry; JRTC: Joint Readiness Training Center (Ft Chaffee, Ark); OEF: Operation Enduring Freedom; WWI: World War I; WWII: World War II.
Data sources: Dean CE. The Modern Warrior’s Combat Load. Dismounted Operations in Afghanistan April–May 2003. Ft Leavenworth, Kan: Army Center for Lessons Learned; 2004. Downs F. The Killing Zone: My Life in the Vietnam War. New York, NY: Berkley Publishing Group; 1978. Holmes R. Acts of War. The Behavior of Men in Battle. New York, NY: MacMillan and Co, 1985. Joint Readiness Training Center. Unpublished data collected on units participating in exercises at the Joint Readiness Training Center, 1988. Lothian NV. The load carried by the soldier. J R Army Med Corps. 1922;38:9–24. Porter SC. The soldier’s load. Infantry. 1992;May–June:19–22.



About a decade later, the US Army Infantry Combat Developments Agency15,16 reinforced the weight recommendations of US Army Field Board No. 3. The agency recommended a load of 18 kg (or 30% body weight) for a conditioned fighting soldier and 25 kg (or 45% body weight) for a marching soldier. They developed the idea of “load echeloning” and defined a fighting load and an existence load.

In 1987, the US Army Development and Employment Agency (ADEA; Fort Lewis, Wa) further developed the concept of load echeloning.17 They called the load carried by a soldier the combat load, defined as the mission-essential equipment required by soldiers to fight, survive, and complete their combat mission. The combat load was further divided into a fighting load and an approach march load. The fighting load was carried when enemy contact was expected or stealth was necessary. It consisted of the soldier’s clothing, load-bearing equipment, helmet, weapon, rations, bayonet, and ammunition. The approach march load was carried in more prolonged operations. It included the combat load plus a pack, sleeping roll, extra clothing, extra rations, and extra ammunition. Current US Army doctrine recommends 22 kg (or 30% body weight) for the fighting load and 33 kg (or 45% body weight) for the approach march load.18

ADEA studied nine light infantry jobs that soldiers might have to perform in a worst-case situation. The loads carried by soldiers in these positions are shown in Table 11-1. ADEA17 proposed five approaches for lightening soldier loads:


	development of lighter weight components—however, technical developments were expected to reduce loads by only 6% overall (see Table 11-1);19

	use of the soldier load-planning model: a computer program that aided the commander to tailor loads through a risk analysis based on the mission, enemy, terrain, troops, and time;

	development of specialized, load-carrying equipment (including items such as handcarts and all-terrain vehicles);

	reevaluation of current doctrine that might affect load carriage (eg, an increased emphasis on marksmanship to reduce ammunition loads); and

	development of special physical training programs to condition soldiers to develop more physical capability for load carriage.
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Fig. 11-2. American soldiers marching to relieve troops encircled in the Ardennes Forest during the Battle of the Bulge.
Photograph: Courtesy of Olive-Drab.com. From http://www.olive-drab.com/od_history_ww2_ops_battles_1944bulge.php.



The first study of loads actually carried in combat was performed with a light infantry brigade (the 82nd Airborne Division) engaged in a low-intensity conflict in the deserts and mountains of Afghanistan during spring 2003. A team of infantrymen was dedicated to the data collection effort and also served to augment the combat forces. Loads were inventoried and weighed with digital scales on 15 separate occasions involving seven combat missions from April 4, 2003 to May 5, 2003. The loads carried by soldiers in each of the 29 duty positions are shown in Table 11-2. The emergency approach march load was defined as the load that was carried in foot operations when the terrain was “impassable to vehicles or where ground/air transportation resources are not available.” It was noted that recent improvements in ballistic protection (interceptor body armor, advanced combat helmet) had increased soldier survivability, but had decreased mobility and endurance. Body armor and the protective helmet accounted for roughly 31% of the fighting load.5


[image: art]

Fig. 11-3. An airman being transported using a two-man carry in a training exercise.
Photograph: Reproduced from US Air Force link photo library at http://www.af.mil/shared/media/photodb/photos/070515-F-4127S-706.jpg.



Historical Perspective
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Fig. 11-4. Mars Task Force mule skinners (2nd Battalion, 475th Infantry Regiment) lead mules through the swift river that impeded their progress to Bhamo, Burma, November 17, 1944.
Photograph: Courtesy of Olive-Drab.com. From http://www.olive-drab.com/od_army-horses-mules_ww2.php.



Many of the approaches proposed more recently for reducing soldier loads5,17 are not new. For example, commanders and individual soldiers have practiced load tailoring throughout history. Iphicrates of Ancient Greece armed his infantry with only a wooden shield, lance, and sword. They defeated a Spartan force of heavily equipped Hoplites, presumably because of their greater agility. The Hoplites carried a load of about 37 kg into battle. In the 17th century, Gustavus Adolphus of Sweden lightened his soldiers’ loads by removing armor and shortening weapons. In the Boer Wars, the British Army carried only arms, ammunition, water, and a haversack—a total weight of 11 kg.2 Soldiers in battle have often reduced loads on their own initiative. During the highly successful Shenandoah campaign, the Confederate troops under Stonewall Jackson discarded extra clothing, overcoats, and knapsacks. They carried only rifles, ammunition, food, a blanket (or rubber sheet), and the clothing they wore.2,3 American paratroopers entering Normandy in 1944 exited the aircraft with a load of about 36 kg. However, once on the ground, they quickly discarded equipment they considered unnecessary.3

A wide variety of load-carrying systems have also been used throughout history. The Greek Hoplites used helots (serfs in ancient Sparta) to carry their equipment on the march. Carts and packs were used by Roman legions. Oliver Cromwell’s armies used “pack boys.” Napoleon used carts whenever possible to relieve his soldiers of their march loads. Camp followers also carried much of the soldiers’ load during various wars.1,2

Physical training has been used to improve marching with loads. Roman legionnaires are estimated to have performed road marching three times per month at a rate of about 5 km/h carrying a 20-kg pack over a 32-km distance. In Cromwell’s army (circa 1640), pay was contingent on marching 24 km on a regular basis. During World War I, the French Chasseurs (infantry), carrying a “light kit,” marched more than 13 to 18 km two times per week. Recruit training in Germany during World War I included taking an initial 10-km march, with 1 km added weekly until recruits were marching 20 km with a “full kit.”2 McMichael20 gives a brief description of the training of Wingate’s Chindits (from the Burmese word “chinthe” [or lions]—also known as “Wingates’ Raiders”), who fought as light infantry during the Central Burma campaign in World War II. “They were loaded with huge 34-kg packs and marched unmercifully through man-killing terrain.”20 These soldiers performed a 225-km road march just before their deployment to Burma. Units within the US Army’s 10th Mountain Division routinely road marched with their fighting loads about three times per month. Training guidance prescribed a quarterly road march of 40 km (7 min/km [or 11 min/mile] pace) and a yearly road march of 161 km in 5 days.21


TABLE 11-1

WORST CASE LOADS AND PROJECTED WEIGHTS BECAUSE OF NEW TECHNOLOGIES (INCLUDING CLOTHING AND PERSONAL EQUIPMENT) FOR NINE US ARMY LIGHT INFANTRY POSITIONS



	Position
	US Army Development and Employment Agency Worst-Case Loads (kg)

	Expected Weights Because of New Technologies (kg)




	Assistant Dragon Gunner
	76

	74




	Assistant Machine Gunner
	69

	59




	Radio Telephone Operator
	68

	64




	Dragon Gunner
	64

	61




	Rifleman
	62

	64




	Squad Automatic Weapon Gunner
	59

	57




	Platoon Leader
	58

	54




	Machine Gunner
	58

	53




	Grenadier
	56

	53





Data source: Sampson J. Technology Demonstration for Lighting the Soldier’s Load. Natick, Mass: US Army Natick Research and Development Laboratory; 1988. Technical Report TR-88/027L.

Body Stature and Body Mass as Factors in Load Carriage

A service member’s height and weight might be an important factor in load carriage.2,22 Larger service members might be able to carry heavier loads by virtue of their greater bone and muscle mass.23–25 It has been estimated that humans have increased their height about 10 cm since the Industrial Revolution, possibly because of better nutrition.26 Table 11-3 provides a summary of the heights and weights of various groups derived from a variety of sources. Before the British Crimean War, only minimum standards were available. US samples show a progressive increase in height, weight, and body mass index since the American Civil War. The increase in weight is apparently attributable to an increase in fat-free mass, with temporal changes in body fat less consistent. Data on the general US population suggest that body weight and body mass index have been progressively increasing since 1980.27,28 Data on Army recruits suggest that the increase in weight is accounted for by about equal increases in fat-free mass and body fat.29


TABLE 11-2

AVERAGE LOADS CARRIED BY LIGHT INFANTRY SOLDIERS DURING DISMOUNTED OPERATIONS IN AFGHANISTAN IN APRIL AND MAY 2003



	Duty Position
	Fighting Load (kg)

	Approach March Load (kg)

	Emergency Approach March Load (kg)




	Rifleman
	29

	43

	58




	M203 Grenadier
	32

	48

	62




	Automatic Rifleman
	36

	50

	64




	Antitank Specialist
	31

	45

	59




	Rifle Team Leader
	29

	43

	59




	Rifle Squad Leader
	28

	43

	58




	Forward Observer
	26

	41

	58




	Forward Observer Radio/Telephone Operator
	27

	39

	54




	Weapons Squad Leader
	28

	45

	60




	M240 Machine Gunner
	37

	51

	60




	M240B Assistant Gunner
	32

	55

	67




	M240B Ammunition Bearer
	31

	53

	65




	Rifle Platoon Sergeant
	28

	41

	54




	Rifle Platoon Leader
	28

	42

	53




	Platoon Medic
	25

	42

	54




	Radio/Telephone Operator
	29

	45

	No data




	Mortar Section Leader
	26

	50

	68




	Mortar Squad Leader
	28

	58

	65




	60-mm Mortar Gunner
	29

	49

	61




	60-mm Mortar Assistant Gunner
	25

	55

	No data




	60-mm Mortar Ammunition Bearer
	24

	46

	No data




	Rifle Company Communication Chief
	31

	50

	No data




	Fire Support Officer
	25

	42

	No data




	Fire Support Noncommissioned Officer
	24

	41

	65




	Sapper Engineer
	27

	43

	60




	Company Executive Officer
	27

	42

	No data




	Company First Sergeant
	29

	41

	57




	Company Radio/Telephone Operator
	29

	44

	59




	Rifle Company Commander
	30

	44

	50




	Average
	29

	46

	60





Data source: Dean CE. The Modern Warrior’s Combat Load. Dismounted Operations in Afghanistan, April–May 2003. Ft Leavenworth, Kan: Army Center for Lessons Learned; 2004.

PHYSIOLOGICAL AND BIOMECHANICAL ASPECTS OF LOAD CARRIAGE

Although historical studies are useful to show that the problems of load carriage have been with the military for a considerable time, it is physiological and biomechanical research conducted during the last 70 years that have developed some practical methods to reduce load stress on service members. Many general principles and techniques have emerged, but studies do not reveal a single way of carrying loads that applies to all situations. Commanders must consider the mission, environment, time, and terrain to adjust the service members’ burdens.

Load Distribution

There are many ways to carry loads, and the technique used depends on the characteristics of the load (size, shape, mass, etc), how far the load may be carried, previous experience, and the equipment available to the service member.30 Figure 11-5 illustrates techniques of carrying loads that have been directly investigated for individual soldiers.30–37 Team-lifting techniques can assist in moving larger loads, as shown in Figures 11-6 and 11-7.


TABLE 11-3

PHYSICAL CHARACTERISTICS OF SOLDIERS AND RECRUITS



	Sample
	Height (cm)

	Weight (kg)

	Body Mass Index (kg/m2)

	Fat-Free Mass (kg)

	Body Fat (%)




	French Samples




	French (Crimean War)(1)

	163

	56

	21.1

	NA

	NA




	French (Post-WWI)(1)

	163

	NA

	NA

	NA

	NA




	British Samples




	British (Post-WWI)(1)

	168

	59

	20.9

	NA

	NA




	British recruits (1978)(2)

	175

	70

	22.9

	NA

	NA




	British infantry (1976)(2)

	175

	73

	23.8

	NA

	NA




	US Samples




	US male soldiers (1864)(3)

	171

	64

	21.9

	53*

	16.9*




	US male soldiers (1919)(3)

	172

	66

	22.3

	55*

	15.7*




	US male soldiers (1946)(3)

	174

	70

	23.1

	60*

	14.4*




	US male soldiers (1976)(4)

	175

	73

	23.8

	59†

	19.5†




	US male soldiers (1984)(3)

	174

	76

	25.1

	63‡

	17.3‡




	US male soldiers (1986)(5)

	177

	76

	24.2

	NA

	NA




	US male soldiers (1988)(6)

	176

	76

	24.5

	63*

	15.9*




	US male soldiers (1989)(7)

	178

	77

	24.4

	64‡

	15.9‡




	US male soldiers (2004)§

	177

	81

	25.7

	NA

	NA




	US male soldiers (2005)(8)

	178

	83

	26.4

	68¥

	17.7¥





*Estimated from circumference measures.(9) †Estimated from skinfolds.(10)
‡Estimated from densiometry.(11)
§Previously unpublished data, Fort Campbell, Kentucky.
¥Estimated from dual X-ray absorptiometry.(12)
NA: not available; WWI: World War I
Data sources: (1) Lothian NV. The load carried by the soldier. J R Army Med Corps. 1921;37/38:241–263, 342–351, 448–458. (2) Vogel JA, Crowdy JP. Aerobic fitness and body fat of young British males entering the Army. Eur J Appl Physiol. 1978;40:73–83. (3) Friedl KE. Body composition and military performance: origins of the Army standards. In: Marriott BM, Grumstrup-Scott J, eds. Body Composition and Military Performance. Washington, DC: National Academies Press; 1992. (4) Vogel JA, Patton JF, Mello RP, Daniels WL. An analysis of aerobic capacity in a large United States population. J Appl Physiol. 1986;60:494–500. (5) Knapik J, Drews F. Influence of a Specific Light Infantry Physical Training Program on Physical Fitness. Carlisle Barracks, Pa: US Army Physical Fitness Research Institute, US Army War College; 1987. Technical Report T3-87. (6) Reynolds KL, White JS, Knapik JJ, Witt CE, Amoroso PJ. Injuries and risk factors in a 100-mile (161-km) infantry road march. Prev Med. 1999;28:167–173. (7) Knapik JJ, Staab J, Bahrke M, et al. Relationship of Soldier Load Carriage to Physiological Factors, Military Experience and Mood States. Natick, Mass: US Army Research Institute of Environmental Medicine; 1990. Technical Report T17-90. (8) Sharp M, Knapik JJ, Walker LM, et al. Changes in physical fitness and body composition following 9 months deployment to Afghanistan. Med Sci Sports Exerc. 2008;40:1687–1692. (9) Vogel JA, Kirkpatrick JW, Fitzgerald PI, Hodgdon JA, Harman EA. Derivation of Anthropometry Based Body Fat Equations for the Army’s Weight Control Program. Natick, Mass: US Army Research Institute of Environmental Medicine; 1988. Technical Report 17-88. (10) Durnin JV, Womersley J. Body fat assessed from total body density and its estimate from skinfold thickness: measurements on 481 men and women aged 16 to 72 years. Br J Nutr. 1974;32:77–97. (11) Fitzgerald PI, Vogel JA, Miletti J, Foster JM. An Improved Portable Hydrostatic Weighing System for Body Composition. Natick, Mass: US Army Research Institute of Environmental Medicine; 1988. Technical Report T4/88. (12) Lohman TG. Dual energy X-ray absorptiometry. In: Roche AF, Heymsfield SB, Lohman TG, eds. Human Body Composition. Champaign, Ill: Human Kinetics; 1996.

 

Two load-carrying systems currently available to individual US soldiers include (1) the All-Purpose Lightweight Individual-Carrying Equipment (ALICE) pack and (2) the Modular Lightweight Load-Carrying Equipment (MOLLE) pack. The ALICE pack is more than 35 years old, having been introduced within the 1973 to 1974 time frame. The ALICE pack is durable, stable with heavy loads, and provides ventilation to the back because the external frame holds the rucksack away from the body; however, adjustment is limited. Studies completed in 199538 showed the need for a modular system, with better equipment compatibility and features for fitting special equipment. Studies39 resulted in the development and improvement of the MOLLE pack, which was adopted by the Marine Corps in 1999 and by the Army in 2001.40 The MOLLE pack (Figure 11-8) is an entire system that consists of a main pack with an external frame, butt pack, and load-bearing vest. The main pack has pouches and a sleeping bag compartment attached to the external frame. The external frame is a lightweight plastic polymer that is anatomically contoured. A patrol pack can be detached and used separately. The vest has removable pockets to accommodate different objects. Padded shoulder straps, waist belt, and strap adjustments allow for better load distribution, and the soldier can shift the load to different anatomical locations. An intermediate system between the ALICE pack and the MOLLE pack was the Integrated Individual Fighting System that was introduced in 1988. The Integrated Individual Fighting System had a large internal frame pack and a tactical load vest, with pockets that allowed more flexibility than the ALICE system; however, the internal frame pack was unstable with heavy loads (more than 36 kg) and was prone to breakage.40,41


[image: art]

Fig. 11-5. Methods of load carriage investigated in various studies.
Illustration: Courtesy of SURVIAC (Survivability/Vulnerability Information Analysis Center; Wright-Patterson Air Force Base, Ohio)/ARL (US Army Research Laboratory; Adelphi, Md)/Booz Allen (McLean, Va).



Backpacks and Double Packs

Where the load is carried on the body will affect both energy cost and gait mechanics. Loads can be transported with the lowest energy cost (ie, most efficiently) when they are carried on the head.35,42 However, this method is impractical for military operations because it requires a long training time to learn how to use effectively, is useful only on unobstructed horizontal terrain, and produces a high profile (greater body signature). A more practical choice is to carry a load as close as possible to the center of mass of the body.43–45 In this regard, the backpack and double pack methods (Figure 11-9) have been shown to have a lower energy cost than most other forms of load carriage.36,37,46,47 Nonetheless, a backpack places most of the load on the back and produces a forward inclination of the trunk and head that becomes greater as the load increases.48–51 The forward inclination keeps the load-plus-body center of mass over the feet (the base of support), but this leads to repetitive contractions (and stress) of low back muscles.52,53 Just standing with a backpack increases postural sway (anterior-posterior, medial-lateral center of pressure excursions) in a linear manner as the load increases.54 On the other hand, the double pack produces fewer deviations from normal walking than does a backpack, including less forward lean of the trunk.49,55 With the double pack, increasing load produces a reduction in stride length and an increase in stride frequency that is more desirable because it can reduce stress on the bones of the foot. In contrast, stride length becomes longer as backpack loads increase, which by the same line of reasoning, could be potentially harmful.30

Double packs can be useful in some military situations (eg, medics carrying their aid bags on the front of their bodies), but backpacks appear to provide greater versatility in military situations. Double packs can inhibit movement and limit the field of vision in front of the body, making it difficult to see obstructions and traps. They can be burdensome to don and doff; doffing can be very important when sudden or unexpected enemy contact occurs. The double pack can also induce ventilatory impairments30 and greater heat stress symptoms,56 compared with the backpack. The double pack can restrict tasks, such as firing weapons and donning protective masks.

Service members can take advantage of what has been learned from the double pack by distributing the load more evenly over the torso. Although it is difficult to make the load equal on the front and back of the body, both the ALICE and MOLLE systems allow a part of the load to be moved forward onto the load-carrying vest. Doing this might be expected to reduce energy cost, improve body posture, and reduce injuries.


[image: art]

Fig. 11-6. An Army relief team carries an Army tent in a box to a waiting truck following a major earthquake on November 23, 1980. The men are from the 1st Battalion, 509th Infantry Regiment, Vicenza, Italy.
Photograph: Reproduced from DefenseImagery.mil. Image DF-SN-82-06152.



Pack Frames and Hip Belts

Pack frames and hip belts reduce shoulder stress. The shoulder straps of a pack exert pressure on the skin, which can be measured with transducers under the straps.57 Shoulder pressure is considerably lower with a pack frame incorporating a wide hip belt, compared with a pack frame without a hip belt. In one study, 10 kg carried in a frameless pack resulted in a peak pressure of 203 mm Hg; the same mass carried in a pack with a frame and wide hip belt resulted in a peak pressure of only 15 mm Hg. The pack with the frame and hip belt produced less electromyographic activity in the trapezius muscle, also suggesting less stress in the shoulder area.57

When a pack frame and hip belt are used for a load between 14 and 41 kg, the proportion of the load supported on the hips and lower back is 30% and the load on the shoulders is 70%, regardless of the load mass. There is a consistent anterior force exerted on the lower back that might increase stress in this area.58 There is some suggestion that experienced individuals adjust their walking posture to reduce forces and force fluctuations in the shoulder straps.59 Rigid rods attached to both sides of the pack and extending into the hip belt transfer about 14% of the vertical load from the upper torso to the pelvis.60

Internal frame packs have supporting structures (metal and plastic) inside the fabric of the pack and keep the pack closer to the center of mass of the body. External frame packs have the supporting structure on the outside of the pack, and the pack is usually farther away from the center of mass of the body. There is conflicting information regarding whether the internal frame pack has a lower energy cost than the external frame pack.61,62 There is no difference in perceived exertion between external and internal frame packs when walking on level, even terrain.61 However, perceived exertion over rough terrain is lower with the internal frame pack.63

Subjective reports of discomfort vary, depending on the design of the pack system. For backpacks with and without frames, the majority of discomfort appears to be in the neck and shoulder region, although foot discomfort can also be substantial, presumably because of the development of hot spots and blisters.64,65 For a backpack with a hip belt, discomfort is localized to the midtrunk and upper legs.66 Overall, when a portion of the load is carried on the waist through use of a hip belt, there is less subjective discomfort than there is with shoulder load carriage.67 When walking uphill, individuals give higher ratings for balance and ease of gait for packs with hip belts that pivot in the sagittal plane.68


[image: art]

Fig. 11-7. Marines carry a stretcher bearing a sniper victim on Guadalcanal in World War II.
Photograph: Reproduced from the National Archives and Records Administration, Archival Research Catalog. From: http://www.pbs.org/thewar/at_war_timeline_1942.htm.



Placement of Load in the Backpack

The location of load in the backpack can affect energy cost, subjective comfort, and body mechanics. Using both internal and external frame packs, higher energy costs were associated with a load that was lower in the pack and farther away from the body; lower energy costs were associated with loads placed higher in the pack and closer to the body (Figure 11-10).69,70 However, another study using an external frame pack and similar methodology found no difference in energy cost with load placements.71 A more even distribution of loads using a rack system within the pack resulted in considerably lower ratings of discomfort in the neck, shoulders, and lower back.63

Although both high- and low-load placements bring about forward body lean (knees, hips, shoulders, and head are farther forward), this effect is greater for low placements. This is because the lower load is closer to the ankles, which requires more forward body rotation to bring the pack center of mass over the feet.72 The additional forward body rotation tends to bring the body’s center of mass over the front half of the foot, which could increase the likelihood of foot strain and injury.


[image: art]

Fig. 11-8. Soldier wearing the Modular Lightweight Load-Carrying Equipment (MOLLE) pack. The MOLLE pack is an entire modular system that includes a main pack with an external frame, butt pack, and load-bearing vest. A patrol pack can be detached and used separately. The vest has removable pockets to accommodate different objects. Padded shoulder straps, waist belt, and strap adjustments allow for better load distribution, and the soldier can shift the load to different anatomical locations.



Nonetheless, placement of the load high in the pack tends to destabilize posture to a greater extent than lower placements, especially among tall men, as measured by the amount of body sway while standing with the load.73 Dynamic moments are about 40% greater with high-back placement, an affect attributed to the greater rotational inertia of the high load.74


[image: art]

Fig. 11-9. A Marine with a double pack at a forward operating base. The marine is from the 26th Marine Expeditionary Unit and is boarding for a flight back to Kandahar, Afghanistan, in support of Operation Enduring Freedom.
Photograph: Reproduced from DefenseImagery.mil. From http://www.defenseimagery.mil. VIRIN: 020212-M-7370C-126. Photographer: CWO2 William D. Crow, USMC.



A low- or midback load placement might be preferable for stability on uneven terrain, particularly during unexpected stumbles, when high-load placement can necessitate relatively high-muscle forces to maintain postural stability. The high-load placement might be best for even terrain because it keeps body posture with a load most similar to that without a load.72

Strap Adjustments

Although not tested experimentally, it is reasonable to assume that shifting loads from one part of the body to another during a march can improve soldier comfort and allow loads to be carried for longer periods of time. Load shifting is accomplished with some pack systems using various strap adjustments. Strap adjustments can redistribute the load to other muscles or other portions of previously loaded muscles. Portions of the body subjected to high-load pressures for long periods of time can suffer discomfort, circulatory occlusion, and paresthesis.30,67,75

Some rucksacks have sternum straps that are attached horizontally across both shoulder straps at midchest level. When the sternum strap is tightened, it pulls the shoulder straps toward the midline of the body so that pressure is shifted more medially. When the sternum strap is loosened, the shoulder straps move laterally, and the load is also shifted laterally.

Most pack systems with hip belts and shoulder straps have adjustments that presumably allow more of the load to be placed on the hips or shoulders. When the shoulder strap tension is reduced (straps loosened), more of the load is placed on the hips. With the shoulder straps tighter, more of the load is placed on the shoulders.


[image: art]

Fig. 11-10. Effects of load distribution within the pack on energy cost. A high and more anterior load results in a lower energy cost than a low and more posterior load.
Data source: Reproduced with permission from Obusek JP, Harman EA, Frykman PN, Palmer CJ, Bills RK. The relationship of backpack center of mass to the metabolic cost of load carriage. Med Sci Sports Exerc. 1997;29:S205.



Some pack systems have load-lifter straps that attach the top of the shoulder straps to the pack frame. When the strap is tightened, the top of the load is pulled more anteriorly over the base of support; however, when the strap is loosened, the top of the load falls more posteriorly. Other strap adjustments that shift load pressures, center the pack, and improve lumbar support can further improve soldier mobility and comfort.68

Load Carriage on the Feet, on the Thighs, and in the Hands

Loads can be carried in places other than the torso, although other body positions result in higher energy expenditure. Loads carried on the feet result in an energy cost five to seven times higher than an equivalent load carried on the upper body.44,76,77 The increase in energy expenditure is 7% to 10% for each kilogram added to the foot.44,76–79 This finding suggests that footwear should be as light as possible, compatible with durability requirements. 

Loads carried on the thigh result in energy costs that are lower than foot carriage, but greater than torso carriage. For each kilogram added to the thighs (at about midthigh level), the increase in energy cost is about 4%.80,81 When load masses are carried on the thighs (compared with the feet), less mechanical work is performed because of reduced inertia of the body segments; therefore, changes in gait with increasing thigh load are minimal.80

Carriage of loads in the hands also results in a higher energy cost than with torso carriage36,46,76 and produces greater cardiovascular strain.82 Hand carriage is more efficient than foot carriage because the energy cost of carrying loads on the ankles exceeds that of carrying loads in the hands by five to six times if the hand load is carried close to the body.44 This is likely related to the fact that leg swing is an essential part of walking, whereas arm swing is a secondary aspect of gait that can be greatly reduced without affecting walking speed. For hand carriage tasks (eg, transporting a stretcher), the use of simple shoulder straps or more complex harness systems considerably reduce cardiovascular stress and result in more subjective comfort.83,84

Rifle Carriage

A rifle will almost always be carried in dismounted military training and operations. Rifle carriage restricts arm swing, adds weight, and moves the center of mass more anteriorly. During rapid walking (5.4 km/h), a 4.4-kg rifle (a loaded M16A2 weighs 4.0 kg) has minimal, but significant, effects on human gait. There are increases in forces produced at heel strike (ground impact forces, about 5%), forces to decelerate the body (maximum breaking forces, about 1%), and side-to-side forces (mediolateral impulse, about 12%). Many of these changes are less because of the mass of the rifle and more associated with the restriction of arm movement, which increases the movement of the body center of mass.85,86

Body Armor

Individual body armor is commonly worn by soldiers to protect against small arms fire and explosive devices. The system currently used is the Interceptor Multipurpose Body Armor System, consisting of two major components: (1) an outer tactical vest (OTV) and (2) small arms protective inserts. The OTV is composed of a Kevlar weave and provides protection from 9-mm bullets and fragmentation. The OTV has a removal collar, throat protector, and groin protector. The small arms protective inserts are silicon carbide/boron carbide plates worn in the front and back of the OTV, and provide protection from rifle and machine gun fire. Studies87,88 indicated that additional protection was needed and subsequently developed enhancements included deltoid and axillary protectors providing fragmentation and projectile protection over and under the arms (Figure 11-11). A medium-sized vest without deltoid and axillary protectors and other vest attachments weighs about 13 kg.89,90


[image: art]

Fig. 11-11. (Left) Interceptor Multipurpose Body Armor System with removable collar, throat protector, and groin protector. (Center) Deltoid and (right) axillary protectors, respectively.
Photographs: Courtesy of GlobalSecurity.org. From http://www.globalsecurity.org/military/systems/ground/interceptor.htm.



As might be expected, the wearing of body armor (compared with no body armor) increases perceived exertion, the energy cost of walking, vertical ground reaction forces, and loading rate (change in force over time from heel strike to peak impact force)91,92; men and women respond in a similar manner.93 As walking velocity increases, the increase in energy cost and relative exercise intensity [image: art] is not linear, but rather the increase is exponential.92 A vest increases heat stress (core temperature, body heat storage) during prolonged (2–4 hours) walking, independent of the increase in energy cost, and a spacer garment (to presumably provide “passive cooling”) may not mitigate this heat stress.94 Soldiers returning from deployment report deployment-related increases in musculoskeletal pain, with 24%, 29%, and 27% of soldiers attributing neck, back, and upper extremity pain, respectively, to the wearing of individual body armor.89

Load Carriage Using Carts and Motorized Vehicles

Military personnel seldom consider using wheeled carts to transport loads, but for some missions, this can be an option. In a field trial of three manually operated load carts, both positive and negative aspects emerged. On the positive side, the tested carts were generally durable; able to carry or exceed their rated loads (91–181 kg); and were effectively used on flat terrain, in barrier construction, and in resupply. On the negative side, the carts created problems on rugged terrain: they were noisy in brush or rocky areas, thus reducing tactical surprise; and equipment could get caught in the wheels of some carts.95

A combat load cart appropriate for military operations should have a low center of gravity, a wide wheel base, and a large wheel size.96,97 Compared with body carriage, energy cost was reduced by 88% when a 50-kg load was pushed in a cart on a smooth surface.97 Pulled carts (rather than pushed) seem to be easier to control on uneven terrain and also result in considerable energy cost-savings.96 Over mixed terrain (paved road, dirt road, field, and rough trail), a cart pulled by a hip belt resulted in 54% faster march times (compared with a rucksack) over a 3.2-km distance.98 This latter cart, specifically developed for military operations, is available.

Besides carts, removing much of the load burden from the soldier can be achieved through the use of a wide variety of motorized vehicles. Systems that have carried soldier equipment in rugged areas in Afghanistan have included the Military Gator (or M-Gator; John Deere Company, Moline, Ill) and the Polaris Sportsman Military Vehicle (Polaris Industries, Inc, Medina, Minn). The Military Gator is a two-seat, six-wheel squad vehicle that can carry up to a 550-kg load and runs on JP8 fuel (Figures 11-12 and 11-13). The Polaris Sportsman Military Vehicle is a four-wheel, all-terrain vehicle that can carry one person and a load up to 204.1 kg (Figure 11-14).99,100 Of course, there will still be terrain that will not be suitable for carts or motorized vehicles of any type, and soldiers will be personally required to bear the load.5
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Fig. 11-12. The Military Gator. This is a two-seat, six-wheel squad vehicle that can carry up to a 550-kg load and runs on JP8 fuel.
Photograph: Courtesy of Olive-Drab.com. From http://www.olive-drab.com/idphoto/id_photos_m-gator.php.
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Fig. 11-13. US Army soldiers assigned to the 86th Combat Support Hospital using a Military Gator to transport a litter patient at an undisclosed location in Iraq, in support of Operation Iraqi Freedom.
Photograph: Reproduced from DefenseImagery.mil. From http://www.defenseimagery.mil. ID: DF-SD-04-01753. Photographer: SSGT Quinton T. Burris, US Air Force.



Physiological Factors Associated With Load Carriage

Several studies have examined associations between load carriage and various physiological factors using very similar methods. Subjects were administered a series of physiological tests to measure physical characteristics, body composition, muscular strength, anaerobic capacity, and aerobic capacity. Subjects were asked to complete a given distance as rapidly as possible while carrying various load masses. Trip completion times were correlated with these physiological measures.

Using univariate correlations, early studies demonstrated low (r = 0.2–0.6), but statistically significant, relationships between trip completion times and aerobic capacity, back and lower body strength, and fat free mass.23,101,102 More recent studies using multivariate techniques generally confirm that aerobic fitness, fat free mass, and leg/back strength are important physiological factors associated with load carriage performance and changes in load carriage performance.24,25 These studies provide clues as to the components of physical fitness that should be trained to improve load carriage performance.

Physical Training and Load Carriage

Appropriately designed physical training can improve service members’ load carriage capabilities. Walking with backpack loads over several weeks results in a decrease in the energy cost of carrying the load.103 Australian military recruits with high initial aerobic capacity (predicted [image: art]) further improved their aerobic fitness by engaging in regular backpack load carriage. Loads were progressively increased during the 11-week basic training program, and improvements in aerobic capacity were similar to those of a control group performing the traditional recruit training program involving running.104
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Fig. 11-14. Polaris Sportsman Military Vehicle. It is a four-wheel, all-terrain vehicle that can carry one person and a load up to 204.1 kg.
Photograph: Courtesy of Justin Burke, Marketing Manager, Polaris Defense, Medina, Minn. From http://www.polaris-industries.com.



Twelve-week physical training programs involving a combination of aerobic training (running) and resistance training improved the speed at which men completed a 3.2-km distance carrying 46 kg,105 and women completed a 5-km distance carrying 19 kg,106 even when these load carriage tasks were not included in the training program. It is interesting that neither running nor resistance training alone improved march speed,105 suggesting that both aerobic capacity and muscle strength must be trained to improve road marching capability. When regular road marching with loads (at least twice a month) was included in a training program that also involved running and resistance training, service members marched faster than if march training was not included.107 Substantial improvements in load-carrying performance were found when civilian women were trained with a combination of resistance training, running, and load-carrying.108

Gender Differences

Compared with men, women walk with shorter stride length and greater stride frequency. As loads increase, women’s stride length decreases, whereas men’s stride length does not show significant change. With increasing load, women also show a more pronounced linear increase in the time that both feet are on the ground (double support time) than do men. To bring the center of the load mass over the feet (base of support), women tend to hyperextend their necks and bring their shoulders farther forward than do men, possibly to compensate for less upper body strength. Many of these differences between men and women persist even when differences in body size and composition are taken into account.40,50

When men and women were asked to complete a 10-km road march as quickly as possible carrying loads of 18 kg, 27 kg, and 36 kg (using ALICE packs), men were about 21% faster, regardless of load. On systematically administered questionnaires, women commented more often than men that the pack straps were uncomfortable, that the pistol belts fit poorly, and that the rucksacks (ALICE packs) were unstable. An independent predictor of march time (when gender was included in the equation) was acromial breadth (shoulder breadth). Because pack systems have been designed primarily based on the anthropometry of men, these data suggest that pack systems designed considering the anthropometry of women can lessen the time gap between men and women.109 Studies with the MOLLE pack suggest that the well-padded hip belt allows a better transfer of the load to the hips so that women can use the stronger muscles of the legs to carry the load.40,58 This might assist in improving female load carriage performance.

Predicting the Energy Cost of Carrying Military Loads

Studies conducted on treadmills for short periods of time show that energy cost increases in a systematic manner, with increases in body mass, load mass, velocity, grade, or a combination of these items.110–116 Type of terrain also influences energy cost, as shown in Figure 11-15.96,117,118 Pandolf and colleagues119 expanded on the work of Givoni and Goldman120 to develop an equation (1) to predict the energy cost of load carriage:


(1) Mw = 1.5 • W + 2.0 • (W + L) • (L/W)2 + T • (W + L) • (1.5 • V2 + 0.35 • V • G),



where Mw = metabolic cost of walking (Watts), W = body mass (kg), L = load mass (kg), T = terrain factor (1.0 = blacktop road, 1.1 = dirt road, 1.2 = light brush, 1.5 = heavy brush, 1.8 = swampy bog, 2.1 = loose sand, snow [dependent on depth of depression {T = 1.30 + 0.082 • D, where D = depression depth in cm}]),117 V = velocity or walk rate (m/sec), and G = slope or grade (%).
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Fig. 11-15. Effects of terrain on energy cost. Energy cost increases about 8% on a dirt road and about 24% for moving through light brush. Much heavier brush requiring the use of arms and more lifting of the legs to move over downed trees and brush can increase energy cost by 60%. Going through swampy land or walking on sand almost doubles energy cost. Walking in snow without the use of snowshoes can considerably increase energy cost 3 or 4 times, depending on the depth and quality of the snow. This increase in energy cost with deeper snow is presumably because of the extra energy needed to raise the legs. Numbers after the snow estimates are the depth of depression the shoe makes in the snow.
Data sources: Haisman MF, Goldman RF. Effect of terrain on the energy cost of walking with back loads and handcart loads. J Appl Physiol. 1974;36:545–548. Pandolf KB, Haisman MF, Goldman RF. Metabolic energy expenditure and terrain coefficients for walking on snow. Ergonomics. 1976;19:683–690. Soule RG, Goldman RF. Terrain coefficients for energy cost prediction. J Appl Physiol. 1972;32:706–708.



The Pandolf equation has been independently validated using a range of loads and body masses.121 However, the equation has several limitations. First, it does not predict accurately the energy cost of downhill walking.122,123 Downhill walking energy cost approximates a U-shape when plotted against grade: it initially decreases, then begins to increase.124–126 The lowest energy cost occurs between –5% to –15%, depending on individual gait characteristics.124,126 Santee and colleagues126 developed an empirical model to predict the energy cost of downhill walking. The model assumes that the initial reduction in downhill walking energy cost is from the negative work of gravity, but that this is reduced by the eccentric action of the muscles to decelerate the body and energy absorbed by the muscles and joints. Equation (2) is as follows:


(2) Wtd = Wl + (2.4 (mt • g • h • s–1) • 0.3(α/7.65)),



where Wtd = total metabolic cost (Watts), Wl = metabolic cost of level walking (Watts), mt = total load mass (kg), g = acceleration caused by gravity (9.8 m/s2), and α = grade or slope for negative work.

A second limitation of the Pandolf equation might be that it does not account for increases in energy cost over time. In studies used to develop the equation, energy cost was examined for short periods, usually less than 30 minutes. Most studies127–129 have shown that the energy cost of prolonged (≥2 h) load carriage at a constant speed increased over time at higher loads, or speeds or both. Energy cost also increases over time during downhill walking with loads.129 Whether or not energy expenditure increases over time is important, because the individual carrying the load might become more easily fatigued if energy cost does increase.

MEDICAL PROBLEMS ASSOCIATED WITH LOAD CARRIAGE

Injuries associated with load carriage, although generally minor, can adversely affect an individual’s mobility and thus reduce the effectiveness of an entire unit. Tables 11-4 and 11-5 show the results of two studies that recorded acute injuries during military road marching operations.130,131 Foot blisters, back problems, and metatarsalgia were the most common march-related injuries. These injuries are similar to those self-reported by recreational hikers who generally carry lighter loads, but the relative frequency is somewhat different.132–134 Table 11-6 summarizes common load carriage-related injuries, as well as prevention and treatment strategies.

Foot Blisters

Foot blisters are the most common load carriage–related injury65,131,135–137 (Figure 11-16). They result from friction between the socks and skin,138–140 a product of point pressures exerted by the boot and the foot. Blisters can cause extreme discomfort, prevent service members from completing marches, and lead to many days of limited activity.131,141,142 If they are not properly managed, especially in field conditions, they can progress to more serious problems, such as cellulitis or sepsis.141,143

Heavy loads increase blister incidence,109,137,144 possibly by increasing pressure on the skin and causing more movement of the foot inside the boot through higher propulsive and breaking forces.49,145 Rifle carriage alone has minor effects on maximal breaking and propulsive forces.85 Other blister risk factors include tobacco use, low aerobic fitness, and ethnicity other than black.130,146


TABLE 11-4

INJURIES AMONG 355 INFANTRY SOLDIERS DURING A 20-KM MAXIMAL EFFORT ROAD MARCH



	Injury
	During March*

	1–12 Days Post-march (n)†

	Totals




	Soldier Continued March (n)

	Soldier
Did Not Continue March (n)

	N

	%




	Foot blisters
	16

	0

	19

	35

	38




	Back pain/strain
	5

	7

	9

	21

	23




	Metatarsalgia
	1

	1

	9

	11

	12




	Leg strain/pain
	0

	0

	7

	7

	8




	Sprains
	1

	1

	4

	6

	7




	Knee pain
	0

	0

	4

	4

	4




	Foot contusion
	0

	1

	1

	2

	2




	Other
	1

	2

	2

	5

	5




	Total
	24

	12

	55

	91

	100





*From medics and physician during the march.
†From medical records after the march.
Data source: Knapik J, Reynolds K, Staab J, Vogel JA, Jones B. Injuries associated with strenuous road marching. Mil Med. 1992;157:64–67.

 

When loads are very heavy (>61 kg), the double pack has been shown to demonstrate a lower blister incidence than the backpack,147 suggesting that better load distribution can reduce blisters. Spenco shoe insoles (Spenco Medical Corporation, Inc, Waco, Tex) have also been shown to reduce foot blister incidence, possibly because they absorb frictional forces in anteroposterior and mediolateral directions.148–150 Regular physical training with load carriage induces skin adaptations that reduce the probability of blisters.140 Thus, blisters can be less of a problem in units that march regularly; however, sudden increases in march  intensity or distance will probably make blisters more likely, regardless of training regularity.


TABLE 11-5

INJURIES AMONG 218 INFANTRY SOLDIERS DURING A 5-DAY, 161-KM ROAD MARCH



	Injury
	During March*

	1–15 Days Post-march (n)†

	Totals




	Soldier Continued March (n)

	Soldier
Did Not Continue March (n)

	N

	%




	Foot blisters
	43

	3

	3

	49

	48




	Metatarsalgia
	8

	2

	9

	19

	19




	Back pain/strain
	4

	1

	1

	6

	6




	Sprains
	2

	3

	0

	5

	5




	Knee pain
	3

	1

	3

	7

	7




	Ingrown toenail
	0

	3

	0

	3

	3




	Stress fracture
	0

	1

	0

	1

	1




	Other
	8

	3

	1

	12

	12




	Total
	68

	17

	17

	102

	100





*From physician’s assistants at fixed medical sites along the march.
†From medical records after the march.
Data source: Reynolds KL, White JS, Knapik JJ, Witt CE, Amoroso PJ. Injuries and risk factors in a 100-mile (161-km) infantry road march. Prev Med. 1999;28:167–173.


TABLE 11-6

SUMMARY OF COMMON LOAD CARRIAGE-RELATED INJURIES WITH PREVENTION AND TREATMENT STRATEGIES*

[image: art]

*See text for full descriptions and applications.
†Spenco Medical Corporation, Inc, Waco, Tex.
‡RICE: Rest, Ice, Compression, Elevation.
§Antiinflammatory medication refers to aspirin or a nonsteroidal antiinflammatory drug.
Data sources: Knapik JJ, Reynolds KL, Duplantis KL, Jones BH. Friction blisters: pathophysiology, prevention and treatment. Sports Med. 1995;20:136–147. Jones BH, Reynolds KL, Rock PB, Moore MP. Exercise related musculoskeletal injuries: risks, prevention and care. In: Durstine JL, King AC, Painter PL, et al, eds. ACSM’s Resource Manual for Guidelines for Exercise Testing and Prescription. Philadelphia, Pa: Lea and Febiger; 1993.
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Fig. 11-16. Friction blisters on the feet.
Photograph: Courtesy of Wikimedia Commons. From http://commons.wikimedia.org/wiki/File:Friction_Blisters_On_Human_Foot.jpg.



Moist skin increases frictional forces and probably increases blister incidence.140,141,151 Acrylic socks decrease the number and size of blisters,152 possibly by conducting sweat away from the foot.153 A nylon sock worn inside a wool sock reduces the incidence of blisters on soldiers who are road marching.154,155 Polyester socks alone, or a thin polyester sock worn inside thicker socks (that are either wool-polypropylene or cotton-wool), reduce foot blister incidence during military training.156,157

Antiperspirants also reduce foot sweating,158,159 and some anecdotal reports and case studies suggest they might be effective in reducing blisters.160–162 A 20% solution of aluminum chloride hexahydrate in an anhydrous ethyl alcohol base (eg, Drysol, Person & Covey, Inc, Glendale, Calif) was effective in reducing the likelihood of march-related blisters when the preparation was applied to the entire foot for at least three nights before a march.163 Once the antiperspirant effect has been achieved, it can be maintained with applications once per week.164 However, many individuals report irritant dermatitis using this preparation,163 which can require the application of a topical steroid. Other options in this case include using a lower concentration preparation (eg, Xerex, Person & Covey, Inc, Glendale, Calif), changing the treatment schedule (using the same number of applications, but over a longer period of time), or discontinuing use. Antiperspirants in emollient bases are not effective in reducing blisters, presumably because emollients interfere with the antiperspirant effect.165

Soldiers typically experience areas of friction known as “hot spots,” the subjective experience of which is a localized warm or burning sensation. This presumably preblister stage is characterized as a local red (erythema) and tender area (Figure 11-17). When hot spots are detected, blisters may be avoided by shielding the affected area with a low-friction skin covering. Various skin coverings have been examined for their coefficients of friction (µ), and lower µ values may be more effective in reducing blister incidence. Tested skin coverings (with µ values in brackets) include the following:


	Bursatec (Bursatec, Mexico City, Mexico) [0.57],

	Dr. Scholl’s Moleskin Plus (Schering-Plough HealthCare Products, Inc, Memphis, Tenn) [0.69],

	Moleskin [0.94],

	Band-Aid Brand Adhesive Bandages (Johnson & Johnson Consumer Companies, Inc, New Brunswick, NJ) [1.01],

	Band-Aid Plastic Bandages [1.03],

	Spenco 2nd Skin Blister Pad [1.04],

	New-Skin (Prestige Brands, Inc, Irvington, NY) [1.05],

	Nexcare Comfort Bandage (3M Company, St Paul, Minn) [1.08],

	Dr. Scholl’s Blister Treatment [1.20],

	Band-Aid Blister Block [1.37], and

	Tegaderm (3M Company, St Paul, Minn) [1.54].166



[image: art]

Fig. 11-17. A “hot spot” on the medial aspect of a soldier’s foot during a road march.




Another option is a doughnut pad or covering (eg, DuoDERM, ConvaTec, Inc, Skillman, NJ), which should be applied to reduce friction and possible blister development.167

There are few studies of blister treatment, and care is based on clinical experience and common sense. Small blisters (<5 mm) are usually self-limiting and should not be drained unless they are painful, because of the risk of infection.168 A small, doughnut-shaped moleskin pad can be placed over the blister to prevent rupture. If the blister is larger than 5 mm and on a weight-bearing area, it should be drained. To promote blister-top adhesion and healing, blister drainage should occur at the proper time. For blisters less than 24 hours old, several punctures should be made with a sterile needle or a no. 11 surgical blade (Figure 11-18). For older blisters, a single puncture is recommended.169 Tops should be kept in place to serve as functional dressings.170 A

pressure dressing (eg, gauze pad and adhesive tape) can be applied to ensure that the blister roof adheres to the underlying tissue. If the top of the blister is almost completely torn off, it should be removed171 and the site treated as an open wound. In addition to antiseptic treatments (eg, antibiotic ointment), a surgical bandage should be applied.169 For smaller blisters, a doughnut-shaped moleskin pad affixed with a porous adhesive knit cover (eg, Coverlet, BSN-Jobst, Charlotte, NC) will protect the blister as shown in Figure 11-19; for larger blisters, a larger dressing will be needed.162,164 Hydrogel dressings (Figure 11-20) (eg, Spenco 2nd Skin) or polyurethane films (eg, Tegaderm) can be affixed to the blister and covered with a pad and tape.169,172 Hydrocolloid dressings, such as DuoDERM (ConvaTec, Inc), can also be helpful in allowing mobility173 and promoting healing.172,174,175


[image: art]

Fig. 11-18. Friction blisters showing suggested puncture sites to drain the blister. For blisters less than 24 hours old, several punctures should be made with a sterile needle or a no. 11 surgical blade.
Illustration: Courtesy of Heidi Moncrief, Healthwise, Inc, Boise, Idaho. From http://64.143.176.9/library/healthguide/en-us/images/media/medical/hw/hwkb17_072.jpg.



Metatarsalgia

Metatarsalgia is a descriptive term for nonspecific, painful overuse injury of the foot. The usual symptom is localized tenderness on the sole of the foot under the second or third metatarsal head (Figure 11-21). Sutton176 reported a 20% incidence of metatarsalgia during a strenuous 7-month Airborne Ranger physical training program that included regular load carriage. One study131 reported a 3.3% incidence of metatarsalgia after a single, strenuous 20-km walk with soldiers carrying 45 kg.

Metatarsalgia is usually associated with foot strain caused by rapid changes in the intensity of weight-bearing activity.177 Walking with heavy loads can be a predisposing factor for metatarsalgia, because this might cause the foot to rotate anteroposteriorly around the distal ends of the metatarsal bones for more prolonged periods of time, thus resulting in more mechanical stress in this area.49

Treatment is conservative and includes rest, use of ice packs, elevation of the foot, and antiinflammatory medications. A metatarsal pad can be used. If symptoms persist, despite these conservative measures, further evaluation for more serious problems (eg, fractures, tumors) is warranted.178


[image: art]

Fig. 11-19. Treatment for smaller blisters. A doughnut-shaped moleskin pad affixed with a porous adhesive cover (eg, Coverlet, BSN-Jobst, Charlotte, NC) will protect the blister.
Illustration: Reproduced from the US Army Research Institute of Environmental Medicine (Natick, Mass).
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Fig. 11-20. Other ways of protecting blisters. Hydrogel dressings such as Spenco 2nd Skin (Spenco Medical Corporation, Waco, Tex) or a polyurethane film such as Tegaderm (3M Company, St Paul, Minn) can be afixed to the blister and covered with a pad and tape.
Illustration: Reproduced from the US Army Research Institute of Environmental Medicine (Natick, Mass).



Stress Fractures

Lower extremity stress fractures are common in military recruits179–184 and have also been reported in trained soldiers.184 During the Central Burma campaign in World War II, 60 stress fracture cases were reported in one infantry unit during a 483-km road march.185

Stress fractures are attributable to repetitive overloading of bones during activities, such as road marching. The most common areas of involvement are the lower extremities, especially the tibia, tarsals, and metatarsals.179,185–190 For metatarsal stress fractures, tenderness is generally localized on the dorsal side of the metatarsal shafts, which distinguishes the pain from metatarsalgia (Figure 11-22). Figure 11-23 shows X-ray films of a metatarsal stress fracture when the patient first presented and 3 weeks later. Generally, a period of time is necessary before stress fractures are apparent on X-ray films.

Demonstrated risk factors for stress fractures include the following:


	female gender,179,184,191–194

	white ethnicity,179,195–197

	older age,179,196,197

	taller body stature,182

	high foot arches,198,199

	low aerobic fitness,192,196

	prior physical inactivity,182,196,197

	older running shoes,197

	genu varus,200 and

	cigarette smoking.195,201
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Fig. 11-21. Sites of metatarsalgia. The usual symptom is localized tenderness on the sole of the foot under the second or third metatarsal head.
Illustration: Reproduced from the US Army Research Institute of Environmental Medicine (Natick, Mass).



Other factors that might increase risk include load carriage distance184,202 and walking style.182,203


[image: art]

Fig. 11-22. Symptom of metatarsal stress fracture. Tenderness is generally localized on the dorsal side of the metatarsal shafts, which distinguishes the pain from metatarsalgia.



A number of interventions have been tested in an effort to reduce the incidence of stress fractures.191,197,204–210 All studies were conducted in basic combat training. Successful interventions include reduced running mileage,204 neoprene boot insoles,206 and calcium/vitamin D supplementation.211,212 A multiple intervention study in Australian basic training demonstrated that reducing march speed, allowing trainees to march at their own step length (rather than marching in step), running and marching in more widely spaced formations, running on grass, and reducing running mileage were successful in reducing female pelvic stress fractures.205
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Fig. 11-23. X-ray films of a metatarsal stress fracture when the patient first presented to the clinician (left) and 3 weeks later (right).
Photographs: Courtesy of Keith G Hauret, MSPH, MPT.



Stress fracture treatment includes a long period of rest, use of ice packs, and antiinflammatory medications. If the patient has to be mobile, crutches are necessary.

Knee Pain

Knee pain is another condition that has been associated with load carriage. Dalen and colleagues213 reported a 15% incidence of knee pain (17 cases of 114 subjects) during their load carriage study. Knapik and colleagues131 reported only a 0.6% incidence of knee pain (2 cases of 335 subjects) following a single strenuous walk, but the two cases resulted in a total of 14 days of disability.

Knee pain is difficult to diagnose. Various disorders include patellofemoral pain syndrome, patellar tendonitis, bursitis, and ligamentous strain. These conditions can arise from an abrupt increase in road marching mileage or intensity or from climbing hills if service members have not been conditioned for this activity. Treatment includes rest, use of ice packs, and antiinflammatory medications. Quadriceps and hamstring strengthening and stretching exercises, along with heel cord stretching, may be important to prevent recurrence.214

Low Back Injuries

Low back injuries can pose a significant problem during load carriage. In one study,131 50% of the soldiers who were unable to complete a strenuous 20-km walk reported problems associated with their backs. Dalen and colleagues213 reported frequent problems with back strain during a 20- to 26-km walk. Low back injuries are difficult to define because the pain might result from trauma to a variety of structures, including spinal discs, the ligaments connecting the vertebral bodies, nerve roots, or supporting musculature.177

Heavy loads can be a risk factor for back injuries.137 This could be because heavier loads lead to changes in trunk angle, which can stress back muscles,52,53,215 or because heavier loads do not move in synchrony with the trunk,53,216 thus causing cyclic stress of the back muscles, ligaments, and spine.52,53 Framed packs exert a consistent anterior force on the lower back, and it has been suggested that this force could contribute to low back pain and soreness.58 Walking with a frameless pack for a relatively short period of time (18 min) results in a greater anterior curvature of the spine, which could result in moments of greater posterior-compressive/anterior-tensile forces on intervertebral discs.217 The double pack can help reduce the incidence of back problems because it results in a more normal posture and eliminates prolonged bending of the back.49,58 Thus, better load distribution could reduce back injuries. Also, a general overall strengthening and warm-up program involving the back, abdomen, hamstrings, and hip muscles can assist in prevention.177

Rucksack Palsy

Rucksack palsy is a disabling injury that has been widely reported in association with load carriage.75,176,218–225 The incidence of rucksack palsy was reported to be, respectively, 1.2/1,000 and 0.2/1,000 in US Army basic training when wearing a rucksack alone versus a rucksack with a frame and hip belt218; the incidence in Finnish basic training was reported to be 0.5/1,000 recruits.226 It is hypothesized that the shoulder straps of a backpack or the top portion of individual body armor when in certain postures can cause a traction injury of the C5 and C6 nerve roots of the upper brachial plexus. In minor cases, compression results in entrapment of the long thoracic nerve. Symptoms include numbness, paralysis, and cramping, and minor pain in the shoulder girdle, elbow flexors, and wrist extensors. Long thoracic nerve injuries usually present with “scapular winging” (Figure 11-24) because of weakness of the serratus anterior muscle. Sensorimotor deficits from rucksack palsy injuries are usually temporary, but, in some cases, can result in a chronic condition. Nerve conduction studies and electromyographic studies might be necessary to document this condition.218,221
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Fig. 11-24. Scapular winging.
Photograph: Courtesy of Dwaipayan Chakraborti. From http://en.wikipedia.org/wiki/File:Wingingofscapula.jpg.



Use of a backpack frame and hip belt have been demonstrated to reduce the incidence of rucksack palsy,218 presumably by reducing pressure on the shoulders.57,58 Hypothetical risk factors for rucksack palsy include heavy loads, improper load distribution, and longer carriage distances.137,218 Height, weight, body mass index, or aerobic fitness were not risk factors in Finnish basic training.226

Meralgia Paresthetica

Meralgia paresthetica is an abnormal condition characterized by pain and paresthesia in the outer anterolateral thigh. It is caused by a compression of the lateral femoral cutaneous nerve, a sensory nerve branch of the L2/L3 spinal area. A recent report of two cases of this disorder suggests that when soldiers are wearing body armor and are seated for long periods, the lower edge of the body armor may compress the inguinal region, thus resulting in a compression of the lateral femoral cutaneous nerve and leading to pain and paresthesia. Symptoms generally resolve with removal of the chronic compression.227

INFLUENCE OF LOAD CARRIAGE ON THE PERFORMANCE OF OTHER TASKS

A significant consideration from a military perspective is how well service members are able to perform military tasks during load carriage. Load mass, load volume, and load distribution seem to be important variables. As the mass increases, there are systematic decrements in the performance of specific tasks (eg, short sprints, agility runs, ladder climbs, and obstacle courses).67,228 The decrement in performance of such tasks is estimated at about 1% per kilogram load.67 Loads of greater volume will inhibit movement under obstacles. The distribution of the load within the backpack can also influence performance of specific tasks.67 Wearing of individual body armor (10 kg) results in increased perceived exertion and decrements in pull-up performance, flexed arm hang time, and maximal stair-stepping ability,91 which may be relevant to some soldier tasks like climbing over obstacles and movements in urban buildings.

In some operations, service members are required to walk long distances and perform critical military tasks at the completion of the march. Very strenuous marches (maximal speed with loads of 34–61 kg over 10- to 20-km distances) lead to postmarch decrements in marksmanship and grenade-throwing distance.64,109,144 Decrements in marksmanship are presumably attributable to small movements of the rifle, resulting from fatigue of the upper body muscle groups, fatigue-induced tremors, or elevated heart rate or respiration.64,144,229 The decrements in grenade-throwing distance might be from nerve entrapment syndrome218,221 or pain in the shoulder area, both resulting from pressure of the rucksack straps. Lower body muscular power (as measured by the vertical jump and Wingate’s Anaerobic Test [which measures anaerobic capacity using a bicycle ergometer]) and muscle strength do not appear to be adversely affected by prolonged pack load carriage.64,109,144,230

SUMMARY

There are several ways to improve military load carriage. The techniques most available to unit commanders are load reduction, load redistribution, and physical training. Load reduction can be accomplished by tailoring the load to the specific objective and by using special load-handling devices. Commanders must make realistic risk analyses and then take only the equipment necessary for the mission. Special combat load carts are available that could be useful in special situations (eg, marches on unobstructed terrain or in close resupply operations).

Load redistribution can be accomplished by placing equipment more evenly around the torso. Current load carriage systems have attachment points and pockets that can be useful for moving some items from the rucksack to the front of the body. Items carried on the front of the body should be those likely to be needed suddenly or needed often. The most advantageous distribution of the load in the pack might depend on the type of terrain. On roads or well-graded paths, placement of heavy items high in the pack is preferable for maintaining a more upright body posture and reducing low back problems. On uneven terrain, a more even distribution of the load within the pack is more helpful to maintain stability. Load reduction and redistribution can reduce energy cost, decrease injuries, and improve performance on tasks following load carriage.

Physical training that includes aerobic exercise, resistance exercise, and road marching should be performed on a regular basis. Appropriate programs can be tailored to unit needs based on previously successful programs. Road marching should be conducted at least twice each month, with loads that service members will be expected to carry in unit operations (this could be in place of regular physical training). Load and distance should be increased gradually over sessions until a maintenance level has been achieved. New unit members should be given time to adapt through the same gradual program. Regular physical training has been shown to increase march performance and might reduce injuries.

To some extent, the selection and proper use of equipment can assist in reducing load-carrying stress. The MOLLE pack has a frame with a well-padded hip belt that reduces pressure on the shoulders, results in less perceived strain, and reduces the incidence of some injuries. Frames and hip belts can improve service members’ performance on tasks requiring use of the upper body. Equipment such as the sternum strap on the MOLLE packs reduces stress by allowing pressure to be distributed to other parts of the body. The MOLLE pack also provides some ventilation across the back because of its external frame construction. New load carriage technologies that are being tested and will become available will use many of the ideas and principles discussed in this chapter.

It is desirable to reduce load carriage-related injuries that impair performance, cause discomfort and disability, and result in a loss of manpower. The use of hip belts can reduce the incidence of rucksack palsy. Keeping the feet dry using an acrylic, polypropylene, or nylon inner socks combined with wool or wool-polypropylene outer socks will reduce the incidence of blisters. Antiperspirants (applied for at least three consecutive days before a march) and frequent changes of socks can also be helpful. Blister incidence can be reduced by using Spenco insoles (Spenco Medical Corporation) and by distributing the load more evenly around the torso (both of which can reduce frictional forces around the foot). Physical training directed at improving aerobic fitness, along with regular load carriage marches, can reduce the incidence of stress fractures and blisters. In basic training, stress fractures can also be controlled by using neoprene insoles, limiting running mileage, allowing trainees to march at their own stride length, and using more widely spaced formations.

Making loads lighter, improving load distribution, using appropriate physical training, selecting proper equipment, and choosing specific techniques directed at injury prevention will all facilitate load carriage. Suitable changes will allow service members to continue missions at lower energy costs and with fewer injuries, and be better able to perform other tasks.
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INTRODUCTION

Injuries remain the most underrecognized health problem of the US military. Whether we examine time lost from duty because of hospitalization,1 permanent disability,2 or premature death,3 injuries and their sequelae top the list in every category. Individuals under age 40 are at greatest risk for fatal and nonfatal injuries. Injury disproportionately affects young people because they tend to take greater risks and have more exposure to health hazards. In addition, young people have more potential years of life to lose. Therefore, an untimely death for a young person results in greater loss of productive life. If diseases of the elderly (eg, heart disease, stroke, and cancer) are eliminated from consideration, injury is the leading cause of morbidity and mortality in the United States. The armed forces consist of young adults engaged in many hazardous occupations. This chapter provides an overview of the effect of injuries in the US military and offers a framework that can be used to develop prevention and control strategies for militarily relevant hazards.

The military presents a unique occupational environment, particularly during times of war. The discipline of injury control, which has its roots in public health, has not been explicitly applied to the control of war-related injuries; thus, data on the burden of injuries in a deployed environment are sparse. Conflict situations yield injuries that are uncommon among any other occupational cohort, and they require triage and treatment under difficult conditions. Even peacetime military operations are hazardous in the extreme when compared with civilian occupational environments, because maintaining an effective fighting force requires active-duty soldiers to be in peak physical condition and to train continually. Soldiers, sailors, airmen, and marines must maintain a high state of preparedness, and their ongoing training often necessitates the use of potentially hazardous equipment or materials. Injury epidemiologic research has, however, produced a wealth of knowledge about causes, consequences, and effective intervention to prevent injury in nonbattle settings, and some of this knowledge may be applied with equal effectiveness in reducing war injuries. For that reason, in this chapter, we draw heavily on examples from the civilian medical literature; but, where possible, we provide examples of how these injury control strategies may be adapted for applicability in a deployed environment.

Among US military personnel, acute injury and musculoskeletal conditions account for more than 20% of outpatient clinic visits (830,000 visits in 1998),4 approximately 26% of hospitalizations (6,200 hospitalizations in 1998),4 almost 60% of permanent disabilities,5 and nearly 80% of active-duty deaths.6 The injury incidence pyramid in Figure 12-1 depicts the relative importance of various measures of injury morbidity and mortality in the US Army.

The effect of injuries is seen in many ways, including lost productivity, decreased mission effectiveness, human suffering, and the significant economic expenses associated with the care and rehabilitation of injured personnel. Because of the number of surgical procedures and the relatively long hospital stays required for the management of acute and chronic injuries, hospital expenses associated with the musculoskeletal system rank at the top of the scale (Table 12-1).7 In addition, the US government pays more than $1 billion per month to individuals who have been disabled because of their service in the armed forces (Figure 12-2). Almost half of this amount is related to injury. Many of the costs associated with injury, however, are difficult to estimate, especially those associated with human suffering, lost opportunities, diminished capacity to lead a fully functional lifestyle, and indirect costs imposed on family members who must adjust their lifestyle or work to care for those who are injured or disabled.

Definition of Injury

Injuries will be defined in this chapter as the end result of a transfer of energy, usually sudden, above or below certain absorption limits of human tissue, causing physical damage to tissue or death.8,9 Table 12-2 lists some of the methods of energy transfer that may cause damage to human tissue and gives examples of some specific injuries that can result, as well as the events that may cause them.


[image: art]

Fig. 12-1. Injury incidence in the Army.



Mechanical or kinetic energy, the energy of motion, is responsible for most common injuries.10 For example, moving objects and projectiles are common causes of injury, as are vehicle crashes, falls, and physical assault. Thermal energy, chemical energy, electrical energy, and ionizing radiation may also cause injuries. Recall that, from the definition given previously, injury may occur from the transfer of energy above or below human tolerance. Thus, application of thermal energy can cause burns, and the withdrawal of thermal energy can also cause injury (eg, frostbite or hypothermia). Chemical energy can lead to injuries such as poisonings (eg, mustard gas) (Figure 12-3). An absence of necessary chemical substrates, or interference of normal energy processes—such as oxygen exchange—may also lead to an injury (eg, drowning and suffocation). Electrical energy can result in electrocution or electrical burns. Ionizing radiation can result in various forms of injury. For instance, looking at the sun during a solar eclipse (nonionizing radiation) could cause retinal injury, and exposure to atomic weapons explosions (ionizing radiation) can result in radiation burns or instant death.


TABLE 12-1

WORLDWIDE HOSPITALIZATION, US ARMY, 1995*



	Principal Discharge Diagnosis by Major ICD-9-CM Group Code
	1995 Total Cost (Millions)

	Average Cost Per Hospitalization




	Diseases of the Musculoskeletal System and Connective Tissue (710–739)
	$110.6

	$9,211




	Injury and Poisoning (800–999)
	$68.6

	$9,378




	Diseases of the Digestive System (520–579)
	$65.9

	$7,171




	Mental Disorders (290–319)
	$45.9

	$7,565




	Diseases of the Respiratory System (460–519)
	$40.2

	$6,823




	Complications of Pregnancy, Childbirth, and the Puerperium (630–676)
	$35.7

	$4,840




	Diseases of the Genitourinary System (580–629)
	$28.7

	$7,493




	Infectious and Parasitic Diseases (001–139)
	$24.0

	$7,527




	Symptoms, Signs, and Ill-defined Conditions (780–799)
	$22.1

	$7,389




	Diseases of the Circulatory System (390–459)
	$21.8

	$10,422




	Supplementary Classification (V01–V82)
	$20.0

	$6,623




	Neoplasms (140–239)
	$19.6

	$10,507




	Diseases of the Nervous System and Sense Organs (320–389)
	$17.3

	$8,652




	Diseases of the Skin and Subcutaneous Tissue (680–709)
	$10.8

	$6,784




	Congenital Anomalies (740–759)
	$5.0

	$10,947




	Endocrine, Nutritional, Metabolic Diseases, and Immunity Disorders (240–279)
	$4.2

	$9,039




	Diseases of the Blood and Blood-forming Organs (280–289)
	$2.5

	$11,301




	Total
	$542.9

	$7,819





ICD-9-CM: International Classification of Diseases, 9th Revision, Clinical Modification
*Calendar year 1995, estimated based on national HCFA DRG codes.
Data source: Amoroso P, Swartz W, Hoin F, Yore M. Total Army Injury and Health Outcomes Database [TAIHOD]. Natick, Mass: USARIEM; February 21, 1997. Technical Note 97-2. The TAIHOD has been described in Amoroso PJ, Yore MM, Weyandt MB, Jones BH. Chapter 8: Total Army Injury and Health Outcomes Database: a model comprehensive research database. Mil Med. 1999;164(suppl 8):1–36.

 

Sometimes energy transfers result in conditions that are more commonly thought of as illnesses rather than injuries. The etiological agents for injury and illness may therefore be identical.11 Energy transfers that culminate in injury are generally rapid or acute. As with most rules, however, there are exceptions. Chronic exposure to low levels of mechanical energy may result in repetitive motion injuries, such as carpal tunnel syndrome, back pain, or other overuse injuries.12 In contrast, long exposure to low levels of ionizing radiation may result in leukemia—an illness (Figure 12-4). Thus, there is some ambiguity, even in differentiating between illness and injury.

Despite the enormous impact of injuries in the military, much remains to be done in terms of prevention and control. Perhaps one of the reasons injury prevention has not received adequate attention is the tendency to focus only on injuries resulting in death. Although the need to reduce injury fatality is indeed pressing, focusing on only the top of the pyramid diverts attention from the hundreds of thousands of other service members who suffer nonfatal, permanent, or partially disabling injuries each year.

Another reason that injuries may receive too little attention at the command level, and too little priority as a health problem, is the misleading association of injuries with the concept of accidents. For many people, the term accident suggests an event that is random and unpredictable, and therefore unpreventable. In fact, however, the events surrounding most injuries are scientifically understood and largely predictable. Although it is not possible to predict precisely which individual will be injured at a specific moment or in a specific situation, it is possible to identify high-risk groups of people. Once a specific population has been defined, it becomes possible to identify and rectify situations that have a high likelihood of causing injury, to tailor appropriate interventions, and to reduce ultimately the incidence of injuries in that population.


[image: art]

Fig. 12-2. (a) World War II amputee receiving therapy. (b) CPT Luckett wears a modern prosthetic that exhibits the technology that is allowing seriously injured soldiers to return to combat duty.
Photographs: Reproduced from the Archival Research Catalog, the National Archives and Records Administration, ARC identifier 195903.



The concept of an accident, moreover, is understood to have behavioral connotations that place emphasis on individual behaviors that may contribute to an incident. As a result, preventive interventions may focus on the difficult and often unsuccessful task of trying to change behavior. The result is that these strategies may underplay or ignore the role of environmental or equipment-related interventions that could reduce the likelihood of injury regardless of individual actions or inactions. Injuries are not simply the result of random events but, like diseases, follow patterns that can be described and predicted.10 Perhaps most significantly, these patterns can be altered by various behavioral or environmental intervention strategies. For example, ankle injuries among parachutists have been reduced by using ankle braces13,14 and by decreasing the porosity of parachutes (thereby increasing air resistance and reducing the speed and impact forces on landing).15 These are both approaches that might have been ignored if the preventive intervention had focused only on improper landing technique. For this reason, many injury control practitioners prefer a definition of injury that entirely avoids the word “accident.”

Classification of Injury

In addition to the challenges in defining injuries, there may also be uncertainty in the categorization and description of specific types of injuries. There are a number of schemes for classifying injuries. Several approaches to injury classification are in widespread use, including the following16:


	body part affected (eg, head or spinal cord);

	pathological mechanism (eg, fractures, burns, amputations);

	etiological mechanism (eg, blunt trauma, penetration by sharp object);

	intent (eg, homicide, suicide, unintentional injury);

	severity (eg, Trauma Severity Score, Abbreviated Injury Scale, fatal);

	event (eg, car crash, earthquake);

	location (eg, workplace, ship, home, battlefield); and

	activity (eg, working, fighting, sports).


TABLE 12-2

VARIOUS METHODS OF ENERGY TRANSFER AND THE INJURIES THAT MAY RESULT FROM THEM



	Energy
	Injury
	Event



	Mechanical
	Bullet wound
	Enemy fire



	
	Skull fracture
	Jeep rollover



	
	Pneumothorax
	Landmine explosion



	
	Ankle fracture
	Basketball



	Thermal
	Burn
	Air crash on flight deck



	
	Hypothermia
	Man overboard



	Chemical
	Asphyxiation
	Scud missile attack



	
	Burns
	Mustard gas release



	Electrical
	Tissue destruction
	Electric shock



	Ionizing radiation
	Cerebral edema Gastroenteritis 
	Nuclear power plant breach




 

Individual researchers may use more than one scheme for classifying and evaluating injuries in a population.

Injury information, especially regarding hospital inpatients, is typically collected and coded based on the nature and cause of injury. Civilian hospital records are coded using the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM).17 The nature of injury codes (previously referred to as N-codes) define the type of injury sustained (eg, fracture) and the body part affected (eg, femur). The range of codes from the ICD-9-CM that are commonly considered injury-related fall between 800 and 900.18 External cause-of-injury codes (or E-codes) describe the cause of the injury and are also derived from the ICD-9-CM coding system (Exhibit 12-1).


[image: art]

Fig. 12-3. Men and horses fitted with gas masks, circa 1917–1918.
Photograph: Reproduced from the Archival Research Catalog, the National Archives and Records Administration, ARC identifier 516483.
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Fig. 12-4. Military personnel exposed to open air testing.
Photograph: Reproduced from the Archival Research Catalog, the National Archives and Records Administration, ARC identifier 558591.



US military medical databases do not use E-codes, but they do include ICD-9-CM N-codes (for type of injury and body part affected). Instead of E-codes, military hospitals in most nations that have signed the North Atlantic Treaty Organization Standardization Agreement (STANAG) 2050 use a set of codes that were developed to provide additional precision for military causes of injury. As an example, a 23-year summary (a period covered by the Total Army Injury and Health Outcomes Database) of these codes for all worldwide Army hospitalizations (1980–2002) is provided in Table 12-3.


EXHIBIT 12-1

INJURY RESEARCH USING HOSPITALIZATION FILES: CODING FOR HIGH-QUALITY RESEARCH

Researchers and practitioners should exercise caution when interpreting published accounts of injury hospitalization rates. Many such studies commonly include all ICD-9-CM–coded cases between 800 and 999 that also have an injury E-code. This approach may include some conditions that may not be of interest to injury epidemiologists and may miss some potentially important injury outcomes. Although the range of ICD-9-CM codes between 800 and 999 includes most injuries, it also includes codes for some conditions that are not necessarily of interest to injury researchers (eg, adverse reactions to medications or other iatrogenic “injuries”). It also omits codes for some chronic conditions that may have originally been injury-related (eg, internal derangement of the knee may be coded with other musculoskeletal conditions, even if it was the result of an older, acute injury to the anterior cruciate ligament).

The US military does not use E-codes, but instead uses cause of injury codes utilizing the STANAG system. Regardless of whatever coding system is used, however, codes must be applied accurately and consistently to ensure effective surveillance of causes of injuries and identification of risk factors. In the civilian world, there have been recent efforts to coordinate the coding and recording of external causes of injuries. Improved data collection efforts can be expected to improve injury surveillance, to enable the design and delivery of targeted interventions, and to facilitate international comparisons.

___________________

ICD-9-CM: International Classification of Diseases, 9th Revision, Clinical Modification STANAG: Standardization Agreement



Intentional Versus Unintentional Injuries

Determination of intent, although an integral component of injury cause-coding schemes, is rarely a simple matter. From a research and surveillance perspective, it is not the mechanism of injury that sets intentional injury apart from unintentional injury. Rather, it is the circumstances under which these injuries occur that are different. Thus, it is necessary to distinguish between unintentional injury (eg, homicide and assault) and intentional injury (eg, self-inflicted wounds and suicide), whenever possible, to develop better preventive approaches.


TABLE 12-3

DESCRIPTION OF STANAG CODES AND FREQUENCY (CAUSE OF HOSPITALIZED INJURY) FOR US ARMY: 23-YEAR SUMMARY (1980–2002)*



	STANAG Code Group
	Frequency

	Total




	Men

	Women

	Overall Frequency

	Overall %




	Falls (900–999)
	74,028

	7,669

	81,697

	26.97




	Medical Complications (250–299)
	44,708

	9,941

	54,649

	18.03




	Land Transport Accidents (100–149)
	41,333

	3,569

	44,902

	14.81




	Athletics (200–249)
	35,294

	1,931

	37,225

	12.28




	Machinery and Tools (600–699)
	29,096

	2,375

	31,471

	10.38




	Poisons, Fire, Hot/Corrosive Substances (700–790)
	20,639

	5,715

	26,354

	8.69




	Air Transport Accidents (000–059)
	9,551

	334

	9,885

	3.26




	Environmental Injuries (800–899)
	7,793

	1,119

	8,912

	2.94




	Guns, Explosives (500–599)
	6,396

	150

	6,546

	2.16




	Enemy Instruments of War (300–479)
	1,111

	24

	1,135

	0.37




	Water Transport Accidents (150–199)
	216

	11

	227

	0.07




	Own Instruments of War (480–499)
	94

	3

	97

	0.03




	Total
	270,259

	32,841

	303,100

	100





STANAG: Standardization Agreement
*Major groupings based on the North Atlantic Treaty Organization STANAG 2050 coding system.
Data source: Total Army Injury and Health Outcomes Database (TAIHOD). The TAIHOD has been described in Amoroso PJ, Yore MM, Weyandt MB, Jones BH. Chapter 8: Total Army Injury and Health Outcomes Database: a model comprehensive research database. Mil Med. 1999;164(suppl 8):1–36.


TABLE 12-4

NATO STANAG TRAUMA CODES



	General Trauma Class
	Code

	Definition



	Battle wound or injury
	0

	Direct result of action by or against an organized enemy



	
	1

	Other battle casualties



	Intentionally inflicted nonbattle injuries
	2

	Result of intervention of legal authority



	
	3

	Assault, or intentionally inflicted by another person



	
	4

	Intentionally self-inflicted



	Accidental injury
	5

	Occurring while off-duty (includes leave, pass, AWOL, and other off duty)



	
	6

	Schemes and exercises



	
	7

	All other scheduled training (includes basic training, assault courses, etc)



	
	8

	Occurring while on duty



	
	9

	Unknown whether on or off duty




AWOL: absent without leave
NATO: North Atlantic Treaty Organization
STANAG: Standardization Agreement
Data source: North Atlantic Treaty Organization. NATO STANAG 2050 Statistical Classification of Diseases, Injuries and Causes of Death. Brussels, Belgium; 1989.

 

The STANAG injury coding system, unlike the ICD-9-CM, uses two components, or axes, to code intent and mechanism of injury. It begins with a trauma code—a single-digit code with 10 possible values that distinguish among general classes of injury (Table 12-4). The trauma code conveys information on both intent and work activity. This code distinguishes between battle-related, non–battle-related intentional, and non–battle-related unintentional injuries. It also provides information about whether the injury occurred while the person was on duty or off duty, and whether the on-duty activity was specific to certain training activities or exercises. The 10 possible codes are, however, not mutually exclusive, but rather are listed in order of priority, such that war-related injuries are given highest priority, followed by intentional injuries, and then unintentional injuries. An assault occurring on duty (eg, a military police officer assaulted by a prisoner) can therefore be coded only as a 3 (“assault”) and not as an 8 (“on duty”), because information regarding intent takes precedence over duty status. Similarly, an injury that occurs to an individual attempting to evade police arrest while on vacation would be coded as a 2 (“legal intervention”) and not as a 5 (“off duty”) (Table 12-4). Although the STANAG system performs well in coding militarily relevant injuries, the lack of mutually exclusive and exhaustive codes creates some difficulties, especially in coding injuries that commonly occur off duty or for intentional injuries.


TABLE 12-5

SEVERITY SCALES USED TO CLASSIFY GENERAL TRAUMA



	System
	Common Uses



	AIS
	Physiologically based classification system that describes individual injuries and rates them based on severity. Impractical for comparing patients with multiple injuries in different regions of the body.(1)




	APACHE III
	Physiologically based classification system for measuring severity of illness in critically ill patients (not necessarily injured). Comprises an APACHE III score (provides initial risk stratification for severely ill patients within patient group) and an APACHE III predictive equation (provides risk estimate of hospital mortality for individual intensive care unit patients). Scores range from 0 to 299, with ratings in 78 major medical and surgical categories.(2)




	CRAMS scale
	Used to prioritize which patients require the services of a level I trauma center and which ones can be treated at local facilities. Simple, 10-point scale; scores less than or equal to 8 signify major trauma, requiring transport to level I trauma facility.(3,4)




	GCS
	Assesses three measures of neurological function in victims of head trauma: eye-opening, motor response, and verbal response. Scores range from 3 to 15, depending on extent of trauma.(5)




	ISS
	Combines ratings of several injuries into a single score of severity; composite score based on the most severe AIS scores for the three most severely injured regions of the body.(6)




	IPCAR
	Assesses trauma victims on the basis of five criteria: injury and pain, pulse, consciousness, appearance and bleeding, and respiration and airway. Each indicator is measured on a 4-point scale; total scores range from 15 for a healthy person to a low of 0.(7)




	RTS
	Combines GCS scores with measures of cardiovascular and respiratory sufficiency.(8)




	TRISS
	Predicts mortality based on severity of injury, patient’s age, and RTS (see above).(9)




	ICISS
	Simplifies the ISS; is a better predictor of survival in trauma centers.(10)





AIS: Abbreviated Injury Scale; APACHE III: Acute Physiology and Chronic Health Evaluation III; CRAMS: Circulation-Respiration-Abdomen-Motor-Speech (scale); GCS: Glasgow Coma Scale; ICD: International Classification of Diseases; ICISS: ICD-9–based Injury Severity Score; IPCAR: Injury, Pulse, Consciousness, Appearance, Respiration (score); ISS: Injury Severity Score; RTS: Revised Trauma Score; TRISS: Trauma and Injury Severity Score.
Data sources: (1) Brenneman FD, Boulanger BR, McLellan BA, Redelmeier DA. Measuring injury severity: time for a change? J Trauma. 1998;44:580–582. (2) Knaus WA, Wagner DP, Draper EA, et al. The APACHE III prognostic system. Risk prediction of hospital mortality of critically ill hospitalized adults. Chest. 1991;100:1619–1636. (3) Clemmer TP, Orme JF Jr, Thomas F, Brooks KA. Prospective evaluation of the CRAMS scale for triaging major trauma. J Trauma. 1985;25:188–191. (4) Gormican SP. CRAMS scale: field triage of trauma victims. Ann Emerg Med. 1982;11:132–135. (5) Becker DP. Injury to the head and spine. In: Wyndgarden JB, Smith LH, eds. Cecil Textbook of Medicine. Philadelphia, Pa: WB Saunders; 1988: 2239–2247. (6) National Committee for Injury Prevention and Control (US). Injury Prevention: Meeting the Challenge. New York, NY: Oxford University Press; 1989. (7) Buckingham RE Jr. The IPCAR score: a method for evaluation of the emergency patient. J Indiana State Med Assoc. 1974;67:21–25. (8) Champion HR, Sacco WJ, Copes WS, Gann DS, Gennarelli TA, Flanagan ME. A revision of the trauma score. J Trauma. 1989;29:623–629. (9) Bonnie RJ, Fulco CE, Liverman CT, eds. Reducing the Burden of Injury: Advancing Prevention and Treatment. Washington, DC: National Academy Press; 1999. (10) Meredith JW, Evans G, Kilgo PD, et al. A comparison of the abilities of nine scoring algorithms in predicting mortality. J Trauma. 2002;53:621–628.


Determining Injury Severity

Severity scales are often used to describe injuries and to evaluate their relative severity or economic impact. There are a number of classification schemes used in the United States, many of which are disease-specific or patient-specific. Table 12-5 lists some of the more common systems in use to describe general trauma. Other indicators of severity include length of hospital stay, days lost from duty, or diagnostic-related groups. These diagnostic-related group codes are a means of classifying patients into similar groups based on their utilization of healthcare resources and length of stay. These codes capture information on a patient’s diagnosis, procedures, complications, preexisting conditions, and discharge status. They are used by many institutions to evaluate quality of care and to plan for utilization of services.

There are several injury severity scales:


	Abbreviated Injury Scale (AIS),

	Maximum Abbreviated Injury Scale (MAIS),

	Injury Severity Score (ISS), and the

	ICD-9–based ISS.


The most commonly used anatomically based injury severity scale is the AIS, developed by the Association for the Advancement of Automotive Medicine.19 The AIS system rates each injury based on the body region and consensually derived assessment of damage to that region, ranging from 1 (minor) to 6 (not treatable with current medical technology). A related scale, the MAIS, is sometimes used instead of the AIS. The MAIS uses the single highest AIS scored injury for each individual. Another derivative of the AIS is the ISS. This score is the sum of the squares of the highest AIS scores for three different body regions.20 The ISS is a better predictor of overall morbidity or survivability and length of hospital stay for individuals experiencing multiple traumas.21,22 A simplification of the ISS, the new ICD-9-CM–based ISS,23 is an even better predictor of survival in trauma centers.24 Even though the AIS does not provide an assessment of disability or impairment, it has proven useful in estimating injury costs.25–28 A computer program is available that links ICD-9-CM codes to an AIS score and makes the AIS system relatively easy to use, therefore avoiding the tedious task of reviewing each individual medical record.29

INJURIES IN A MILITARY ENVIRONMENT

As noted previously, the military is a unique occupational environment that presents hazards not found in civilian occupational settings, both in garrison and on deployment. This section describes some of the common types and causes of injuries among military personnel during war and peacetime, and highlights some of the unique aspects of military life that contribute to the injury hazard (Exhibit 12-2).

Recent Conflicts and Wars

It has been estimated that since 1700 AD, more than 100 million people have died because of wars. Of these, more than 90 million people have been killed in the 20th century.30 Although the prevention of intentional injuries and combat casualties remains the major focus of command during conflict situations, unintentional injuries—at least in recent history—also exact a substantial toll on the health of deployed forces. During Operation Desert Storm (1990–1991), unintentional injury deaths exceeded combat casualties (147 [or 39.5%] deaths were a result of combat during the war, whereas 194 [or 52.2%] resulted from injuries not incurred in battle).31 In addition to these fatalities, injuries were the leading cause of hospitalization among deployed forces, with more than 5,000 soldiers being hospitalized in theater during the conflict (25% of all hospitalizations).1 The majority of injuries whose cause was known were unintentional, and most of the nonbattle fatalities were caused by transportation (motor vehicle accidents were most prevalent, followed by aircraft). Hospital admissions were also commonly related to motor vehicle crashes or falls, followed by athletic activities.5 More than 400 soldiers were hospitalized for athletic injuries during the war, suggesting that commanders of deployed units should expand their focus to include prevention of sports injuries to preserve military readiness and maintain critical capabilities.

War Injuries and Special Environmental Circumstances

Military environments are inherently hazardous because they combine service members and lethal weapons in terrains that are often hostile. Whether these environments are training areas, staging areas, or actual battlefields, a number of circumstances can contribute to injuries. This section will discuss the most prevalent of these circumstances: (a) weapons, (b) transportation systems, (c) environmental hazards, (d) stress, and (e) sports and athletic injuries.



EXHIBIT 12-2

PEACETIME INJURIES AND UNIT READINESS

In recent history, peacetime injuries have been more of a threat to unit readiness than wartime injuries. In training exercises and maneuvers and in fitness activities and physical conditioning, soldiers are exposed to myriad other hazards in the performance of their everyday duties in garrison. Soldiers who are injured hinder mission accomplishment and create a substantial drain on resources through additional medical care utilization and lost time from work. For these reasons, it is important to be aware of peacetime injury threats and to comply with regulations and programs designed to minimize risk of injuries at all times.

Training Exercises and Maneuvers

Training, although important to maintaining unit effectiveness, also has the potential to cause many injuries and could even lead to short- or long-term disability. Physical readiness training, whether addressing specific military skills or multiday unit maneuvers or field exercises, exposes soldiers to some or all of the hazards of the military environment described previously: weapons accidents; materiel handling; transportation and aviation accidents; sleep deprivation; and exposure to adverse weather conditions, such as extreme heat and cold.

Fitness Training

Even though the specific types of exercises and procedures for assessing physical fitness vary from service to service, all require individuals to maintain a certain level of fitness. This is usually achieved through a variety of calisthenics (eg, sit-ups, push-ups) and marching or running. Some training combines rudimentary military skills with elements from athletic or recreational sports training, such as some of the SEAL boat and log drills.

Environmental Hazards in an Occupational Environment

Other environmental hazards are as varied as the jobs that exist in each branch of the service. Aviators face risks ranging from air transport crash to hypoxia and altitude illness. Sailors face a host of risks ranging from falling overboard to injury from handling heavy equipment.(1) Workers may also be exposed to poisonous substances in the course of performing their duties.

Other Hazardous Exposures

Unintentional injuries related to motor vehicle use and to athletic activities are among the most common reasons for hospitalization, both in peacetime and in times of war. Thirty-five percent of the 12 most common injuries among hospitalized Air Force personnel during 1992 were either from athletic and sports activities or motor vehicle crashes.(2) Intentional injuries, whether self-inflicted or an assault, are also a risk, as belligerent behavior resulting in physical injury was the 10th most common cause for hospitalization among Air Force and Army personnel in 1992.(2)

___________________

SEAL: Sea, Air, and Land (US Navy)
Data sources: (1) Krentz MJ, Li G, Baker SP. At work and play in a hazardous environment: Injuries aboard a deployed US Navy aircraft carrier. Aviat Space Environ Med. 1997;68:51–55. (2) US Army Center for Health Promotion and Preventive Medicine (USACHPPM). Injuries in the Military: A Hidden Epidemic. Report for the Armed Forces Epidemiologic Board. Aberdeen Proving Ground, Md: USACHPPM; November 1996. Report 29 HA 4844 97.



Weapons

Firearms, mines, grenades, missiles, biological and chemical agents, and related equipment are used during conflicts to support the war effort (ie, to fight). All of these hazards create the potential for intentional or unintentional injury. This chapter is not intended to serve as a tactical guide for strategies on how to avoid enemy fire, but rather to serve as an overview of the types of injuries that could occur, a review of the prevention options in general, and factors that may influence survivability and long-term sequelae.

Weapons may cause injury when discharged unintentionally, while being transported, or when a friendly soldier is mistaken for the enemy. Intentional, nonbattle injury may also occur through self-inflicted wounds (approximately 4% of nonbattle deaths during Operation Desert Storm).5 Measures designed to prevent weapon-related injuries may also lead to unintentional injury. For example, pharmacological treatments taken for prophylaxis or as antidotes to chemical weapons attack may cause undesirable side effects or adverse reactions among service members. Full chemical protective gear can limit mobility, obscure vision, and interfere with safe performance of tasks. Transportation and use of hazardous substances, such as chemical and biological weapons, may result in unintentional exposure among friendly forces. Grenades, missiles, and mines are also potential sources of unintentional injury among friendly forces. Long after conflicts have ended, landmines continue to pose a serious injury problem in a number of countries.32,33

Transportation

Transportation of troops is an essential element of any war or peacekeeping mission. During World War II, US military personnel experienced more than 20,000 nonbattle aviation deaths,34 presumably because of troop movement, supply transportation, and pilot training. Unfortunately, motor-vehicle crashes related to the movement of troops remain one of the leading causes of mortality in recent military deployments. Hazardous travel conditions, unfamiliar terrain, sleep deprivation, stress, and illness may all contribute to the injury morbidity and mortality associated with the use of motor vehicles, aircraft, and ships. Sometimes an assault or maneuver requires parachuting troops or landing small boats on enemy shores. The potential for enemy fire is ever present; but, during recent low-intensity conflicts, the greatest risk of injury has been posed by the maneuver itself. Often, troops must parachute onto unforgiving surfaces, such as a concrete airfield, or rapidly transfer from one moving transport vehicle to another (Figure 12-5). The resulting impact injuries are debilitating not only for the individual service member who is injured, but also for the one or two other members of the unit who may end up dividing their energy between the planned mission and the rescue of their injured companions.

Environmental Hazards

Environmental conditions and related factors also present hazards. Unfamiliar and dangerous flora and fauna may lead to injuries. Poisonous plants, animal bites, and insect bites and stings may cause acute injury and may serve as vectors for the transmission of diseases. Pesticides and insecticides, meant to provide protection, may also cause injury or illness. Exposure to cold or heat can also directly lead to injuries such as frostbite, heatstroke, or heat illness (see Chapter 8). Such exposure may also indirectly contribute to injuries by compromising a soldier’s vigilance—the ability to respond to risks or make decisions. In the Persian Gulf War, oil-well fires caused poor visibility in some areas and may have contributed to poorer health and increased susceptibility to injury.35

Stress

The stress soldiers experience in war environments may also contribute to their injury risk. War environments require extraordinary adaptation on the part of the individuals involved. Often, a soldier leaves a spouse and children behind, crosses through several time zones, enters new climatic conditions, and faces the ever-present risk of being killed or seriously injured. Although the human body adapts well, coping mechanisms are better suited for short-term stress than to the chronic stress of a drawn-out conflict or even a long peacekeeping mission. During stressful situations, a number of physical and mental responses occur, including “arousal, alertness, vigilance, cognition…focused attention…aggression…[and] inhibition of pathways that subserve vegetative functions, such as feeding, [growth], and reproduction,” and changes in the body’s immune and inflammatory responses.36 Heart rate and respiration increase, blood pressure increases, and the body starts to produce glucose more rapidly to prepare itself for rapid response to the stressor. These mental and physiological responses to stressors associated with deployment and war conditions may influence a service member’s ability to respond to a hazard or injury situation. “Chronic stress may result in melancholic depression, poor appetite and weight loss, hypogonadism, peptic ulcers, immunosuppression, memory loss, inability to concentrate and think clearly, anxiety, as well as severe chronic disease, panic disorder, obsessive-compulsive disorder, chronic active alcoholism, alcohol and narcotic withdrawal, chronic excessive exercise, hyperthyroidism [or] hypothyroidism, premenstrual tension syndrome, vulnerability to addiction, Cushing’s syndrome, seasonal depression [and other] atypical depression, anorexia nervosa [or] obesity, PTSD [posttraumatic stress disorder], nicotine withdrawal, vulnerability to inflammatory disease.”36

Stress may also increase risk for psychiatric conditions, such as depression and PTSD. High rates of clinical depression, PTSD, and other psychiatric conditions have also been documented among soldiers returning from deployment. Such conditions have been documented among US, British, and Danish veterans of Operation Desert Storm.37–49 A more recent survey of soldiers deployed to Iraq and Afghanistan in the winter and spring of 2003 found that major depression, generalized anxiety, and PTSD symptoms were more common in those deployed to Iraq (15%–17%) than in those deployed to Afghanistan (11%). Moreover, less than one half of soldiers who reported mental health symptoms reported having sought care, citing concerns about stigmatization and other barriers.50

Civilian studies have shown that depression and PTSD are associated with subsequent risk for self-inflicted injury.51–60 In the civilian world, suicide is an important cause of mortality among teenagers and young adults, and suicide rates appear to be increasing among adolescents, particularly young men.61,62 Although rates of suicide are generally lower among active-duty military personnel than among their civilian counterparts, significant variation in suicide rates exists across the services by gender and occupation. Certain subgroups seem to be at especially high risk, such as military security and law enforcement personnel.63 Studies among military populations have shown that suicide risk and PTSD were greatest among Vietnam veterans who had been wounded during battle and/or had experienced psychological trauma while in Vietnam.64–66 These psychiatric conditions may also be indirectly associated with increased risk for unintentional injuries. Depression, for example, may slow response time and is associated with alcohol use.
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Fig. 12-5. Two examples of high-risk military training. (a) COMPUTEX ’98 (or Composite Training Unit Exercise, 1998). US Navy SEALS conduct a fast-rope exercise from the cargo door of an SH-60H-Seahawk assigned to the Helicopter Anti-Submarine Squadron Seven (HS-7 “Dusty Dogs”) onto the hull of the fast-attack submarine USS Hampton (SSN 767). This photograph provides another example of the many hazardous activities military personnel are exposed to in the conduct of their duties. Photograph: Taken by PH2 Michael W. Pendergrass, US Navy. (b) During Kernel Blitz ’99, a biannual amphibious training exercise designed to test and develop US Navy and Marine Corps forces to operate in littoral areas and project combat power ashore. CH-46 helicopters fast-roped and retrieved Marine Corps reconnaissance members during the exercise. One consideration to reduce the hazard is to carefully consider the weather conditions under which such training will be allowed to proceed. Photograph: Taken by PH3 Eric S. Logsdon, US Navy.




In addition to affecting risk of injury, psychiatric conditions that are related to deployment have other consequences for military readiness and for the delivery of healthcare services both in military and civilian settings. Studies of mental health in the military population generally have found that personnel hospitalized with a mental health disorder as the primary diagnosis are more likely to separate from service within 6 months than those hospitalized for other reasons (45% and 11%, respectively). Early separation from service was also associated with misconduct, legal problems, unauthorized work absences, and failure to comply with alcohol treatment programs.67 Combat-related stress may also contribute to increased use of healthcare services.68

Sports and Athletic Injuries

Recreation may provide a means to help relieve wartime tensions and boredom. It is a normal aspect of human activity, and should be expected and planned for as part of deployment operations. This is especially true as an operation transitions from the maneuver phase to sustained operations in theater, and soldiers have more free time on their hands. Sports and athletics programs can be useful in staving off boredom and distraction, especially in contexts where soldiers are prohibited from leaving the area and mingling with local civilian populations. Recreation and more coordinated physical fitness training can also be important in enhancing and promoting physical fitness so that soldiers can maintain compliance with Army physical fitness standards, especially during an extended deployment.

There is, however, a tradeoff between recreation that is necessary for health, and well-being, and prevention of injuries. It is easy to take for granted the safety precautions and protective equipment available for sports and recreation activities in garrison. Battalion surgeons should be involved in the planning and coordination of recreation activities. Among other things, playing fields should be screened for uneven playing surfaces or other hazards. Courses set for physical fitness runs should be designed with safety in mind. Basketball backboards and other stationary sports equipment should be securely mounted on sturdy structures that are free from sharp edges. Protective gear should be requisitioned and inspected for adequacy. Finally, battalion surgeons and other medical personnel should be prepared to treat a variety of sprains, strains, and other injuries that are likely to accompany sports and leisure activities.

During the Vietnam War, injuries related to recreation resulted in evacuation of many soldiers from theater. We do not always retain the lessons we learn from history, however, as evidenced by the relatively high number of soldiers evacuated during Operation Desert Storm for injuries incurred playing “combat football.” Even for military personnel treated without evacuation, sports injuries can significantly impair a soldier’s readiness for battle. Given the Army’s recent transition to smaller and more streamlined operational units, even a small number of injuries to key personnel may have significant and negative impact on the unit’s overall readiness. Commanders and medical personnel should be vigilant about the potential for recreational injuries, and should attempt to make sports and fitness activities that take place in theater safer—if not as safe as possible, then at least safe enough so that they do not compromise a mission’s effectiveness.

Injury Risk After Redeployment

Over the past several decades, and especially since Operation Desert Storm, researchers have devoted considerable time and resources to studying the effect of deployment on long-term health.69–74 An often overlooked fact, however, is that the only significant difference in postdeployment mortality is with respect to injury: returning soldiers are at significantly greater risk of injury mortality than their nondeployed counterparts. This was true for both US and Australian soldiers deployed during the Vietnam War and for US soldiers deployed during Operation Desert Storm. US veterans of the Vietnam conflict experienced greater risk for injuries resulting from motor-vehicle crashes, poisonings, fires and burns, homicide, and suicide after returning home.64,65,75–80 An Australian study found that injury accounted for 74% of the postwar mortality among their soldiers who served in Vietnam.81 Non-battle injury remains the only documented cause of increased postwar mortality among the soldiers who fought in Operation Desert Storm.35,82,83


Several explanations for how deployment to a hostile environment may directly or indirectly increase risk of injury after redeployment have been proposed (Figure 12-6). First, higher rates of injury mortality may be a consequence of increases in clinical depression, PTSD, or other psychiatric conditions subsequent to deployment. As reviewed previously, such conditions may be associated directly with self-inflicted injuries and suicide or indirectly with unintentional injuries.

Second, the physical and psychological traumas experienced during war may result in the postwar adoption of potentially unhealthy “coping behaviors.” Several studies have documented an association between exposures to emotional or physical trauma and increased use of alcohol or other substances.84–88 Changes in behavior may occur independent of any diagnosed mental illness or condition, yet still be an indirect consequence of an experience occurring during deployment. For example, perceived near-death experiences have been shown to result in profound changes in values, beliefs, and behaviors as they relate to living and dying.89–91 Such changes might result in more reckless behavior and less regard for personal safety.
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Fig. 12-6. Potential explanations for the association between deployment and increased risk of injury. PTSD: posttraumatic stress disorder.
Illustration: Reproduced with permission from Bell NS, Amoroso PJ, Wegman DH, Senier L. Why are people who return from war at increased risk of injury? Injury Prev. 2001;7:4–9.



Third, increased risk of injury may be the indirect consequence of the ill-defined diseases and symptoms reported by many veterans, including fibromyalgia, chronic fatigue syndrome, and symptoms such as dizziness, shakes or tremors, unrefreshing sleep, fatigue, muscle and joint pain, and confusion.92–101 Whether or not these conditions are a direct consequence of deployment-related service, they are frequently reported by soldiers returning from deployment. (They were especially common among soldiers who served in the 1990–1991 Persian Gulf conflict.) These conditions may result in reduced response time or an inability to safely negotiate out of a hazardous situation (eg, motor-vehicle collision avoidance). Alternatively or concurrently, soldiers suffering from these conditions might be more likely to make decisions that may increase exposures to hazardous circumstances. For example, they may be more inclined to enter a quarrel, which could escalate to interpersonal violence. Thus far, the documented association between deployment and increased injury mortality has not been evaluated to determine if certain subgroups (eg, those suffering from multisymptom illnesses) are responsible for the observed differences in injury risk.

Fourth, the observed increase in postwar injury mortality may be masking broader patterns of increased susceptibility to both injury mortality and morbidity. Without an understanding of the prevalence of nonfatal injury among deployed and nondeployed soldiers, it is impossible to ascertain whether or not deployers are at increased risk for injury events, or whether they are at increased risk for death (or poorer outcomes in general) once they experience a given type of injury (eg, motor-vehicle crash–related injury). Psychological distress, coping behavioral responses, and illness symptoms may act as modifiers of an injury event. A deployed soldier who incurs a postwar injury may be more likely to experience adverse sequelae than an injured veteran who was not deployed, because of the presence of war-related comorbidities.

Finally, findings of excess injury morbidity among deployed soldiers may reflect a bias in selecting individuals for deployment who are inherently at greater injury risk (self-selection). This increased injury risk may stem from a number of baseline personality or occupational characteristics, such as belonging to an occupational group with documented hazards (eg, vehicle drivers) or risk-taking (eg, speeding, smoking, alcohol consumption). These factors could elevate the risk of experiencing an injury event and/or result in a poorer outcome after the event.

There is little baseline information available that would allow exploration of pre- and postwar risk-taking habits and injury predisposition among deployed and nondeployed soldiers. It is plausible, however, that the same factors that make a soldier a likely candidate for deployment may also be associated with a greater risk of injury independent of war. Soldiers who are sensation seekers or risk takers may be more inclined to self-select into or be assigned to occupational specialties with a higher likelihood of deployment (eg, Infantry, Airborne, Rangers, and Special Forces). A recent study demonstrated that soldiers who received hazardous duty pay for activities such as parachuting or exposure to enemy fire in the period well before the start of Operation Desert Storm were the same ones most likely to be deployed to the Gulf during the 1990–1991 conflict, even after controlling for occupation.102

Increased injury frequency or severity may stem from any one of these five proposed explanations, some combination of them, or some other yet undiscovered pathway. In any case, the relationship between deployment experiences and postdeployment injuries needs further study. This requires more support and attention from policymakers and researchers alike.

INJURY CONTROL IN THE MILITARY

The history of the armed forces provides numerous examples of injury control successes. Safety programs and injury prevention initiatives have resulted in the remarkable reduction of aircraft crashes, the near elimination of fires after crashes of helicopters, and the dramatic reductions of parachuting injuries over the past several decades. No single factor can be cited as the reason for these successes. Only through multidisciplinary approaches can injury reduction of this magnitude be accomplished. Cooperation and collaboration of medical, safety, command, legal, engineering, and behavioral scientists are necessary to obtain true success in injury control. Yet, fatalistic attitudes still prevail, embodied in the notion that there will always be some injuries we are powerless to prevent. A class A accident is one in which the total cost of property damage is $1 million or more; an aircraft or missile is destroyed, missing, or abandoned; or an injury and/or occupational illness results in a fatality or permanent total disability.103 Although there will likely always be injury, class A aviation crashes did not appear any more preventable decades ago—when rates were greater than 100 per 100,000 flying hours—than now, when there are only 1.5 per 100,000 flying hours; and the rate is still dropping.104 Figure 12-7 illustrates Navy aviation fatality rates, demonstrating the effect that injury prevention interventions have had on the trend line.
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Fig. 12-7. Navy rates of aviation fatalities, 1949–1995. This graph demonstrates that class A aviation accidents have dropped precipitously over the past 50 years. The steepest declines have happened concurrently with the implementation of accident-prevention initiatives, beginning with the angling of carrier decks in the mid-1950s. NATOPS: Naval Air Training and Operating Procedures Standardization; RAG: Replacement Air Group (now Fleet Replacement squadron).



Understanding the Dynamics of Injury: The Epidemiological Triangle

Recall the definition of injury: the end result of a transfer of energy, usually sudden, above or below certain absorption limits of human tissue, causing physical damage to tissue or death.8,9 The key to injury control lies in modifying the injury-causing agent (energy), individual behavior, the environment, or the interaction of any of these factors. The goal is to interrupt the normal injury-causing sequence of events. It is not always necessary to prevent the energy transfer entirely; sometimes, a change in the interaction of the person and the energy can bring the energy transfer within the limits of human tolerance. A traditional epidemiological host–environment–agent model is sometimes used to describe this process (Figure 12-8).
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Fig. 12-8. The epidemiological triangle: a traditional epidemiological host–environment–agent model.



This model is often used when studying infectious diseases and identifying intervention opportunities. In the infectious disease model, these elements include the following:


	the agent (or disease pathogen),

	the host (the human suffering from or at risk from the infectious agent),

	the environment (taken broadly to include both the physical and sociocultural milieus that may contribute to the infection), and

	the vehicle or vector that carries the agent to the host.


If the infectious disease is malaria, for example, the agent is the parasite Plasmodium falciparum, and the host is the human. Malaria is transmitted by mosquitoes, which, because they are living creatures, are classified as the vectors. To prevent malarial infections, we should examine each element in this triangle and consider the intervention options we could apply to each. We may choose to address the agent itself. For example, a chemical could be developed and distributed (eg, aerial spraying) that would alter the Plasmodium in such a way as to disrupt its reproductive capabilities. Alternatively, or in addition, we could focus on the host and try to build up host resistance through inoculation (eg, in the past, people were given quinine as a prophylactic agent against malaria). We could also try to prevent host contamination by eliminating the vectors. For example, we could introduce bats and mosquito fish (Gambusia sp.) to reduce the mosquito population. We could also make changes in the physical environment by eliminating stagnant water where mosquitoes tend to breed. Environmental changes should be viewed broadly to also include normative behavior changes, such as teaching people to not wash clothes or bathe in sluggish water where mosquitoes breed. Environmental changes can also include encouraging the use of mosquito netting, including pesticide-impregnated mosquito netting or repellents alone, or fostering an environment where it is socially acceptable, even macho, to practice self-protection.

The epidemiological triangle can also be used to identify strategies to prevent or reduce harm from injury. In injury control, it is the magnitude of the energy that is transferred to the potential victim that is the agent of concern, rather than a disease pathogen. Most commonly, kinetic energy is the culprit. The host is, again, the human. The environment, as with infectious disease interventions, includes both the physical and broader socioeconomic and cultural environments, including command-level influences. As with disease, in injury control we need to think about vehicles and vectors that transmit the unwanted energy to the host. Usually, in injury control, these are inanimate vehicles, such as electric power lines or motorcycles. However, in some cases, the energy carrier is a living creature—as in assaults by humans—and, in these cases, the energy carrier is correctly called a vector. Each of these elements is discussed herein in more detail.

Host Factors

Host factors are characteristics that predispose an individual either to experience an unintended transfer of energy or that cause the individual to be more susceptible to tissue damage given the occurrence of such an event. These intrinsic factors might include an individual’s age; gender; race; anthropometric characteristics, such as height, weight, and muscle mass; and behavioral factors, such as the propensity to use or abuse alcohol or drugs, or engage in other high-risk activities. Some acquired individual factors that may place active-duty personnel at risk include sleep, diet, general nutrition, immunization status, and stress responses. Deploying to new environments often involves traversing several time zones, losing contact with friends and family, and coping with the uncertainty of survival in a war zone. All of these factors combine to create substantial stress that, in turn, may contribute to poorer cognitive functioning (and thus increased risk for exposure to injury) or poorer response and recovery from an injury. Certain host behaviors (eg, risk-taking behaviors, alcohol use, smoking status) have been associated with an increased risk for experiencing an injury event,9,61,105–131 increased severity of injury, or ability to survive and recover from the injury event once it has occurred.20,132–141

Environmental Factors

In thinking about environmental factors that contribute to injury risk, we should consider not only aspects of the physical or structural environment, but also how the sociocultural or socioeconomic milieu may contribute to injury. Certain environmental physical factors and structural conditions may encourage, or at least not inhibit, the unwanted transfer of energy. These may include driving on unfamiliar, hazardous terrain, or parachuting onto a hard surface.142–145 Sociocultural factors include attitudes about risk-taking and health, such as beliefs about wearing a safety belt and awareness of, or beliefs about, the risks of consuming alcohol before or while operating a motor vehicle. Sociocultural factors also include community and command-level attitudes and support of safety-related issues. The example set by senior noncommissioned officers, officers, and others in command sets a precedent for the behavior of subordinates. Law enforcement presence, cultural views of violence, and the presence of safety-related laws are also examples of environmental factors. For example, most bases require gun owners who live in the barracks, usually younger enlisted personnel, to register and lock up their weapons in a secure, centralized location, usually the unit arms room. Because this makes it difficult to obtain the weapon, the result could be a significant reduction in intentional and unintentional firearm injuries resulting from impulsive actions. The inconvenience of obtaining the weapon when it is needed, however, may give soldiers the incentive to find other places to store their weapons, such as in the glove compartment of their car or at a friend’s house. These unintended consequences are discussed further in the section titled Intervention Strategies: Different Approaches.

Vehicles, Vectors, and Equipment

Design characteristics of vehicles and equipment have a great potential to either mitigate or cause injuries. Some of the greatest advances in injury prevention have been achieved through modification of vehicles or equipment. Indeed, of all of the advancements in motor-vehicle safety, the most substantial reductions in morbidity and mortality have been obtained through the reengineering of vehicles and roadways. For example, helicopters are now equipped with breakaway or collapsible control sticks, thereby reducing the risk of impaling the pilot during a crash. Many helicopters now have airbags as well. As noted previously, Navy Safety Center data shows a 90% decrease in the rate of class A aviation accidents (see Figure 12-7), but we should note that the greatest gain in this reduction came in the mid-1950s, when aircraft carrier decks were angled (eg, the runways were laid out at an angle), thereby reducing the likelihood of a crash when a plane touched down (Exhibit 12-3).

Agents

Energy transfer, most commonly the transfer of kinetic energy, causes injuries. The development of intervention strategies should incorporate approaches to modify the energy transfer in such a way as to prevent the release of the energy or reduce the amount of energy that may be released. Safety mechanisms on firearms, for example, reduce the chance that the firearms will be unintentionally fired. Bulletproof vests and Kevlar helmets reduce the character of the energy transfer, and thus the morbidity and mortality that an individual may experience when hit by a bullet or fragments. Injuries among parachutists are influenced by drop zone terrain, obstacles, and environmental conditions, but are also a function of the vertical sink rate of the parachute and jumper. Low-porosity parachutes that reduce the kinetic energy at the moment of impact have been shown to significantly reduce the injury rate to parachutists, both in terms of overall injuries and for each of the three types of injuries examined: (1) fractures, (2) strains/sprains, and (3) contusions.15

Intervention Strategies: Different Approaches

There are two basic approaches to preventing or reducing injuries in the military: (1) active strategies are interventions that require an individual to make a conscious decision to behave in a certain way (eg, choosing to put on a seatbelt); whereas (2) passive strategies do not require a specific change in an individual’s behavior to be effective (eg, an air bag). Although each approach has merit, each also has disadvantages. Most members of the injury control community agree on the virtues of both passive and active approaches to injury prevention, but there is often considerable debate over the specific implementation of various active and passive countermeasures. The basics of these two strategies will be described briefly; further discussion will follow later in the chapter.

Active strategies require an individual to make decisions regarding his or her health. Such approaches are usually less intrusive on personal liberties and are often, if successful, less expensive than engineering approaches, although the cost per success may be high. On the downside, some people will never change their behavior, and everyone is subject to momentary lapses in attention or judgment. Those who are at greatest risk of injury because of risk-taking habits are often among those least likely to alter their behavior.10 In addition, some fall victim to the behavioral transgressions of others—often the result of actions entirely beyond individual control. Behavior change requires maintenance and tends to erode over time as education campaigns end or lose their novelty. Moreover, active strategies require that a person possess a specific skill or level of cognitive functioning to be effective. Thus, individuals with a temporary cognitive deficit (eg, someone who is sleep deprived, is in an extremely fearful state, is injured, or who has used alcohol or medication) may be unable to perform the safety procedure effectively. Most importantly, active strategies ignore the potential for human error. No matter how many times a person rehearses a specific skill, there will always be the potential for a small mistake. The question, then, is should the penalty be death for a momentary lapse in judgment or a small slip-up?


EXHIBIT 12-3

PIONEERS IN INJURY EPIDEMIOLOGY

Epidemiology is the branch of medical science that examines the spread of disease in human populations. The application of these techniques to injury prevention and control is a fairly recent phenomenon, dating back to mid-20th century. One of the first pioneers was Hugh De Haven, a former World War I pilot who drew on his own experience as a crash survivor to argue that injury could be minimized by altering the structural environment.(1) His work applied biomechanical principles to injury prevention questions, measuring the body’s ability to withstand changes in mechanical injury, and how measures such as seat belts, airbags, and other safety devices could protect a vehicle’s occupant. Further developments in the field were made by John Gordon, who argued that injury could be studied with the tools and methods applied to infectious disease epidemiology, and that by examining epidemic episodes, seasonal variation, long-term trends, and demographic characteristics of injured parties, we could design appropriate and effectively targeted interventions.(1)

But the greatest conceptual and theoretical developments in the field, by far, were advanced by William Haddon, Jr, an occupational physician with the New York State Health Department. Haddon pioneered two conceptual frameworks that are still widely used in injury epidemiology today: (1) the Haddon matrix and (2) 10 principles to reduce hazards of all kinds.(1–3)

The contributions of De Haven, Gordon, and Haddon, and others who have followed them, have served to mitigate the attitude that accidents are random, unpredictable, or the result of unwise behavior on the part of careless individuals. By applying the tools and methods of epidemiologic inquiry, they demonstrated that it is possible to predict where and how injuries may occur, and, more importantly, by leveraging the expertise of biomechanical engineers, they showed it is possible to alter the structural environment in ways to reduce the burden of injury. Their early foundational contributions have spawned decades of scholarly work expanding our understanding of the causes and consequences injury has for our society. These insights have shifted the focus of injury prevention programs away from educational interventions aimed at changing individual behaviors; have led to the design of safer products and the institution of environmental modifications to reduce injuries in many different settings; and have become the basis of policy recommendations, programs, and legal mechanisms to make our society a safer place.

___________________

Data sources: (1) National Committee for Injury Prevention and Control. Injury prevention: meeting the challenge. The National Committee for Injury Prevention and Control. Am J Prev Med. 1989;5(suppl 3):1–303. (2) Haddon JW. The basic strategies for reducing damage from hazards of all kinds. Hazard Prev. 1980;Sept/Oct:8–12. (3) Haddon matrix: eliminating the mumbo jumbo. IIHS Status Report. 1986;21:8.



Passive strategies have several distinct advantages over active strategies when it comes to accounting for human error potential. Passive strategies provide automatic protection and cover all members of a population, even those who take great risks or who are temporarily or permanently impaired. They do not erode over time and do not require any specific set of skills for an individual to be protected. Nor do passive strategies require an action each time someone is to be protected. Furthermore, they are generally the most effective. On the downside, some passive strategies may be viewed as intrusive on personal liberties and some are expensive. Distribution of the costs for these interventions may be a contentious issue as well.


There are strengths and limits to both active and passive approaches. A comprehensive injury control program capitalizes on the most effective measures (usually passive) while also incorporating strategies to change the behavior of individuals (ie, consumers, manufacturers, and legislators whose decisions ultimately affect the risk of injuries to others). Injury control in the military might be enhanced by procurement decisions and product assessments that include an evaluation of the potential utility of passive safety features.

Unintended Consequences and Risk Compensation

Injury interventionists must be concerned not only with the prevention of injury through appropriate intervention, but also with the potential for unintended consequences. Knowledge that a safety device is in place has the potential to change the behavior of an individual or an organization (economists refer to this idea as risk compensation). However, the idea of risk compensation is by no means universally accepted in injury control circles. In essence, risk compensation is said to occur when an individual takes additional risks that he or she may have been unwilling to take in the absence of the safety device or intervention. A good example from a civilian context may be found in differences among drivers of vehicles with and without airbags (ie, a person driving a car with an airbag may be less likely to fasten the seat belt). As a final example, boxing gloves allow boxers to exchange blows for longer periods of time and target the bonier face and head. Although each punch may seem to be less injurious (because of the padding afforded by the gloves), the cumulative effect of sustaining repeated blows to the head may still result in long-term neurological consequences or even death.

Risk compensation may also be used to the advantage of safety by increasing the perceived riskiness of an activity. For example, speed bumps in roadways actually increase risk of damage to the vehicle by mimicking the hazards of driving over a bad road. Driving quickly over a speed bump may cause damage to the vehicle or could cause the driver to lose control of the car, leading to an injury-producing accident. It is also uncomfortable for vehicle occupants to drive quickly over a speed bump. The combination of these factors ensures that most drivers will slow down when approaching a speed bump. In parks, residential areas, and near schools, the net effect of this is to make the roads safer for all. Although this particular example may not relate to conditions common during deployment, the concept of risk compensation may be useful in thinking about how hazards present in theater may increase risk of injury and how risk compensation mechanisms may be useful as adjuncts to other types of injury prevention strategies.

In some cases, the trade-offs in terms of risks and benefits associated with an intervention are not easy to evaluate. The relative benefits of interventions to address specific and different types of problems can be even less clear. For example, a recent analysis of Army Safety Center data suggests that adding protective armor to “Humvees”(actually “HMMWV” [high-mobility multipurpose wheeled vehicle]) makes the vehicle more top heavy and thus more prone to rollover.146 Approximately 70% of the soldiers killed in Humvee accidents in Iraq between March 2003 and November 2005 were killed when the vehicle rolled over. Decades of research in the civilian world have demonstrated that light trucks and sport utility vehicles are more prone to rollover than automobiles because of their height and high center of gravity.147 Although other factors (eg, driver behavior and environment) have also been shown to increase rollover risk, such factors are difficult to predict and control, thus making modifying the vehicle to reduce rollover risk an appealing option. As this example shows, however, all proposed vehicle modifications should be made in joint consideration of the overall impact on risk of both intentional and unintentional injuries. Injury interventions should be evaluated not only for their efficacy in preventing the target injury, but also for unintended consequences. Proper evaluation research of newly proposed injury prevention programs is necessary to identify unintended consequences that may appear and to make plans to mitigate or eliminate them.

PLANNING INJURY PREVENTION PROGRAMS

Injury prevention has been considered an important component of the medical arts since the time of Hippocrates, but was not systematized until the mid-20th century through the efforts of several injury control pioneers. William Haddon, Jr, is credited with the most substantial methodological and theoretical advances in the field, having created two widely accepted tools related to the prevention and control of injuries. The first of these tools is known as the Haddon matrix and provides a conceptual framework for considering approaches that target the host, agent, and environment at different temporal points during the injury-producing event. The second tool is a set of prevention strategies known in the injury control field simply as the “10 strategies.” The 10 strategies provide a scientific approach to injury control; when coupled with the Haddon matrix, they provide an extremely useful methodology for the control of injury hazards of all kinds.11,148

The Haddon Matrix: Identifying Injury Intervention Opportunities

All elements of the injury epidemiological triangle are incorporated in a deceptively simple tool known as the Haddon matrix (Figure 12-9).149 The matrix plots the elements of the epidemiological triangle against another dimension that is important in the development of injury prevention strategies—time.

The Haddon matrix is essentially a heuristic technique. It facilitates the careful evaluation of all options available to prevent or reduce harm resulting from a specific injury event. Haddon noted that there are three different stages to the injury process:


	a preevent phase, in which the energy transfer has not yet occurred;

	an event phase, or the actual point at which energy is transferred to the host; and

	a postevent phase, after the incident has occurred.


There are different intervention strategies that can be applied in each of these phases. Each of these intervention strategies corresponds to each element of the injury epidemiological triangle. Haddon proposed that it is often necessary to implement several different interventions to control injuries effectively. As with attempts to control infectious agents, the goal should be to identify the weakest link and apply appropriate intervention strategies.8
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Fig. 12-9. The Haddon matrix illustrated with examples of the Army Safety Center and other Army proponent responsibilities. Haddon’s breathrough concept was to parse accident events into modifiable elements involving timing (preevent, during, and postevent) and contributor (people or hosts, vehicle or vector, and environment). BEAR: Battlefield Extraction and Retrieval Robot (Vecna Technologies, Inc, Greenbelt, Md); HMMWV: high-mobility multipurpose wheeled vehicle; MRAP: mine-resistant ambush-protected (vehicles).



The Haddon matrix, as it was initially developed, was intended for use as a tool to identify ways to reduce injuries and their sequelae. Some researchers who have used the Haddon matrix have incorrectly related the individual rows directly to primary, secondary, and tertiary prevention approaches.150 Dr Haddon, however, did not agree with this interpretation. In fact, he proposed the three-phase model because the primary/secondary/tertiary model did not fit injury well, inasmuch as primary prevention strategies could be applied in the event phase, the preevent phase and, to a limited degree, even in the postevent phase (W Haddon, oral communication with S Baker, 1970s).

The Haddon matrix can be used to identify options for preventing or reducing harm in each phase of the injury event and for each element of the injury epidemiological triangle. In each cell of the matrix, one could list the ideas for injury prevention strategies that apply to that stage. For example, the first row of the matrix could include strategies that attempt to prevent the injury event from occurring. Examples of interventions that might fit in this row could include combat survival training, pilot training and requalification, flight checklists, and military aircraft/vehicle maintenance programs.

In the second row of the matrix, one could list strategies that attempt to modify the individual, environmental, or protective equipment to reduce or eliminate energy transfer to prevent injury altogether, or to minimize the damage caused by the energy transfer. Examples of interventions in this row might include required use of safety belts, helmets, life jackets, flak vests, and parachute ankle braces. This type of intervention strategy would also mandate the installation of crashworthy fuel systems and breakaway sticks in helicopters. Note that none of these interventions would prevent the energy transfer event from occurring (ie, the plane or car would still crash), but they might prevent the individual from being hurt during that event.

Most injury control efforts tend to focus on the first and second rows because it is optimal to prevent or reduce the severity of the injury altogether, if possible. Irving Zola captured the essence and importance of prevention as follows,


[Y]ou know, sometimes it feels like this. There I am standing by the shore of a swiftly flowing river and I hear the cry of a drowning man. So I jump into the river, put my arm around him, pull him to shore and apply artificial respiration. Just when he begins to breathe, there is another cry for help. So I jump into the river, reach him, pull him to shore, apply artificial respiration, and then just as he begins to breathe, another cry for help. So back into the river again, reaching, pulling, applying, breathing and then another yell. Again and again, without end, goes the sequence. You know, I am so busy jumping in, pulling them to shore, applying artificial respiration, that I have no time to see who … is upstream pushing them all in.151



One approach to solving the problem of injury morbidity and mortality is to stand on the riverbank and try to pull people out as they float by. A better approach may be to go upstream and see what can be done to stop them from jumping in or being thrown in the water in the first place. Because some people will inevitably end up in the river, however, it is worthwhile to consider interventions that could be placed in the third row of the Haddon matrix (those that influence the long-term sequelae of injuries once they have occurred and prevent reinjury or injuries that occur subsequent to the initial injury event). Strategies that fit in this row include field hospital readiness and access, secured runways for medical evacuation (MEDEVAC), and training all soldiers in basic first aid and cardiopulmonary resuscitation.

Columns of the Haddon matrix correspond to the elements of the injury epidemiological triangle. The first column includes all intervention strategies that relate directly to host behavior or susceptibility to injury and attempts to modify these factors. Such interventions might include improving physical fitness, training, and providing good reconnaissance information about terrain. The second column focuses on changes in the vehicle (which carries energy to the person) and protective equipment (eg, airbags, seatbelts, helmets, ankle braces, and so forth). The third column focuses on modifications to the physical and broader social environmental factors (eg, system support of MEDEVACs and disaster preparedness, norms and laws against driving while impaired, and enforcing safe behaviors).

The easiest way to understand and begin using the Haddon matrix is by example. Consider injuries occurring among airborne soldiers during tactical parachuting exercises and jump operations. To control these types of injuries, we will attempt to identify strategies within each cell of the matrix (Table 12-6). The first cell should inspire thoughts of interventions that may be implemented prior to jumping to improve human performance. Examples include prior training, proper nutrition, and physical conditioning. The event phase for human interventions would include using protective gear (eg, ankle braces) and being well-rested and in good condition. Postevent measures might also include training, because soldiers should know what to do if they are injured in a jump operation, including basic first-aid training.

Preevent interventions in the second column (vehicles and equipment) include the choice of low-porosity parachutes if the situation warrants. Event-phase equipment strategies might include the presence of a reserve chute if the primary chute fails. Postevent interventions might include the availability and proximity of well-maintained first-aid equipment and phone or radio communication systems, if appropriate.


TABLE 12-6

HADDON MATRIX OF INTERVENTIONS TO REDUCE WARTIME MOTOR-VEHICLE CRASHES



	Phase
	Factors




	Human (Host)
	Equipment (Vector or Vehicle)
	Environment



	Preevent

	Degree of fatigue, familiarity with terrain and vehicle, driving experience, personality, speed, smoking, use of alcohol/drugs

	Antilock brakes, vehicle in good condition (eg, lights, brakes), weight distribution to avoid rollover, good tire traction, speed capability

	Terrain, weather, visibility, enemy position and disposition   reconnaissance accuracy,   command enforcement of training protocol and alcohol/drug prevention, speed limit




	Event

	Use of safety belt, speed

	Air bags, helmets, collapsible steering column, structural integrity (roll bars, side bars)

	Obstacle-free road, vehicle  following distance




	Postevent

	Knowledge of first-aid, general health, age, smoking, alcohol or drug use, prior injury history

	Fire-retardant interior and gas tank, first-aid gear on board, fire extinguisher

	Open terrain for rapid evacuation,   command support of MEDEVAC,  planning for triage, distance to field hospital, training of field hospital staff





MEDEVAC: medical evacuation

 

Preevent strategies in the third column should target social and physical environmental factors. Airborne soldiers need to be prepared to jump in a variety of drop-zone conditions, in varied weather conditions, and with prior consideration of enemy position and disposition. Modifications to these plans could be made to enhance the accuracy and support of a reconnaissance team. Event-phase strategies might include weather conditions, which could make drop-zone terrain or obstacles more hazardous or could make it more difficult for a jumper to maneuver out of a hazardous situation. Postevent strategies might include factors such as accessibility for a MEDEVAC crew, lighting for the crew, command support of a MEDEVAC program, knowledge of the distance to a field hospital, and training of the field hospital staff (Figure 12-5b).

Many of the interventions that appear in the first column (human factors) derive from models for changing individual behaviors, whereas most strategies listed in the second column, and some in the third column, involve engineering or structural changes that do not require specific actions by the host. Many interventions may also be appropriate in more than one cell. For example, training may both prepare a soldier in proper jump techniques, but should also address first-aid and other emergency procedures if an injury should occur. Likewise, interventions aimed at increasing physical fitness generally or specific behavioral interventions around reducing tobacco and alcohol use may be relevant in many cells. Although alcohol use is prohibited in forward-deployed zones, habitual use of alcohol may impact physical conditioning and would be relevant in the preevent phase of injury prevention. Some research suggests that alcohol and tobacco impede tissue-repair processes and thus may prolong rehabilitation or contribute to adverse sequelae.106

The Haddon matrix has been a useful tool in the design and implementation of injury interventions for more than 50 years, but some researchers have recently proposed adding a “third dimension” or a third axis to it.152 The third axis comprises factors that may impact the acceptability of the various proposed interventions (eg, cost, feasibility, and potential for stigmatization). Once all possible ideas for interventions have been collected and placed in the appropriate cells, it is useful to establish the guidelines by which the pros and cons of each suggestion can be assessed, and from those, make decisions about which interventions to develop and implement. The conceptual model of the matrix then becomes more cubelike, with the addition of these factors aligned along the edge of one of the sides of the cube. Each of the ideas recommended in each of the cells of the matrix is then weighed by these standards in deciding which intervention ideas get developed and implemented. For example, in designing an intervention to reduce ankle fractures among airborne parachutists, commanders might weigh such factors as cost, efficacy, feasibility, soldier preferences, or effect on readiness. This expansion of the matrix formalizes the process of weighing the costs and benefits of the various ideas that have been suggested and conceptualizes the decision-making process within the tool to an even greater degree.

Haddon’s 10 Strategies for Control of Hazards of All Types

The 10 strategies allow each aspect or component of an energy transfer to be analyzed separately152:


	prevent the creation of the hazard in the first place;

	reduce the amount of the hazard brought into being;

	prevent the inappropriate release of a hazard that already exists;

	modify the rate or spatial distribution of the release of a hazard from its source;

	separate, in time or space, the hazard and that which is to be protected;

	separate the hazard and that which is to be protected by the interposition of a material barrier;

	modify relevant basic qualities of the hazard;

	make that which is to be protected more resistant to damage from the hazard;

	begin to counter damage already done by the environmental hazard; and

	stabilize, repair, and rehabilitate the object of the damage.


In essence, the 10 strategies are a multidimensional approach to discover the best or most practical intervention point or points. In some cases, a given strategy may suggest an intervention that is not practical, economical, or feasible. Nevertheless, by considering each strategy carefully, the probability of finding a viable intervention is greatly increased.

Strategy 1: Prevent the Creation of the Hazard in the First Place

Without the buildup of thermal, kinetic, or electrical energy, few high-energy hazards would exist. If we could avoid war, no one would be killed in battle. If nuclear weapons were never created, no detonation of nuclear weapons could take place. In some cases, international law bans certain weapons. Examples of this strategy include the following:


	banning chemical weapons; and

	banning rifle or pistol ammunition without full-metal jackets (eg, soft-point or hollow-point bullets that expand or fragment on entering the body).
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Fig. 12-10. Weather watchers give parachute training the all clear. Two soldiers at the Fryar Drop Zone (Fort Benning, Ga) take measurements at a weather station. If weather conditions are hazardous, training jumps may be canceled. This illustrates Haddon’s first strategy of hazard control: to prevent the creation of a hazardous situation in the first place.



In a more basic sense, the decision not to put a 2,359 kg HMMWV in motion also illustrates this first strategy. On one hand, as the first and perhaps most basic of the 10 strategies, it can also be the least practical from a sociopolitical standpoint. On the other hand, the military is an environment in which commanders have broad powers to dictate policy pertaining to individual and unit activities (Figure 12-10), as well as the choice of equipment and vehicles. With proper command support, safety measures that may not be possible to implement in a civilian environment may be initiated with little debate in the military. Examples of this strategy include:


	banning personnel weapons and all munitions from barracks;

	banning alcohol consumption during deployment in Muslim countries; and

	declaring businesses such as massage and tattoo parlors off-limits to military personnel to control disease and physical assaults.


Strategy 2: Reduce the Amount of the Hazard Brought Into Being

The second strategy is similar to the first, except that it requires only a significant reduction of a hazard, not its complete elimination (Figure 12-11). This strategy is more viable because it represents a degree of compromise. Most people are used to having limits placed on their activities and will accept reasonable constraints. Many successes have come from the employment of this second strategy, such as the reduction in motor-vehicle fatalities by lowering the speed limit. Examples of this strategy include the following:


	substituting nonalcoholic or low-alcohol beer for alcoholic beverages,

	instituting a speed limit based on terrain,

	reducing the speed capability of vehicles, and

	shortening the length of a training run during hot weather to avoid heatstroke.
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Fig. 12-11. Destruction of antipersonnel mines. These Marines are stacking antitank and antipersonnel land mines for destruction at Guantanamo Bay, Cuba. During the Cold War, more than 50,000 land mines were buried in the buffer zone separating the Marine installation from mainland Cuba. They have been replaced with motion detectors and sound sensors. This is an example of Haddon’s second strategy of hazard control: to reduce the amount of the hazard that exists, especially when it already exists or where it cannot be eliminated completely. The work these Marines do will protect future generations of Marines patrolling the periphery at Guantanamo Bay. They may be placing their own safety in jeopardy, however; although they are wearing some EOD (Explosive Ordnance Destruction) protective gear, they are working without helmets. Photograph: Reproduced from the Department of Defense. Taken by PO1 Ronald L. Heppner, US Navy.



Strategy 3: Prevent the Inappropriate Release of a Hazard That Already Exists

Sometimes it may not be feasible to eliminate or even reduce the amount of a hazard that is present. The next logical step, then, is to try to prevent a hazard from being released in an inappropriate or unintentional manner. Although this can be accomplished by destroying a hazard that already exists (Figure 12-12), it can also be accomplished by stopping or controlling its release, or some combination of both. Examples of this strategy include the following:


	following deicing procedures on ship decks, aircraft carriers, and aircraft wings;

	eliminating delivery vehicles of biological weapons (eg, destroy Scud missiles);

	designing grenades with safety pins;

	installing and engaging safety mechanisms that prevent accidental discharge of weapons; and

	installing self-sealing fuel bladders and auto shut-off fuel valves on aircraft.
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Fig. 12-12. Crashworthy fuel systems. (a) This OH-58C helicopter crashed, but both soldiers on board survived the crash, in part because these aircraft are designed with a crashworthy fuel system. (b) The fuel bladder, which seals on impact, prevents fuel from spilling after the crash. Crashworthy fuel systems for helicopters have reduced postcrash fires from one of the most important causes of aviation-related deaths and injuries, and such fire-related deaths are now relatively rare events. This demonstrates Haddon’s third strategy of hazard control: to prevent inappropriate release of a hazard that already exists.
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Fig. 12-13. Parachute landing fall allows the jumper to distribute the energy across five separate body regions rather than one. Doing so dissipates the force of the impact over a larger area, thus lessening (and usually eliminating) trauma to the ankles and feet. The pack will hit the ground first, further minimizing the forces of ground impact.



Strategy 4: Modify the Rate or Spatial Distribution of the Release of a Hazard From Its Source

Modifications that influence the rate at which the hazard is released are particularly useful in cases of mechanical (kinetic) energy transfers in which reducing the speed of the transfer is key in determining the degree of damage caused. Human tissue can often sustain transfers of large amounts of energy if the energy transfer occurs slowly enough. For example, low-porosity parachutes decrease the velocity of descent and thus reduce the energy of ground impact. Likewise, increasing the spatial distribution of release of energy also reduces injury risk. For example, the parachute landing fall allows the jumper to distribute the energy of landing across a wider area (Figure 12-13). Doing so dissipates the force of the impact over a larger area, thereby lessening, and usually eliminating, trauma to the ankles and feet. Other examples of this strategy include the following:


	installing fire-, smoke-, or heat-activated sprinkler systems;

	providing diver-decompression tables;

	installing emergency shut-off valves;

	using low-porosity parachutes; and

	installing UH-60 Black Hawk helicopter G-force reducing seats.


Strategy 5: Separate, in Time or Space, the Hazard and That Which Is to Be Protected

This strategy seeks to keep the hazard and personnel from being present at the same place or time. This can be accomplished through a variety of methods, including physical and temporal phasing of transportation or work schedules. Examples of this strategy include the following:


	maintaining altitude spacing of aircraft (instrument flight rules),

	setting shipping lanes,

	evacuating civilians before political upheaval in foreign nations,

	applying insecticides before troops arrive,

	storing weapons and munitions in a secure facility on military installations, and

	installing aircraft ejection seats to remove pilot from aircraft before the crash.
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Fig. 12-14. This Air Force technician is outfitted in full protective gear as he checks the fins of a sidewinder missile. Haddon’s sixth strategy for injury prevention recommends the separation of a person from hazardous substances by a material barrier. Although such protective equipment is important in shielding military personnel from chemical and biological hazards, it may carry with it unintended consequences. It may encumber the individual, limit dexterity to accomplish certain tasks, and cause a risk of heat exhaustion.
Photograph: Reproduced from the Best of the US Air Force CD-ROM, Defense Visual Information Center, image 88-08702.



Strategy 6: Separate the Hazard and That Which Is to Be Protected by the Interposition of a Material Barrier

This strategy, using protective gear (Figure 12-14), is perhaps the most straightforward of all of the strategies. It has been used successfully for centuries. Examples in a military context include the following:


	wearing Kevlar helmets;

	using safety glasses, earplugs, and sunglasses with ultraviolet protection;

	using torpedo nets;

	wearing Mission-Oriented Protective Posture (MOPP) gear;

	wearing surgical gloves;

	issuing Nomex flight suits to flight crews; and

	wearing flak vests.


Strategy 7: Modify Relevant Basic Qualities of the Hazard

Common sense applied to the manufacture and design of equipment, vehicles, and materials can go a long way toward injury prevention (Figure 12-15). Two simple attributes of objects, known since the time of Hippocrates,153 are that softness and a large radius of curvature make objects less likely to cause injury during collisions. The application of these basic engineering principles to the design of tools, vehicles, and equipment can improve safety with little or no additional cost. This seventh strategy thereby focuses on the hazard itself. A few examples of this strategy include the following:


	applying nonskid surfaces;

	using less lethal rubber bullets and fire hoses instead of night sticks and firearms for riot control;

	eliminating sharp or hard surfaces in aircraft cockpits;

	installing shock-absorbent surfaces on obstacle courses;

	designing collapsible control sticks in helicopters;

	placing sand- or water-filled barrels at roadblocks, control points, and cliff edges;

	using low-voltage lighting or electrical systems where possible; and

	constructing ships with double hulls.
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Fig. 12-15. “Designed to crash,” the UH-60 Black Hawk helicopter was developed to the military’s specifications with consideration of the decades of crash data and to maximize survivability on impact. Its safety features include a self-sealing, crash-resistant fuel system; energy-absorbing landing gear and crew seats; and a collapsible control stick. Despite affectionately saying that the Black Hawk is “built to crash,” many a thankful aviator has walked away from a devastating crash with a greater appreciation for the meaning of the word “crashworthy.” Efforts to modify the hazardous elements of the vehicle and protect its occupants in the event of a crash render the Black Hawk a fine example of Haddon’s seventh strategy: to modify relevant basic qualities of the hazard.
Photograph: Reproduced from the Defense Image Digest CD-ROM, Defense Visual Information Center, image 329.



Strategy 8: Make That Which Is to Be Protected More Resistant to Damage From the Hazard

In contrast to the seventh strategy, this strategy attempts to redesign or modify the victim of injury rather than modify the hazard (Figure 12-16). This strategy attempts to increase the strength, stamina, conditioning, or other inherent qualities of a person or his/her environment that will, in turn, make that person better able to withstand an injury-producing event. Some examples of this strategy include the following:


	applying sunscreen before sun exposure;

	maintaining psychological and physical conditioning of soldiers or athletes;

	ensuring that soldiers get adequate nutrition and rest;

	administering appropriate vaccines to counter the effect of biological agents;

	inducing pharmacological sleep on transcontinental flights; and

	ensuring gradual, staged ascent to altitude to ensure acclimatization or preconditioning in a hypobaric chamber before conducting training or operations at altitude.
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Fig. 12-16. Physical training exercises. Military personnel routinely undergo physical conditioning to maintain their strength and stamina. Doing so may make them better able to withstand an injury-producing event.
Photograph: Reproduced from the Best of the US Air Force CD-ROM, Defense Visual Information Center, image 92-06073.
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Fig. 12-17. After tragedy, relief in Oklahoma City. These Air Force members are distributing bottled water to search and rescue workers in the aftermath of the explosion of the Alfred P Murrah Federal Building. Secondary prevention measures such as this are an important example of Haddon’s ninth strategy: to begin to counter damage already done by a hazard.
Photograph: Reproduced from the Best of the US Air Force CD-ROM, Defense Visual Information Center, image 96-00585.




Strategy 9: Begin to Counter Damage Already Done by the Environmental Hazard

Most of the methods suggested by this strategy are secondary rather than primary prevention efforts (Figure 12-17). The first step in this strategy is to detect damage that has already occurred or that is still occurring and to take steps to stop the damage from continuing. This stage also initiates the recovery process. Although it is generally preferable to prevent injury in the first place, rapid detection and prompt treatment of injuries can eliminate or greatly reduce their consequences. The ninth strategy may involve primary prevention in some cases, because it may prevent reinjury or development of a fatal condition among those already injured. A few examples of this strategy include the following:


	reconstructing or restoring bridges, hospitals, and key infrastructure sites;

	activating an emergency radio beacon on a downed aircraft;

	equipping water survival gear with a radio and water-soluble dye indicator to increase the likelihood of rescue;

	restoring damaged desalination plants;

	establishing telemetry with higher echelons of care/telemedicine links;

	airdropping food, water, and medicine to war-ravaged territory; and

	providing rapid first aid and evacuation for victims of injury.
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Fig. 12-18. US Army UH-60 Medical Evacuation (MEDEVAC) helicopter lands on the USS New Orleans during a joint-service, mass-casualty exercise held in Somalia during Operation Restore Hope. Rescue is the first step in rehabilitation and convalescence, Haddon’s tenth strategy (to stabilize, repair, and rehabilitate the object of damage).
Photograph: Reproduced from the US Forces in Somalia CD-ROM, Department of Defense Joint Combat Camera Center, image 364.



Strategy 10: Stabilize, Repair, and Rehabilitate the Object of the Damage

Once damage has occurred, it is important to stabilize the victim to prevent further damage. The next step is to begin the process of treating the injury and facilitating rehabilitation to prevent reinjury or susceptibility to new injuries. The Air Force MEDEVAC program provides a good example of this strategy (Figure 12-18). Other examples include the following:


	detecting and responding to injuries on the battlefield—combat lifesaver training for all deployed soldiers,

	placing Forward Surgical Teams in the war zone,

	establishing trauma centers,

	establishing burn centers (eg, Brooke Army Medical Center was instrumental in treating military burn patients from the Vietnam War to the present),

	creating the Military Advanced Training Center for Soldier Amputees at Walter Reed Army Medical Center, and

	providing rehabilitation services.


Passive Intervention Strategies

Over the past few decades, there has been increased emphasis on environmental and engineering-based injury prevention interventions and a reduced emphasis on interventions directed at changing individual behavior. Focusing on external solutions rather than on personal actions in injury prevention has had a twofold advantage. First, physicians and other healthcare personnel who may have been discouraged in their attempts to influence the behavior of individuals have found other ways to address injury prevention in their practices. Second, researchers have discovered other opportunities for preventing injury, even when the injury-producing activity itself cannot be averted.

Passive strategies generally use engineering and biophysical modifications to vehicles, equipment, or the environment. They may also apply to clothing and other equipment, if the garments are treated to provide sun protection or to protect the wearer from hot surfaces, burns, and insects. The principal advantage to passive strategies is that they often prevent injury, regardless of human behavior, and they can be very cost effective. Because passive interventions are engineered into the environment, they usually provide their benefits without having to rely on the memory, training, skill, sobriety, or mental state of the individuals being protected. The problem of blaming the victim can also be avoided.

Active Intervention Strategies

Although all active strategies require an individual to consciously make a behavior choice, the approaches available to achieve this are varied and largely determined by the particular philosophical and methodological inclinations of the injury prevention specialist designing the intervention. Much research has been devoted to understanding and predicting health behavior choices. If one examines the behavior of individuals within large populations, one will observe substantial differences in the types of health behaviors in which those individuals engage. There are many reasons why these differences exist and, as a result, many different ways one might attempt studying these variations and, ultimately, modifying relevant behaviors. Some of these approaches to understanding differences in health behaviors focus on factors extrinsic to the individual, and some approaches focus on factors intrinsic to the individual.154

Extrinsic factors that affect health behaviors include environmental regulations and legal restrictions. In a military setting, examples may be found on individual military installations, where rewards are conferred on units with the highest fitness scores, completion of a year without an injury fatality, or in the provision of easy access to healthcare. Legal restrictions are laws and regulations that ban dangerous substances or punish individuals for engaging in undesirable behavior (eg, not using safety belts, not wearing helmets). Thus, power to leverage behavior change is generally in the form of social or economic sanctions and incentives. For example, although it may happen rarely, service members who allow themselves to get sunburned may be punished under Article 15 of the Uniform Code of Military Justice. Sailors ordered not to consume alcohol the night before deployment could be subjected to a Breathalyzer test and face punishment if found to be noncompliant.

As previously mentioned, there are certain features of the military environment that make passive intervention strategies easier to implement than they might be in civilian settings. The military command structure and nature of the military’s top-down decision-making processes make it easier to adopt changes quickly and uniformly. Communication systems make it easy to disseminate information fairly rapidly to all units and personnel. Although it may seem that having these features in place may make it easier to implement an injury prevention program, it is important to remember that nothing can happen without command support and explicit agreements by individuals at all levels of the command structure to enforce standards and regulations once they are implemented. In light of this, proposed intervention strategies should be appropriate to the nature of military occupational setting and requirements, and must be acceptable to the military’s unique social and cultural environment. Finally, it is important to remember that, in designing and promoting injury prevention programs, all parties at all levels of command need to be briefed on the need for and the rationale for the intervention. Getting all parties to buy into the intervention is important to make sure that it is fully and appropriately implemented.

Interventions that modify extrinsic factors arise primarily from deterrence theory. Deterrence theory suggests that these extrinsic factors may effectively deter one from engaging in unsafe behaviors (or as a corollary, encourage one to engage in safe behaviors) if the following holds true: (a) the individual believes that he/she has a high probability of getting caught if he/she fails to engage in the desired behavior; (b) the person will, once caught, have a high probability of being convicted; (c) the time between being caught and being convicted is short; and (d) the punishment following conviction is severe. These elements are sometimes abbreviated as “swift, severe, and certain.”155

Deterrence strategies essentially coerce behavior change through the leverage of power.156 The strategies may be either proscriptive or prescriptive. Proscriptive approaches include rules, laws, regulations, and incentives designed to discourage the adoption of unsafe behaviors (eg, fines for speeding, docking of pay for unsafe behavior). For example, the military’s policy of performing routine urine screening for certain illicit drugs is widely credited for the decrease in drug abuse among service members since the early 1980s. Prescriptive strategies also leverage power; but, instead of discouraging unsafe behavior, these approaches encourage the adoption of safe behaviors. These strategies include safety belt regulations, helmet rules, and pilot safety checklists to be completed before takeoff.

There are some problems that may arise when using deterrence approaches to control injuries. First, deterrence strategies assume that individuals engage in a process of rationally weighing the costs and benefits of an action before proceeding. In reality, behavior choices are influenced by other factors as well, such as the psychological and social status of the individual. The use of alcohol or drugs may also affect decision-making ability. To be completely effective, this approach also requires that an individual be capable of performing the desired behavior 100% of the time. Overdeterrence may also be a problem. It is possible to create a great enough deterrence effect that the person overcompensates.157 For example, it is wise for a soldier in a battle situation, or a pilot in flight, to proceed with great caution to avoid serious trouble. However, if these individuals are too cautious in using life-preserving efforts, vital missions may never be accomplished. Some element of risk-taking is necessary. Deterrence approaches are somewhat retrospective, in that for deterrence to work, an individual must first engage in the behavior; individuals are punished after the behavior has already hurt them. Finally, the ability to enforce policies consistently in a manner that is “swift, severe, and certain” is often hampered by limited resources and by the discretionary behavior of those called to the task of enforcement.158,159 Also, the development of laws and regulations occurs through a level of command that may be influenced as much by concerns over broad military objectives as by reductions in key risky behaviors.160 The need to achieve military objectives may necessarily trump concerns about individual risk-taking and safety that might impact or impede pursuit of those objectives.

Intrinsic factors affecting behavior choices include demographic characteristics (eg, gender, age, and race), personality traits, social support, social networks, and cognition. Behavioral theories have arisen out of each of these intrinsic factors. However, because most of these elements are intractable (ie, one cannot change a person’s gender or age), it seems most prudent to focus on cognition as a predictor and motivator of health behavior choices. In addition, cognition is important in predicting how an individual will react to extrinsic factors.

Cognition is the thought processes that occur between experiencing a stimulus and making a behavior choice in various situations.154 It is how individuals make sense of the world in a specific situation and with the information they possess (including beliefs, attitudes, and knowledge the individual maintains about a particular health behavior).

Several models, all broadly described as social-cognitive, have been developed to assist in understanding and predicting health behavior choices. Each model holds certain assumptions about human nature. Intervention strategies are derived from the particular model believed to be valid or useful in predicting a particular health behavior decision. Like deterrence theory, social-cognitive models assume a person will engage in a process in which he/she rationally weighs costs and benefits of a behavior and then makes a choice. Instead of focusing on the nature of those costs and benefits, however (as with deterrence models), social-cognitive models focus on how people interpret costs and benefits, how they perceive their environment, and then use that information to make health-related behavior choices. Interventions are then derived from these models. Once a behavior is understood, efforts can be made to alter the perceived cost or benefit of an action to change behavior.

Although there are many social-cognitive models, a few of the more common models are particularly salient to this discussion and worth a quick review. These include the health belief model, health locus of control, social learning theory, the theory of reasoned action, stage models, and the social contagion model.

The Health Belief Model

This is one of the oldest of the social-cognitive models, and it has been moderately useful in predicting actual health behaviors. This model focuses on how perceptions of a threat to one’s well-being influence beliefs and behaviors that are associated with that threat. This model suggests that, to motivate an individual to change risky behavior, the person must first believe that engaging in a certain behavior makes it likely that he/she will experience an injury and that the injury must be viewed as serious. Behavior alternatives are selected on the basis of the person’s awareness of behavior options, beliefs about the efficacy of those alternative behaviors, and perceptions about the costs (or barriers) of engaging in the new behavior.161 Cues to action, such as education efforts that suggest new behavior choices, are also often included in this model.

Examples of injury prevention efforts that are derived from this model include programs designed to modify risk perceptions (eg, education about the importance of helmets while parachuting and posters that remind sailors of the risks involved in drinking before or during scuba diving). Such programs may also attempt to change perceptions about the benefits of adopting a new health behavior, reduce barriers to changing behaviors, and provide cues to action (eg, a pilot’s preflight checklist). Thus, most efforts designed to provide military personnel with additional information (educational campaigns) come from the health belief model.

When healthcare practitioners endeavor to prevent or reduce injuries, it often seems that the first intervention plan they develop involves educating those at risk. Even though there are some situations in which education is useful in preventing injuries, there are some significant limitations to this approach. First, some key cognitive variables that have been found to be very useful in predicting health behavior decision-making are missing. Social and peer pressures are not taken into account (except as a modifier of perceived risk of injury). Peer groups may have an enormous influence on risk-taking, particularly in certain settings. Self-efficacy, or beliefs about how much control one has over a behavior, is not included in the health belief model or in general education campaigns. In injury prevention terms, this might mean that a person believes injuries are the result of random events and not something to be controlled or avoided. He or she may believe that seat belts are uncomfortable or that they even increase risk; thus, the person may be unwilling to buckle up. When the risky behavior in question includes use of alcohol or drugs, there may be a physical inability to control the behavior without some form of medical intervention.

Health Locus of Control

Related to self-efficacy is the concept of locus of control. Health locus of control is an important axiom in the entire health promotion field. In essence, it describes an individual’s sense about how much the person controls or influences his/her own health and well-being. There are three possible beliefs that individuals can have about control over their own health: (1) internal control, (2) external control with a belief in powerful others, and (3) external control with a belief in fate. Internal control means that individuals believe they are in control of their health and can affect their health status through their behavior choices. Those who subscribe to external control with a belief in powerful others believe they have little control over their health status, but believe that others (eg, their spouse, doctors, or nurses) can affect their health. External control with a belief in fate means that these individuals believe they have little control over their health status and that injuries and illnesses are a result of fate or acts of a deity.162 The association between individuals’ sense of control over their health is strengthened when the relative value they place on their health is also included.106 Interventions deriving from the health locus of control arena strive to increase perceptions individuals hold about their control over their health and well-being. For example, fitness programs may be enhanced when individuals are also counseled about the effectiveness of this effort in achieving overall good health. A program that documents improvement in health (eg, reduced blood pressure, lower weight, better lung capacity, less foot pain or low back pain) also may facilitate a sense of control over health and well-being. An individual with a belief in external powers may be encouraged to adopt safer behaviors if a respected person (eg, physician, commander) suggests it.

Social Learning Theory

Many commonly used social-cognitive models are based or draw on key components from Albert Bandura’s social learning theory.163 Social learning theory suggests that a person’s perception of control (self-efficacy) and environmental controls and incentives interact to affect the adoption of health behaviors. A person is most likely to engage in safe behaviors if that person thinks choosing the safe behavior (over an unsafe action) will result in positive reinforcement (eg, better health, positive feedback from important others, such as friends and family) and if that reinforcement has value to the individual. The theory of reasoned action, which is discussed in the next section, is closely related to this model.

The Theory of Reasoned Action

This model focuses on an individual’s attitudes about a particular safe (or unsafe) behavior, as well as the social context in which the individual engages in the behavior. Like the social learning theory, this model recognizes that peer and social groups are important elements in making behavior choices. This model also focuses on intentions to behave in a given manner (ie, is the person motivated to adopt the safe behavior or does the person have a conscious plan in place to determine behavior?). Attitudes about safe behavior are also important (eg, does the individual enjoy exercising and maintaining physical fitness?) and affect the likelihood of actually performing the behavior, because these attitudes directly affect intention to behave. Attitudes are developed not just from thinking about the relative enjoyment (or costs) of a behavior, but also from subjective norms (eg, what will people think of me if I wear safety goggles and protective gear?) and how much one values the opinions of others.

Interventions that incorporate tenets from social learning theory and the theory of reasoned action focus on peer groups and norms. Examples in the civilian world include the “Friends Don’t Let Friends Drive Drunk” media campaign. The military environment is perhaps particularly well suited for development of these types of interventions because much emphasis is placed on teamwork, camaraderie, and caring for one another. Examples include having a buddy check camouflage before a maneuver, restricting privileges for an entire group if one member does not comply with a safety rule, or giving the entire unit a 4-day pass if there are no motor-vehicle–related injuries in a set period of time. Although no one in a unit would admit to valuing a 4-day pass more than life, awareness of motor vehicle safety is heightened as the end of the time period nears, and thus the likelihood of obtaining the award becomes a powerful motivator.

Stage Models

Stage models suggest that different cognitive stages or thought processes are important at different stages in the development of a health behavior. One of the best-known stage models, the transtheoretical model of change, was developed by Prochaska and DiClemente to understand and predict addictive behaviors.164–167 The model has now been widely applied to other health behaviors, including some injury-associated risk-taking behaviors (eg, alcohol use, smoking, and exercise). In this model, individuals are seen progressing through a series of stages on their way to adopting a new, desirable health-related behavior.

There are six stages of change in this model: (1) precontemplative stage, (2) contemplative stage, (3) preparation stage, (4) action stage, (5) maintenance stage, and (6) relapse stage. In the precontemplative stage, the individual is unaware that an existing behavior is risky. In the contemplative stage, the individual becomes aware of the risks related to his or her behavior. At the preparation stage, the individual begins preparing to change the risky behavior. The action stage is when the person begins putting intentions to change into action. In the maintenance stage, he/she establishes and supports the continuance of this new behavior. A relapse stage often occurs when a person reverts back to the old unsafe behavior and then must cycle through some or all of the stages again to reacquire the new safe behavior. Decisional balance is a key component of stage models. Intervention efforts, developed around an individual’s stage of readiness to change behavior, are designed to help tip the balance toward moving on to the next stage.

It is important to ascertain an individual’s or a community’s level of readiness to design an appropriate intervention. Individuals or communities in precontemplative stages require interventions that focus on making them aware of the risks of their current behaviors and supporting thoughts about the desirability and feasibility of a new, alternative healthy behavior. Individuals and communities that are moving toward the preparation and action phases do not need educational campaigns telling them of the dangers of their current behavior. Instead, they need assistance in developing a plan for changing their behavior. Those who have already adopted a new, safe behavior (in the action/maintenance phases) require intervention efforts that support their efforts and provide feedback on how well they are doing in achieving their expected goals (Exhibit 12-4).

The Social Contagion Model

This model is derived from the study of infectious diseases. It suggests that behaviors (eg, diseases) may be thought of as contagious if an individual is more likely to engage in that behavior when a significant other has already done so. In many ways, this model is similar to social learning theory. However, the model also postulates that contagion will cause an increase in the prevalence of a behavior as the size of the population that engages in that behavior increases. The model has been shown to have some use in predicting behaviors in teenagers and young adults, such as promiscuity, drug abuse, binge eating, suicide, and driver speeding. For example, a driver’s decision to speed is only partly predicted by his demographic background, attitudes toward speeding (theory of reasoned action), beliefs about the consequences of speeding (social learning theory and health belief model), and law enforcement efforts to enforce speed restrictions (deterrence theory). The remaining variation in speeding behavior may be dependent, at least in part, on the behaviors of drivers around the individual at a given point in time (eg, “Yes, officer, but I was just driving fast enough to keep up with the rest of the traffic.”).168


EXHIBIT 12-4

LESSONS OF HISTORY

It is important to note that health promotion interventions must be periodically evaluated for them to remain effective. This applies to both passive and active interventions, because even passive interventions require active behavior change, especially insofar as they require the formulation, implementation, and periodic enforcement of regulations. A review and evaluation of a health behavior program may often need to cover the same cognitive ground that was traversed when the program was initially designed and put in place, whether the program involves active or passive intervention strategies. Failure to periodically review the rationale for injury prevention programs and to reaffirm their necessity and importance may lead to noncompliance with safety standards and practices, and could bring about resurgence in injury rates. As an example, consider use of the outside-the-boot ankle brace used to reduce ankle injuries among Airborne soldiers (described previously). Another example is the recurrence of cold injuries in military populations, especially trenchfoot and frostbite, despite a repeated history of outbreaks and subsequent medical and command interventions from World War I to Bosnia and Afghanistan.

The command at Fort Bragg was initially briefed about the high rate of ankle injuries associated with the Army Airborne operations. Reviewing this information made commanders aware of the scope of the injury problem associated with this particular type of injury. After reviewing the data, the commanders granted permission to a team of researchers to pilot-test an ankle brace designed to prevent ankle injuries. Data the researchers gathered demonstrated a significant reduction in ankle injuries when the ankle brace was used. This intervention has both an active component (command support; parachutists must put braces on) and a passive component (once donned, the braces offer protection independent of any action by the jumper). Ankle braces became routine equipment for students in the Army Airborne School at Fort Benning and were made available to all Airborne soldiers in the Army. Several years after the program was implemented, however, the Army Airborne community began to question the necessity of the continued costs of the program, and also to question the efficacy of the brace, as they began to receive anecdotal reports of proximal injuries that may have been related to use of the brace. A new evaluation study was commissioned to reevaluate efficacy of the ankle brace as a means of preventing ankle injuries during airborne training and operations. These data resulted in renewed support and reimplementation of this intervention.(1)

The effects of health promotion interventions may atrophy over time; this may be especially true in the Army, because there is a fairly steady rate of turnover among commanders and key decision-making personnel (eg, medical officers, senior noncommissioned officers). Although this may seem dispiriting, because it may feel like relearning the lessons of history the hard way, it is important to recognize and be open to new opportunities to identify injury hazards and to look for creative ways (some new, others less so) to mitigate them.

___________________

Source: (1) Schmidt MD, Sulsky SI, Amoroso PJ. Effectiveness of an outside-boot ankle brace in reducing parachuting related ankle injuries. Inj Prev. 2005;11:163-168.



Models of health behavior have some utility in predicting the choices that individuals make about their own safety. However, they are all limited, in that they require an individual to be capable of engaging in a particular behavior (ie, they require rational thought and the physical and mental abilities to make behavior changes). They do not take into account that some injuries are caused by other individuals, nor do these models acknowledge that humans are simply not capable of operating at 100% effectiveness 100% of the time (people sometimes make mistakes or are in situations that limit behavior choices). Moreover, because of tactical conditions, enemy action, and unit discipline and practices, soldiers may have limited choices to pursue safer behaviors. Human behavior is motivated by a multitude of factors, some of which are not amenable to change through intervention, or at least they are not easily changed (ie, behavior is influenced by culture, peers, income, education, etc).

MANAGEMENT OF INJURIES IN THE FIELD AND ACCESS TO CARE

In this section, we provide a new approach to the organization of wartime, battle-related injury prevention. The proposed model incorporates some of the unique characteristics of war environments in the development of injury control approaches.

Comprehensive injury prevention programs attempt not only to prevent or reduce the severity of injuries, but also to provide a plan for management of injuries when they do occur (Figure 12-19). Access to care may pose a major barrier to the effective management of injuries in the field. Although the purpose of this chapter is not to provide great detail on combat casualty care, injury control covers the full spectrum of care from prevention to rehabilitation.

The principal goals of injury management in the field should be to stabilize the individual, take steps to minimize long-term consequences of the injury, and facilitate the rapid return of the individual to as normal a level of functioning as possible. Three distinct phases in the management of field injuries may be identified: (1) short-range or immediate needs, (2) medium-range care, and (3) long-range care and rehabilitation. Access to care is important at all levels or phases of injury management.

Short-Range Management of Injury

Short-range management refers to what happens in the time interval immediately after the injury has occurred. During this time, the victim must be stabilized and transported to treatment, if necessary. The following three components of access to care must be considered in planning for short-range field management of injury: (1) availability, (2) accessibility, and (3) accommodation.

Availability

Does the service exist (eg, are MEDEVACs or trained medical technicians in the area?)? Does it exist in quantities sufficient to meet the demand (eg, are there enough UH-60 Black Hawk helicopters to pick up all those who are seriously injured in a particular area?)? Injury mortality and injury morbidity are related to the types of injuries incurred on the battlefield, and the proximity and sophistication of available medical care. Experience in past conflicts, for example, has shown that putting surgeons and surgical facilities at or near the front lines helps reduce injury deaths.169 The widespread deployment of Forward Surgical Teams during Operation Iraqi Freedom is evidence of this.

Accessibility

Can the injured person be readily picked up or can the injured person easily reach the treatment center? What sort of assistance will he or she require to get to the facility? Factors that affect accessibility include the terrain or vegetation where the injured person is located, the number of noninjured soldiers available to assist in evacuation, the presence of enemy fire and backup friendly fire, distance to the MEDEVAC crew, and distance to the hospital or treatment center.

Accommodation

Are the resources available for the injured person sufficient to meet his or her needs? Factors that influence accommodation include the severity of the injury and the presence of comorbidities or other factors that might reduce the ability to stabilize the victim for transport. Training factors include training the MEDEVAC crews in how to stabilize the injury, and training other soldiers in the unit to assist with treatment of the individual. Finally, medical resources must be available to stabilize and treat the injured person (eg, the MEDEVAC helicopter must be adequately equipped).


[image: art]

Fig. 12-19. South Vietnam—medical evacuation patients on the deck of the amphibious assault ship USS Tripoli (LPH-10) await transfer to the 22nd Casualty Station in Danang from which they will be sent to the States. Wounded Marines who cannot be returned to duty, or who will require more than 6 days of hospitalization, are removed from the USS Tripoli and returned to the States.
Photograph: Reproduced from the Archival Research Catalog, the National Archives and Records Administration, ARC identifier 58511.




Medium-Range Management of Injury

Medium-range management of injuries involves medical treatment and short-term rehabilitative efforts to save the injured person’s life, reduce adverse sequelae, and improve functioning. The following components of access must be considered: availability, accessibility, and accommodation.

Availability

Is there an adequate treatment facility available for the injured person, and is it near enough to the site of the injury event? Administrators must accurately estimate the number of field hospitals needed in a particular area and must have alternate plans in place to accommodate overflow at other installations. The field hospital must have enough beds, surgical rooms, and emergency supplies and services.

Accessibility

Can injured personnel reach the care facility quickly? Of prime importance are the proximity of the field or shipboard hospital to the battle area, as well as the availability of MEDEVAC resources, presence of helicopter landing pads or ambulance-accessible roadways, and availability and ability of staff to transport and triage patients. The care facility must be located so that it is safe from enemy fire and strategically located away from flood plains and other potential hazards. Injured personnel must ultimately be evacuated from the theater.

Accommodation

Are services sufficient to meet the patients’ needs? It is essential for the medical treatment staff to be adequately trained and experienced to handle the specific level (ie, severity) of injuries they will encounter, and there must be enough staff at the site. The staff must have the ability to link up with other facilities and experts. The severity of injuries encountered by soldiers in the field influences accommodation, as well as the general state of individuals on arrival. Their state on arrival depends not only on the severity and type of injury they have sustained, but also on their physical fitness and health habits (smoking, alcohol use, illness history, sleep, and nutritional status) and how well they were stabilized and managed in the field and during transport.

Long-Range Management of Injury

Long-range management of injury is related to the ability to manage and support the longer rehabilitation necessary for treating some types of injuries, and to facilitate recovery of function and independence. Several elements affect this ability, including adequate facilities (staffing and resources) to provide for the physical and mental recovery and rehabilitation of military personnel. A comprehensive program will also include counseling and training for the development of new life skills or occupational skills to facilitate return to work in some capacity.


EXHIBIT 12-5

LONG-TERM CARE NEEDS

Planning and management of long-term care of war-related injuries will depend, in large part, on whether the injured soldier is returned to active duty or separated from service. For soldiers who remain in the military, changes may need to be made to their duty assignment so that they can continue to succeed in their military career. Soldiers who are separating from service may need different kinds of support, depending on whether they suffer a temporary or permanent disability as a result of their injury. Medical advocates need to assist injured military personnel in understanding benefits and options available to them, including navigating the administrative complexities of the military and the Department of Veterans Affairs healthcare systems. Follow-up is needed to continue monitoring the recovery process and document the progress of reintegration. Latent development of physical or mental problems related to injury must also be monitored. Some soldiers may require the assistance of a social worker or other counseling services to facilitate their reintegration into a job in the civilian sector. Finally, long-range planning should include incentive programs for disabled members of the armed forces to adopt a healthy lifestyle, such as programs to promote smoking cessation and to prevent and treat substance abuse. Efforts should be made to encourage the maintenance of physical fitness, as well as appropriate nutrition, rest, and mental health.



As the nature of modern warfare changes, soldiers are finding themselves deployed to a variety of settings and in a variety of contexts, from extended combat situations to short-term humanitarian or peacekeeping assignments. An expanded research agenda is urgently needed to examine the effects of deployment in these different contexts on soldier health, to plan for services that can deliver appropriate care to manage the short- and long-term health needs of those injured in action, and to design and develop appropriate interventions to minimize the burden of injury. The achievements and sacrifices of individual injured military personnel must never be overlooked, and we must continue searching for ways to restore their health and protect the health of all future deployed forces (Exhibit 12-5).

SUMMARY

Injuries are a preventable military health problem. Prevention strategies are best developed when the full spectrum of injury events (preevent, event, and postevent) is considered and when each element of the epidemiological triangle is considered (agent, host, environment, and vehicle). Using the Haddon matrix and Haddon’s 10 strategies will help ensure that a comprehensive list of intervention alternatives is developed. Although medical officers are in a unique position to prevent injury on an individual, case-by-case basis through the provision of care and education of patients, and through the training of clinic personnel, they may have even greater influence on injury prevention through their influence on those in command. Medical officers can accomplish this by acquiring knowledge of injury patterns, problems, and costs, and by applying common sense and the injury prevention principles outlined herein. Success depends on presentation of viable options at the appropriate command level.
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ABBREVIATIONS AND ACRONYMS

A

a: absorptivity

Ac: area of surface contact

AD: Dubois body surface area

ADEA: US Army Development and Employment Agency

ADHD:attention-deficit hyperactivity disorder

AEST: Australian Eastern Standard Time

AFCCC: Air Force Combat Climatological Center

AIS: Abbreviated Injury Scale

AKO: Army Knowledge Online

ALICE: All-Purpose Lightweight Individual-Carrying Equipment

AMEDD: Army Medical Department

ANAM: Automated Neuropsychological Assessment Metric

ANSI:American National Standards Institute

ARDEC: Armament, Research, Development, and Engineering Center

ASHRAE: American Society of Heating, Refrigerating, and Air-Conditioning Engineers

ATBM: Advanced Total Body Model

ATO:Army Technology Objective

AVP:arginine vasopressin

AVS: Aidman Vision Screener

B

BABTA: Body Armor Blunt Trauma Assessment

BCC:basal cell carcinoma

BDU: battle dress uniform

BLPS: Ballistic and Laser Protective Spectacles

BOP:blast overpressure

BTD: Blast Test Device

C

C: convection

cb: heat of body tissue

CCO: crew coordination objective

CET: corrected effective temperature

CFD: computational fluid dynamics

CHABA: Committee on Hearing, Bioacoustics, and Biomechanics

CHO:carbohydrate

CHPPM: US Army Center for Health Promotion and Preventive Medicine (US Army Public Health Command)

CIVD: cold-induced vasodilation

CMI: Cornell Medical Index

CNS: central nervous system

COIL: chemical oxygen iodine laser

COTZ: Contains Only Titanium and Zinc (sun care product produced by Fallene Ltd, King of Prussia, Pa)

CPG: Clinical Practice Guideline

CSI: cold strain index

CSLO: confocal scanning laser ophthalmoscopy

CTM:cold thermal model

D

DS: change in storage

DTb: change in body temperature

DA: data acquisition

DCGS-A: Distributed Common Ground System–Army

Diff: difference

DLE: duration-limited exposure

DLE1: duration-limited exposure based on heat storage

DLE2: duration-limited exposure based on water depletion

DoD: Department of Defense

DPM:Dynamic Physiological Model

DRDC: Defence Research and Development Canada

DSHEA: Dietary Supplement Health and Education Act of 1994

DTIC:Defense Technical Information Center

E

E: evaporative heat loss

e: emissivity

EEG: electroencephalogram

EITACC: Equation Independent Transient Analysis Computer Code

EKG: electrocardiogram

ELTEP: Emerging Laser Threat Eye Protection

EMG: electromyogram

EMP: electromagnetic pulse

EMS: eosinophilia-myalgia syndrome

ERGO: Energy-Rich Glucose Optimized (drink)

ESA: European Space Agency

ET: effective temperature

EXEMSI ’92: Experimental Study for the European Manned Space Infrastructure, 1992

F

FACE: Functional Assessment of Care Environments

FDA:US Food and Drug Administration

FEM: finite element modeling

FM 100 Hue: Farnsworth Munsell 100 Hue

G

GABA: g-aminobutyric acid

GI:gastrointestinal

GPS: Global Positioning System

H

hc: convective heat transfer coefficient

HD: Humidex

he: evaporative heat transfer coefficient

HEAR: Health Enrollment/Evaluation Assessment Report

HHA:Health Hazard Assessment

HHI: heat humidity index

HI: humidity index

HIPPA: Health Insurance Portability and Accountability Act

HMMWV:high-mobility multipurpose wheeled vehicle (or “Humvee”)

Hr: radiant field

hr: radiative heat transfer coefficient

HRA: Health Risk Appraisal

HSDA: heat strain decision aid

5-HT1A: 5-hydroxytryptamine (serotonin) receptor 1A

I

IAC: information analysis center

ICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification

ICDA: initial capability decision aid

IDEF: Integrated Definition

IED: improvised explosive device

im: water vapor permeability index

IMETS:Integrated Meteorological System

IND:Investigational New Drug

IR: infrared

IREQ: insulation index of required clothing


IRSF: intraretinal scar formation

ISEMSI ’90: Isolation Study for the European Manned Space Infrastructure, 1990

ISS: Injury Severity Score

ITBM: Interim Total Body Model

IWEDA: Integrated Weather Effects Decision Aid

J

JLST: Joint US Army Materiel Command and the US Army Medical Research and Development Command Laser Safety Team (also known as J AMC-AMRDC LST)

JNLWD: Joint Non-Lethal Weapon Directorate

JNLWP:Joint Non-Lethal Weapon Program

K

K: conductance

kph: kilometers per hour

L

LAIR: Letterman Army Institute of Research

LBE: load-bearing equipment

LED: light-emitting diode

LFTP: Live Fire Test Program

LMB: Lasers on the Modern Battlefield (conference)

LR:Lewis relationship

LRRP: Long-Range Reconnaissance Patrol

M

M: metabolism

MAIS: Maximum Abbreviated Injury Scale

MANPRINT: Manpower and Personnel Integration

MEDEVAC:medical evacuation

M-Gator: Military Gator

MILES: Multiple Integrated Laser Engagement Simulator

MoHSM: mobile heat stress monitor

MOLLE: Modular Lightweight Load-Carrying Equipment

MOMRP:Military Operational Medicine Research Program

MOPP:Mission-Oriented Protective Posture (gear)

MOUT: Military Operations on Urban Terrain

MRE: Meals, Ready to Eat

MRI: magnetic resonance imaging

MRMC: US Army Medical Research and Materiel Command

MRS:magnetic resonance spectroscopy

MyWIDA: My Weather Impacts Decision Aid

N

NAA: N-acetylaspartate

NAMRL: Naval Aviation Medical Research Laboratory

NASA: National Aeronautics and Space Administration

NETPR: Neurotoxin Exposure Treatment (Parkinson’s) Research

NHP:nonhuman primate

NHTSA: National Highway Traffic Safety Administration

NIDDK: National Institute of Diabetes and Digestive and Kidney Diseases

NIH: National Institutes of Health

NS:number of repeated exposures

NWS:National Weather Service

O

w: skin-wettedness

OCT: optical coherence tomography

OD: oculus dexter (pertains to the right eye)

OEF/OIF: Operation Enduring Freedom/Operation Iraqi Freedom

OS: oculus sinister (pertains to the left eye)

OSHA: Occupational Safety and Health Administration

OTC:over the counter

OTV: outer tactical vest

P

P2NBC2: Physiological and Psychological Effects of the Nuclear/Biological and Chemical Environment on Systems and Sustained Operations

P4SR: predicted 4-hour sweat rate

PB: pyridostigmine bromide

PBPK: physiologically based pharmacokinetic (model)

PC: personal computer

PDA: personal digital assistant

PECS: Physical conditions, Emotional state, Cognitive capabilities, and Social status

PFB: pseudofolliculitis barbae

PHC: US Army Public Health Command (formerly CHPPM [US Army Center for Health Promotion and Preventive Medicine])

PIES: Proximity to battle (or assigned unit), and Immediately when symptoms were noted, with Expected return to duty within 72 hours, and with Simplicity

PM: Project Manager

PMB: papillomacular bundle

PPA: phenylpropanolamine

PPE: personal protective equipment

Pr: Prandlt number

PRL: preferred retinal location

PSDA: Probability of Survival Decision Aid

PSM: (Warfighter) Physiological Status Monitor

PTSD: posttraumatic stress disorder

PVT: psychomotor vigilance task

R

R: radiation heat exchange

RAC: risk assessment code

Rb: long-wave radiation

RCW: Ration, Cold Weather

RDA: Recommended Dietary Allowance

REM:rapid eye movement

RH: relative humidity

RNFL: retinal nerve fiber layer

RPE: retinal pigmented epithelium

Rt: clothing vapor permeability resistance

RTD:resistance temperature device

S

SAFTE: Sleep, Activity, Fatigue, and Task Effectiveness

SCALP: Suit, Contamination Avoidance, Liquid Protective

SCC: squamous cell carcinoma

SCTM: six-cylinder thermoregulatory model

SEAL: (US Navy’s) Sea, Air, and Land (team)

SEM: standard error of the mean

SMS: sleep management system

SNAP: Schedule for Nonadaptive and Adaptive Personality

SNOMED-CT: Systematized Nomenclature of Medicine—Clinical Terms

SOP: standard operating procedure

SPF: sun (solar) protection factor

Sreq: required sweat rate

SSBN: submersible ship ballistic missile, nuclear

SSN: submersible ship, nuclear

STANAG: Standardization Agreement

STRESS: Standardized Tests for Research with Environmental Stressors

SURVIAC: Survivability/Vulnerability Information Analysis Center


SWO: (US Air Force) Staff Weather Officer

SWS:slow-wave sleep

T

Ta: air temperature or dry bulb air temperature

TAP: Toxicological Agent Protective

Tbg: black globe thermometer (also substituted globe temperature)

TBI: traumatic brain injury

Tc: core temperature

Tcl: mean clothing surface temperature

TGAS: Toxic Gas Assessment Software

TIE: total intraocular energy

TMM: Textbooks of Military Medicine

TNT: trinitrotoluene

Tnwb: “naturally aspirated” wet bulb thermometer

To: operative temperature

Toh: humid operative temperature

Tr: radiant temperature

TRL: technology readiness level

Ts: body surface temperature or skin/surface temperature

Tsk: mean skin temperature

Tso: standard operative temperature

Tsoh: standard humid operative temperature

Twb: wet bulb air temperature

U

URT: upper respiratory tract

USAARL: US Army Aeromedical Research Laboratory

USACHPPM:US Army Center for Health Promotion and Preventive Medicine (US Army Public Health Command)

USAMRD: US Army Medical Research Detachment

USAMRMC:US Army Medical Research and Materiel Command

USARIEM:US Army Research Institute of Environmental Medicine

USDA: US Department of Agriculture

UTC:Universal Time Code

UV: ultraviolet

UVA: ultraviolet light ray A

UVB: ultraviolet light ray B

UVR: ultraviolet radiation

V

VA: (Department of) Veterans Affairs

VV&A: validation, verification, and accreditation

W

WBGT: wet bulb global temperature

WCET: windchill equivalent temperature

WCI: windchill index

WCT: windchill temperature

WDI: wet-dry index

Wk: work

WPSM: Warfighter Physiological Status Monitor

WRAIR:Walter Reed Army Institute of Research

WRE:Weather Running Estimate
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Abbreviated Injury Scale, description and uses, 347

Abraham, P., Early Call sleep studies, 79

Accutane, deployment issues, 252–253

Acne

Accutane use and, 252–253

description, 252

Active strategies for injury control

description, 355, 356–357

deterrence strategies, 369

extrinsic factors and, 368–369

health belief model, 369–370

health locus of control model, 370

intrinsic factors and, 369

social contagion model, 371–372

social learning theory, 370

stage models, 371

theory of reasoned action, 370–371

ADEA. See US Army Development and Employment Agency

ADHD. See Attention-deficit hyperactivity disorder

Adolph, E.F.

dehydration studies, 182

sweat rate research, 213

Adolphus, Gustavus, load carriage and, 308

Advanced Total Body Model, development of, 282, 284–285

Aerobic capacity. See Physical training

AFCCC. See US Air Force Combat Climatological Center

Afghanistan. See Operation Enduring Freedom

Age factors

injury risk, 340

skin disease, 246

suicide risk, 349, 351

Aidman Vision Screener

description and uses, 134, 139, 152

figure depicting, 134

Air temperature

demonstration of time lag between ground and air temperatures because of differences in heat transfer and mass (figure), 232

sensors for, 231

AIS. See Abbreviated Injury Scale

AKO. See Army Knowledge Online

Alcohol, use on the battlefield, 94

ALICE. See All-Purpose Lightweight Individual Carrying Equipment

All-Purpose Lightweight Individual Carrying Equipment

description, 310

energy cost of marching with, 189

gender differences in carrying, 317

introduction of, 310

Altitude issues

altimeters, 237

antioxidant vitamin and mineral requirements, 163

breath pentane sampled at several time periods during field training at moderate altitude (figure), 164

data collection procedures in the 1988 USARIEM field study at the Marine Mountain Warfare Training Center, Pickle Meadows, CA (figure), 162

data collection techniques for the 1990 USARIEM study of carbohydrate supplementation at altitude (figure), 161

effects of altitude illness on appetite, 161

high carbohydrate diet, 162

hypoxia effects on thirst and water intake, 192

nutritional requirements, 161–163

sweating, 192

water delivery, 192

water requirements, 191–192

Aly, R., effects of skin occlusion, 246

Ambien. See Zolpidem

AMEDD. See US Army Medical Department

American Society of Heating, Refrigerating, and Air-Conditioning Engineers

new effective temperature calculation, 226

thermal models, 225–226

Amphetamines. See Stimulants; specific drugs

ANAM. See Automated Neuropsychological Assessment Metric

Antianxiety agents. See Sedative-hypnotics and antianxiety agents; specific drugs

Antihistamines. See also specific drugs

sedative effects, 100

uses for, 100

Antioxidant vitamins and minerals

breath pentane sampled at several time periods during field training at moderate altitude (figure), 164

dangers of oversupplementing with, 164

effects on immune function, 163–164

work at altitude and, 163

Antiperspirants, foot blisters and, 321, 326

ARDEC. See Armament, Research, Development, and Engineering Center

Arden, G.B., laser-induced injury studies, 152

Armament, Research, Development, and Engineering Center, collaboration with the US Army Medical Research and Materiel Command and the US Department of Transportation, and the National Institute of Justice, 281–282

Armodafinil, operational use of, 101, 102

Army Health Hazard Assessment program, tank operator and crew survivability, 11

Army Knowledge Online, exhibit describing, 248

ASHRAE. See American Society of Heating, Refrigerating, and Air-Conditioning Engineers

ASHRAE Handbook, 226

ATBM. See Advanced Total Body Model

Athletic injuries. See Sports and athletic injuries

Atmospheric pressure

description, 215

measurement of, 237

Atopic dermatitis

chronic eczema with a numular (coin-shaped) eruption on hands with itching and burning (figure), 258

description, presentation, and treatment, 258

Attention-deficit hyperactivity disorder, pharmacological treatment, 101, 102, 103

Automated Neuropsychological Assessment Metric

description, 26

development of for further use, 27

figure depicting, 26

review of, 28

Aviation, Space, and Environmental Medicine, article on the use of drugs during a combat mission, 95

AVS. See Aidman Vision Screener
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Babkoff, H., methylphenidate and pemoline studies, 103–104

Backpacks

energy cost of carrying, 311

foot blisters and, 319

load placement issues, 313–314

low back injuries and, 311

pack frames and hip belts and, 312–313, 325

strap adjustments and, 314

Ballistic and Laser Protective Spectacles, description, 133

Bandura, Albert, social learning theory, 370

Barbiturates. See Sedative-hypnotics and antianxiety agents; specific drugs

duration of action, 96–97

literature review on the effects of barbiturates on combat performance, 97

Bass, David, cold exposure and nutrition requirements, 160

Batejat, D., effects of modafinil on performance, 105

Bean, W.B., MD, role of nutrition in World War II, 158

Beatrice, Col. Edwin S., laser safety studies, 130, 132–133

Belenky, G., hangover effects of benzodiazepines, 99–100

Belkin, Lt. Col. (Dr.) Michael, laser research, 132

Bell, C.R., Oxford index and, 45

Benson, P., overview of cold weather dermatology issues, 261

Benzodiazepines

adverse effects, 97, 99

antianxiety properties, 96, 97

compared with buspirone, 97

compared with melatonin, 100

hangover effects, 99–100

mechanism of action, 96, 97

memory impairment and, 98

military duty and, 98–99

operational scenarios and, 97–98

risks and benefits of use, 99–100

sleep-rest cycle and, 98

uses for, 97, 99

Biomedical models. See Physiological models

Black globe thermometers, description and uses, 233–234

Blast injuries. See also INJURY software; specific body systems

animals, physical surrogates, and mathematical models (figure), 271

blast-effect categories, 268

blast injury taxonomy, 269

Blast Test Device, 277–278, 279

Bowen curves and, 269, 276

classes of, 268

complication of exposure to nuclear explosions, 282

computational fluid dynamics, 278, 291

example of blast injury data retrieved and displayed using IISYS software (figure), 282

finite element modeling, 272, 275, 283–285, 288, 292

first-generation injury modeling, 272–278

fourth-generation injury modeling, 288–293

human volunteer study, 280–281

improvised explosive devices and, 268

integrated finite element model of the head, neck, thorax, and abdominal regions (figure), 288

Lobdell model and, 279, 284, 285

mach stem and triple point (figure), 276

mechanism of injury, 272

Military Operational Medicine Research Program and, 271–293

Military Standard 1474 and, 269, 279, 281

modified Lobdell model (figure), 279

occupational limits of blast exposure, 269, 271, 281

overview, 268–272

pattern of injury, 272–273

Physical and Cognitive Performance Modeling Project and, 288

post-World War II research, 269

probabilistic prediction of lung injury (figure), 280

problems addressed, 271–272

research objectives, 269

schematic diagram of circulatory and respiratory systems in the Dynamic Physiology Model (figure), 289

schematic diagram of mechanical response model for binding structures in neurological cells (figure), 293

second-generation injury modeling, 278–283

taxonomy of blast injury (table), 270

third-generation injury modeling, 283–288

torso loading issues, 276–277

traumatic brain injury, 288–293

ventilation response to acute carbon monoxide exposure (figure), 287

volunteers being exposed to simulated mortar blasts (figure), 281

Z-line and, 271, 275, 279–281

Blast Test Device

description, 277

effects of blasts in enclosures and, 277–278

figure depicting, 277

full coupling to INJURY software, 279

Blast Test Site, Kirtland Air Force Base, blast injury research and, 269, 272, 280–281, 283

BLPS. See Ballistic and Laser Protective Spectacles

Bluestein, M., windchill index and, 47

Body armor

blast effects and, 284–285, 287–288

influence on performance, 325

Interceptor Multipurpose Body Armor System with removable collar, throat protector, and groin protector (figure), 315

load carriage issues, 315

Body composition

body fat prediction algorithms in the 1990s for women in the services (figure), 17

body-fat standards, 17–18

energy requirements and, 170

height and weight studies, 7

load carriage and, 308–309, 316

Boer Wars, load carriage issues, 308

Borbély, A.A., sleep regulation model, 80

Botsford, J.H., equations for wet bulb globe temperature, 45

Brain injuries. See Traumatic brain injury

Breckenridge, J.R., solar load research, 210, 211

BTD. See Blast Test Device

Burton, A.C., clothing insulation requirements, 49

Buspirone

compared with benzodiazepines, 97

compared with zolpidem, 97

mechanism of action, 100

uses for, 100–101

Byrd Amendment

sanctioned use of drugs in the military and, 115, 117–119

special provisions for the military use of drugs (exhibit), 118–119

C

Caffeine

beneficial effects on performance, 110

caffeine-containing gum has been developed and tested in a series of studies and is currently in the DoD supply system (figure), 111

caffeine content of selected beverages and foods (table), 109

effects on mood, 110

effects on performance, 106, 107


gum containing, 111–112

the latest version of the ambulatory vigilance monitor with all sensors, output devices, and push buttons identified (figure), 114

levels contained in foods, 110

mechanism of action, 101, 109, 110

military coffee use through the eras (exhibit), 115–117

Navy SEAL trainees during marksmanship testing in a caffeine study (figure), 111

Navy SEAL trainees in boats attempt to cross the surf line during Hell Week (figure), 111

operational uses, 109–112

potential applications of, 114–115

sentry duty performance assessed using the Weaponeer M16 rifle marksmanship simulator (figure), 110

U-2 reconnaissance aircraft in flight (figure), 112

vigilance effects, 114–115

withdrawal issues, 114

Caldwell, J.A., effects of modafinil, 105

Caldwell, J.L.

amphetamine studies, 102, 103

benzodiazepine use studies, 98–99

Canizares, O., climate effect on insect numbers, 246

Carbohydrates

altitude and, 162

data collection techniques for the 1990 USARIEM study of carbohydrate supplementation at altitude (figure), 161

effect of carbohydrates on performance (figure), 172

effect of several levels of long-term (14-day) carbohydrate intake on the performance of intermittent cycle ergometer work (figure), 168

effect of short-term carbohydrate intakes on the performance of intermittent work (figure), 168

ERGO carbohydrate beverage, 112–114

operational uses, 112–113

range recommended for optimal glycogen repletion and physical performance, 165

role in aerobic endurance performance, 165, 167–169

typical carbohydrate intakes during military field training exercises (figure), 169

Carpenter, Dr. Kenneth J., nutritional observations, 158

Carts, load carriage issues, 315–316, 325–326

Case studies, laser-induced retinal injuries, 140–148, 149, 150, 152

Cathcart, E.P., load carriage and, 304

Central nervous system injuries. See Traumatic brain injury

CFD. See Computational fluid dynamics

Cheeseman, J., sun protective headgear, 249

Circadian system, definition, 74

CIVD. See Cold-induced vasodilation

Civil War

blast injuries, 268

height and weight studies, 7

load carriage issues, 308

malnourishment contributed to the misery of Civil War soldiers (figure), 158

physiological models, 6–9

research teams were sent to Union camps to collect physiological data from a large sample of men (figure), 6

Clark, J.A., sweat rate research, 213

Clothing. See Personal equipment; Protective clothing and equipment

Cluydts, R., benzodiazepines in operational scenarios, 97–98

Coben, P., skin diseases during the Vietnam War, 259–260

Cold environments. See also Cold exposure; Cold strain models; Thermal environment evaluation; Thermal injuries

effects of clothing and footwear, 246–247

effects on the skin, 246–247

skin cleansing guidelines, 243

skin disease during deployment, 261

skin protection, 248

Cold exposure. See also Cold environments; Cold strain models; Heat exposure; Thermal environment evaluation; Thermal injuries

clothing insulation and, 49

cold-induced diuresis and, 190

cold strain models, 51, 53–55, 71

effects on individual and unit operational capabilities, 51

female soldiers and, 161

frostbite and, 47–49, 54

Generation III Extended Cold Weather Clothing System (exhibit), 191, 215

hypothermia and, 49

increase in total energy expenditure and, 160

indices for, 47–49

metabolic rate increase and, 160

nutrition issues, 159–161

provision of hot drinks and, 191

respiratory water loss and, 190

Six-Cylinder Thermoregulatory Model and, 51

tyrosine studies, 109

vitamin and mineral requirements and, 160

water delivery issues, 191

water requirements, 190–191

windchill index and windchill temperature and, 47–49, 54

Cold-induced vasodilation, description, 54

Cold strain models

assumptions and, 55, 57–60

cold digit compartment models, 54

cold-induced vasodilation, 54

compartment models, 51, 53, 59

dry or terrestrial cold exposure, 55

extremity/digital models, 53

finger-cooling model, 71

high-altitude and, 55

peripheral hypothermia models, 54

uses for, 51

validation of, 60–63

whole-body models, 53, 54

Combat Motivation: The Behavior of Soldiers in Battle (Kellett), 158

Committee on Military Nutrition Research, caffeine recommendations, 111

Compartment models

assumptions concerning, 59

cold strain models and, 51, 53

typical structure of, 59

Computational biology

applications of models, 28–29

criterion measures and militarily relevant endpoints, 16–17

description, 3

fatigue and performance models, 16–17

models for, 16

nomograms and, 9

Computational fluid dynamics, blast injuries and, 278, 291

Conant, R.T., weather forecast studies, 61

Conductance, description, 207

Confocal scanning laser ophthalmoscopy

comparison of range of confocal slice between the Rhesus monkey and the garter snake (figure), 137

contrast sensitivity measured using the CSLO technique (figure), 145

contrast sensitivity measured using the CSLO technique showed a long-term OD deficit in sensitivity for high-spatial frequency visual stimuli (figure), 145

contrast sensitivity test for the preferred retinal location for resolving fine-resolution targets (figure), 147


CSLO image of OD paramacular hole taken after stabilization surgery at 18 months postexposure (figure), 143

description, 137

fixation eye movements recorded at 4 years postexposure for fine-resolution targets (figure), 147

full-hole thickness fundus photograph of the macular hole at 3 months postexposure (figure), 144

fundus photograph (figure), 146

image shows the shift in preferred retinal location for placing fine-resolution targets (figure), 148

imaging of visual function test target placement on a patient’s retina during measurement of contrast sensitivity (figure), 140

large exit port of the designator makes it possible for bilateral exposure at ocular distances of a few centimeters (figure), 148

laser-induced retinal injuries and, 137, 140, 141, 143, 145, 146, 148, 149

macula hole diameter is reduced in size at about 12 months postexposure (figure), 145

Convection

boundary layer and, 208

calculating, 207–208

clothing issues, 208–209

description, 207

pendulum effect and, 208

practical significance of, 207

windchill index and, 208–209

Corbett, D., overview of cold weather dermatology issues, 261

Crimean War, load carriage issues, 304

Croft, A.M., skin disease during deployment in Bosnia, 261

CSLO. See Confocal scanning laser ophthalmoscopy

Curcio, C.A., laser-induced retinal injury research, 138, 147

D

Dalen, A., load carriage injuries and, 324

Danielsson, U., frostbite studies, 48

Darier’s disease, description and treatment, 259

Data mining

common reasons for not sharing data (table), 20

data enclaves and, 22

global grid approach, 23–24

information analysis centers and, 22

information technology solutions for managing data, 23–24

preserving and distributing data sets, 20–22

protection against sharing of sensitive or proprietary information, 22

sociological barriers to data sharing, 19–20

DCGS. See Distributed Common Ground System—Army

De Haven, Hugh, injury epidemiology and, 356

DeBakey, M.E., windchill data research, 223

Defense Technical Information Center, data archiving and, 22

Defense Women’s Health Research Program, description, 23

Dehydration

cardiovascular system effects, 186

cold environments and, 191

description, 185

effects on physical performance, 186–187

heat tolerance and, 187

symptoms, 185

thermoregulatory effects, 185–186

Desert environments. See also Heat exposure; Tropical environments

skin care in desert operations (exhibit), 252

skin disease during deployments, 260–261

skin protection, 247–248

Dexedrine. See Dextroamphetamine

Dextroamphetamine

compared with methamphetamine, 101

compared with modafinil, 105

effects as a fatigue countermeasure, 103

effects on subsequent sleep, 102

go/no-go use during aviation mission, 95

half-life, 102

medical applications, 102

side effects, 102

use during the Vietnam War, 94

Diazepam, compared with buspirone, 101

DiClemente, C.C., stage models and, 371

Diffey, B.L., sun protective headgear, 249

Dill, D.B., blood gas analysis, 9

Dinges, D.F., Psychomotor Vigilance Task development, 78

Discoid lupus erythematosus

description, 258–259

treatment, 259

Dissecting cellulitis, description, 253

Distributed Common Ground System—Army

description, 50–51

heat strain models and, 51

Double packs

foot blisters and, 319

low back injuries and, 324

a Marine with a double pack at a forward operating base (figure), 314

strap adjustments and, 314

usefulness in military operations, 311

DPM. See Dynamic Physiological Model

Drugs. See Performance-maintaining and performance-enhancing drugs and food components; specific drugs and classes of drugs

DTIC. See Defense Technical Information Center

DuoDERM dressings, foot blisters and, 322

Dynamic Physiological Model

blast injuries and, 287, 288, 292, 293

schematic diagram of circulatory and respiratory systems (figure), 289

E

Eardrum rupture. See Tympanic membrane

Edholm, O.G., clothing insulation requirements, 49

Effective temperature

description, 44

nomogram for corrected effective temperature for light, indoor clothing (figure), 44

Eichna, L.W., dehydration studies, 182, 186

Eissing, G., Oxford index and, 45

Electronic data acquisition systems

description, 223–224

limitations of, 224–225

wet bulb globe temperature sensors and, 224, 225

Elliott, L., effects of secobarbital on combat performance, 97

ELTEP. See Emerging Laser Threat Eye Protection program

Emerging Laser Threat Eye Protection program, description, 133

EMS. See Eosinophilia-myalgia syndrome

English, J.C., skin disease during operations in Panama, 260

Environmental Medicine Genome Bank, description, 22

Eosinophilia-myalgia syndrome, tryptophan and, 108

Ephedra

adverse effects, 104

safety concerns regarding, 101–102

Ephedrine

adverse effects, 104

safety concerns regarding, 101–102

Epidemiological triangle

agents, 355

environmental factors, 355

epidemiological triangle: a traditional epidemiological host-environment-agent model (figure), 354


host factors, 354–355

vehicles, vectors, and equipment, 355

Equivalent temperatures, description, 43

ERGO carbohydrate beverage

composition of, 113

mean differences from baseline in auditory vigilance reaction times over the 10 hours of the ERGO drink study (figure), 114

photo and description (figure), 113

studies regarding benefits of, 112–113

US Army Ranger ingesting the ERGO drink (figure), 114

US Army Rangers marching during an ERGO drink study (figure), 113

ET. See Effective temperature

Ethical considerations

sanctioned use of drugs in the military, 115–119

studies of human performance limits, 11–12

Eye injuries. See Laser-induced retinal injuries

F

Falkland Islands War

load carriage issues, 304

temazepam use report, 99

Fano-Schultz, J., skin disease during operations in Panama, 260

Fatigue. See also Harvard Fatigue Laboratory

criterion measures, 16–17

definition, 74

Psychomotor Vigilance Test, 17

Feet. See also Foot blisters

carriage of loads on, 314

stress fractures, 323–324

FEM. See Finite element modeling

Fenfluramine, adverse effects, 104

Finite element modeling, blast injuries and, 272, 275, 283–285, 288, 292

First-generation blast injury modeling

Blast Test Device, 277

blasts in enclosures, 277–278

computational fluid dynamics, 278

exploratory injury models, 273

gastrointestinal injury modeling, 274

INJURY software versions 1.0

to 4.3, 275–276

lung injury, 274–275

observed blast injuries, 272–273

organ systems considered in, 272

simple, free-field blast waves, 276–277

tracheal-laryngeal injury modeling, 273

tympanic membrane injury modeling, 273

Flumazenil, operational use, 99–100

Flurazepam

effects on sleepiness, performance, and mood, 98

half-life, 98

FM 100 Hue test

description, 139

laser-induced retinal injuries and, 139, 142, 144, 149

metrics for a human subject with normal color discrimination function (figure), 139

scores for the affected eye (OD) show a shift from a large fundamental indicating a large average error (figure), 142

scores show no trends in total error scores (figure), 144

Food constituents

association between nutrition and behavior, 107

blood–brain barrier and, 107–108

caffeine, 101, 106, 107, 109–112, 114–115

carbohydrate foods, 112–113

pressure suit worn by U-2 pilots prevents consumption of ordinary food (figure), 112

tryptophan, 108

tyrosine, 108–109

Foot blisters. See also Feet

antiperspirants and, 321, 326

causes, 318

complications from, 318

drainage of, 322

friction blister on the feet (figure), 321

friction blisters showing suggested puncture sites to drain the blister (figure), 322

“hot spots” and, 321

other ways of protecting blisters (figure), 323

risk factors, 318–319

skin coverings to prevent, 321–322

sock types and, 321, 326

Spenco insoles and, 319, 326

sudden increases in march intensity and, 319, 321

treatment for, 322

treatment for smaller blisters (figure), 322

Fort Knox Armored Medical Research Laboratory

health hazards in tanks, 10–11

protective clothing studies, 11

Fortney, S.M., dehydration studies, 185

Fourth-generation blast injury modeling

biomechanical and physiological response models, 293

blast traumatic brain injury mechanisms, 290–293

central nervous system injury, 288–290

performance endpoints, 288

Freund, Col. Beau, Warfighter Physiological Status Monitor and, 26

Friedl, Col. Karl

effects of reduction in body weight caused by reduced food intake on muscle strength and aerobic capacity, 169

identification of materials of value at the Blast Test Site, 283

vitamins’ role in physical performance, 165

Frisch, G., laser-induced injury studies, 143

Frostbite

clothing insulation and, 49

cold digit compartment models and, 54

equation for predicting time to frostbite for exposed faces, 47

psychological effects, 54

skin surface temperature and, 48

windchill index and, 48

G

Gagge, A.P.

humidity measurement, 236–237

initial capability decision aid and, 51

Oxford index and, 45

thermal models, 225–226

Gastrointestinal system

blast injury modeling, 274

gastrointestinal injury resulting from blast (figure), 274

integrated finite element model of the head, neck, thorax, and abdominal regions (figure), 288

liver injury resulting from blast (figure), 273

observed blast injury: GI (figure), 273

Gender factors. See also Women

load carriage, 317

sex differences in energy requirements (exhibit), 170–171

skin disease, 246

summary of energy expenditure studies using doubly labeled water measurements and involving men and women in militarily relevant environments (table), 171

Generation III Extended Cold Weather Clothing System

cold exposure and, 191

description, 215

snow and, 215

GI system. See Gastrointestinal system
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energy cost of load carriage, 317–318

predicted four-hour sweat rate and, 46

Gleeson, M., effects of antioxidant supplementation on immune function, 163–164

Goldman, R.F.

energy cost of load carriage, 317–318

frostbite studies, 48

Gordon, John, injury epidemiology and, 356

Gould, Dr. Benjamin Apthorp, height and weight studies, 7

Greenleaf, J.E., water intake and sweating studies, 190

Grenada mission, load carriage issues, 304, 305

H

Habek, D., skin disease during deployment in Bosnia, 261

Haddon, William, Jr.

Haddon matrix for injury control, 357, 358–361

injury epidemiology and, 356

10 strategies for injury control, 357–358, 361–368

Haddon matrix for injury control

column components, 359–360

description, 358

Haddon matrix illustrated with examples of the Army Safety Center and other Army proponent responsibilities (figure), 358

Haddon matrix of interventions to reduce wartime motor-vehicle crashes (table), 360

proposed third axis for, 360–361

uses for, 358–359

Haddon’s 10 strategies for control of hazards of all types
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amphetamine use research, 10
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Health Hazard Assessment Program, blast injury and, 280

Health Insurance Portability and Accountability Act, data sharing and, 22

Health locus of control, description and uses, 370
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Integrated Weather Effects Decision Aid and, 51, 58
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predicted casualty rate and, 60

SCENARIO, 51, 56–57, 63
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Defense Women’s Health Research Program and, 23
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HHA. See Health Hazard Assessment Program
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HIPAA. See Health Insurance Portability and Accountability Act

Historical background
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nomograms and slide rules are graphical analog computational devices that were common tools before the advent of electronic computers (figure), 8

Operation Overlord (exhibit), 220–221

performance-maintaining and performance-enhancing drugs and food components, 94–95
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whole-body loading and, 278–279

Institute of Medicine

Committee on Military Nutrition, environmental stress and nutrient requirements, 159

dietary reference intakes for water, 182

Instruments and methods for measuring parameters of the thermal environment

air temperature, 231

altimeters, 237

barometers, 237
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Injury Severity Score and, 347

STANAG codes and, 344

Iphicrates of Ancient Greece, load carriage and, 307–308

Iraq. See Operation Iraqi Freedom

IREQ. See Required clothing insulation index

ISS. See Injury Severity Score

Issekutz, B.J., Jr., short-term nutritional deficiencies, 159

ITBM. See Interim Total Body Model

Ivy, A.C., stimulant studies, 106

IWEDA. See Integrated Weather Effects Decision Aid

J

Jaycor, Inc. See also INJURY software

blast injury mathematical model development, 272
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Laser-induced retinal injuries. See also Laser eye exposure

Aidman Vision Screener, 134, 139, 152

assessing in vivo retinal morphology, 137–138

assessing visual function, 138–139

Ballistic and Laser Protective Spectacles and, 133

case studies, 135, 140–148, 149, 152
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collaboration with the National Highway Traffic Safety Administration, 282

key physiology models (table), 4–5

primary products, 3

program description, 268

Military Operations on Urban Terrain, need to train on weapons fired from buildings and, 277

Military Standard 1474, blast injuries and, 269, 279, 281

Miller, C.W., nutrient composition of rations in World War I, 159

Minnesota Starvation Study

data sharing and, 20

description, 10, 169

figure depicting, 21

Modafinil

compared with dextroamphetamine, 105

mechanism of action, 104

operational use of, 101, 102, 105, 106, 107

side effects, 104–105

Modeling of the Non-Auditory Response to Blast Overpressure: Characterization and Modeling of Thoraco-Abdominal Response to Blast Waves, 274

Modular Lightweight Load-Carrying Equipment packs

description, 310–311, 326

gender differences in carrying, 317

soldier wearing the Modular Lightweight Load-Carrying Equipment pack (figure), 313

MOLLE packs. See Modular Lightweight Load-Carrying Equipment packs

MOMRP. See Military Operational Medicine Research Program Montain, S.J., dehydration studies, 185

Moran, D.S.

dry or terrestrial cold exposure model, 55

initial capability decision aid and, 51

solar load research, 212

Moskowitz, H., buspirone and diazepam study, 101

Motorized vehicles

load carriage issues, 316

the Military Gator (figure), 316

Polaris Sportsman Military Vehicle, 316, 317
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Top graphic: US Army Medical Research and Development Command, 1979–1994. Shoulder patch shows an upright sword surrounded by flames and the serpent from the medical caduceus.

Bottom graphic: US Army Medical Research and Materiel Command, 1994–present. When the command was renamed, a new emblem was created with the caduceus and the words “protect, project, sustain.”



OEBPS/Images/image00657.jpeg
=

Traction

B





OEBPS/Images/image00778.jpeg
llon/Body Mass (L/min‘kg)

54-3-2-1012345 6780910111213 1415
Time (min)

®  ExperimentalData = Lower Range
— Upper Range mmmm Dynamic Physiology Model





OEBPS/Images/image00658.jpeg
Dynamic

401 Stationary

Sensitivity (OS/OD)

Maximum Difference
N
8

o+

101 192 297 402 699 11.01
Spatial Frequency (cycles/degree)





OEBPS/Images/image00779.jpeg





OEBPS/Images/image00655.jpeg





OEBPS/Images/image00776.jpeg
105 —9—
1
EJiE

K-5h |
Ne






OEBPS/Images/image00656.jpeg
st Purkinje

i

4th Purkinje






OEBPS/Images/image00777.jpeg
INJURY 8.2 %
obNene [

Input Files

Paramelers

Specer
By Moss Kl
Nubes o shts
A Prosue kos)
St T o)
StopTie )

s
oz
(T

-

[T —






OEBPS/Images/image00661.jpeg
SQRT Errors

Wt BevE BRGE

Froquancy Component

PR LG5





OEBPS/Images/image00659.jpeg
* With Fixation Restriction b Without Fixation Restriction

8
2
<

Frequency Component Frequency Component





OEBPS/Images/image00780.jpeg
Extermal Temp

‘Thermal Control

Body
Clothing
Wind Velocity Tomp
Heat Conservation
Extemal
Blood
02 COp Chemist
Alitude Activity bt

02, CO, Conservation

4

Stroke Vol
Heart Rate

Blood Flow
Distribution

Cardiac Control

Arterial
Resistanc

Circulation
Aterial
Resistance Control

Frequency Air Flow

Dive Distibution

Breathing Control

Ventilation






OEBPS/Images/image00660.jpeg





OEBPS/Images/image00781.jpeg
Probability of Lethality

1.0

09 || — Logistic regression for lethality
95% confidence bands
08 ®  BOP data with 10 sample bin size

1.000





OEBPS/Images/image00782.jpeg





OEBPS/Images/image00664.jpeg
0.06

--0s
0.05 -=0D
0.04
0.03

0.02

0.01

04
01 1 10 100
Spatial Frequency (cycles/degree)





OEBPS/Images/image00785.jpeg





OEBPS/Images/image00665.jpeg
AT o





OEBPS/Images/image00786.jpeg





OEBPS/Images/image00662.jpeg





OEBPS/Images/image00783.jpeg
Presynaptic
Cadherin
Postsynaptic

=

Catenins.

FeActins





OEBPS/Images/image00663.jpeg





OEBPS/Images/image00784.jpeg
Estm ated Load Mass (kg)

Gmex
Hopls

W ngaes

i,

Marnes
Srsn Bricisn Koma U
Crmean OB Veman
Roman 2ngn w1
Legibns axon Napoleonic
3 Fmemen i)
Byzanme Englen

nanzy Pienen Us
cyi
ﬂ e

oEF






OEBPS/Images/image00646.jpeg





OEBPS/Images/image00767.jpeg





OEBPS/Images/image00647.jpeg





OEBPS/Images/image00768.jpeg





OEBPS/Images/image00644.jpeg
13- 111

o]






OEBPS/Images/image00765.jpeg
weeq
1opPEICIED
seaioueq
faupiy

-n usaids.

- san

Enclosures

® 1
e s um

le | ® ayoe1l

mThreshold mSevere

= & xukiey
8






OEBPS/Images/image00645.jpeg
Outer rapper

'NERVE AGENT PYRIDOSTIGMINE PRETREATNENT
‘TABLET SET

(NAPP)
£, COMMENCE TAKING ONLY WHEN ORDERED BY YOUR CONMANDER.

2 TAKE 1 TABLET EVERY 8 HOURS AS DIRECTED.
9.1715 DANGEROUS TO EXCEED THE STATED DOBE

30MG PYRIDOSTIGNINE BROVIDE K 21 TABLETS.

Bister pack






OEBPS/Images/image00766.jpeg





OEBPS/Images/image00650.jpeg
ZVSKR coo0ooC

VOZDKR - 00CD00D0

CNDVOZHS = 00CO0DCO0ODQ 3

DVKRS KRCNV 00C0O0 000OOCZ

ZHRKR CNDVoO 0co00c 0c000

SDKHN ORCND 9c00c 060000
NDVOK HRZRO 90000 c000c

¥

NYRary

ANTRIOS

ke i ot g et e |
e L o
el

Foveal Grd Besuic

Visul Acsity Nl e Dt et
i et g e E T ST
TS | e | | e

T e e e R






OEBPS/Images/image00771.jpeg
Charge of Weight, W

Incident Wave ey o

Triple.

Ground Reflection Point

Rang






OEBPS/Images/image00651.jpeg
ESER

Just the Sacts... usesana ther s on e taman e

» Eye Biology

[ ]

» 1 to 100,000
Magnification

==

Frovertyo the Eve

» Laser Damage

Laser Damage
o the Retna of the Ese

Purpose.
Ta pravide information and facts on the anatomy of the eye as it relates to
Inser eye exposure and the potenial for haser eye injury.

Laser Effects on Visual
Performance.

Figure | shows a soldier being exposed to
2 laser beam. Lasers may interfere with
vision either temporarily or permanently
in one or both eyes. At low-power levels,
Insers may produce a temparary reduction
in visual performance in critical milirary
tasks. such as aiming weapons. driving a
vehicle, or flying an aircraft. At high-
power levels, greatly exceeding exposre
limits, they may produce serious long-
term visual loss or permanent blindness.

Figure |

Anatomy of the Eye.

Figure 2is a simple schematic of

ihe eye. The following parts of the

eye are important with regard to

laser effects:

+ The Cornen. a transparent
front part of the eye,

transmits most laser Vitreous
wavelengths except for far- Humor
ultraviolet and far-infrared

rdiation.

* The lris. a pigmented
digphragm with an aperture
(pupil) in its center, controls
the amount of light entering the eye. During low-light conditions, such
as in a dark roon, visible and near-infrared lasers are skightly more
dangerous since the pupil is larger than it would be in high-illumination
conditions, such as in daylight.

* The Lens, a transparent structure located behind the pupil, which
focuses light on the retina, allows visible and ncar-infrared cnergy to
pass through while absorbing near-ultreviolet radiation.

Figure2

LisesOptial Rdinion Pogen.
118 Army Cenrlortiels Prmoton i Frevenive Medicite
ATTN: MCHBTS.0L0, 158 B bckbank Riod
‘Aderccn Poving Crotad, MD 210105403
SN 564 3952 orcovmerein (410)0 11932

EMAIL: lseramead amy mil INTERNET: htp/ichpper-waw pgeasrmy milfaseohser Sl





OEBPS/Images/image00648.jpeg





OEBPS/Images/image00769.jpeg





OEBPS/Images/image00649.jpeg
Foveal Grid Test

e e e sopasty o ot . eaing i g

Coveyourle Ml o
Foces on e ot e comer 6 B g,

SRR b e e oot ko by s
- ‘n:n;;.‘.:‘.‘..- e s s ek ey 3

B0 e S b T b s s
i kg o o .6y s f o S
B s e gl T vt i et SAC

terpreing the Rl

Moo Gtk Dk o o o bacee s i s e B o

S D Ry (0 e e whch - s b o
O A e B o






OEBPS/Images/image00770.jpeg
o

Fhuik






OEBPS/Images/image00653.jpeg





OEBPS/Images/image00774.jpeg
-2 -10
§=1.8772 In(

B No Injury: BOP data
— No Injury: Correlation

B Moderate Injury: BOP data
— Moderate Infury: Comrelatios

Woum) + 07752 In(NS)

B Trace Injury: BOP data
— Trace Injury: Correlation

W Severe Injury: BOP data
m  — Trace Injury: Correlation





OEBPS/Images/image00654.jpeg
a

b Congenital

Amplitude
Amplitude
Amplitude

Frequency Components Frequency Components Frequency Components





OEBPS/Images/image00775.jpeg





OEBPS/Images/image00772.jpeg





OEBPS/Images/image00652.jpeg





OEBPS/Images/image00773.jpeg
blast Loading
o Pt

=]
K12 Ko
W W
53
s
G
n i
M g e e
AetAr=Ay

Blast Loading
Ry





OEBPS/Images/image00679.jpeg
Pentane, nmolA.

18

>
i

S
L

i
h

°
&

°
3
L

°
=
n

°
0
h

| Il Pracebo

[ Antioxidant

Day 0 Day 6

Day 14





OEBPS/Images/image00800.jpeg





OEBPS/Images/image00680.jpeg





OEBPS/Images/image00801.jpeg
Injury

Signs and Symptoms

Prevention

Treatment

Foot blisters

Metatarsalgia

Stress fractures

Knee pain

Low-back pain

Rucksack palsy

Meralgia paresthetica

Elevated area, lighter
in color than surround-
ing skin, and filled with
fluid; pain, burning,
warmth, and erythema

Pain, swelling on sole of
foot

Persistent, bony pain;
well-circumscribed
palpable area of bony
tenderness

Pain, swelling, crepitus,
and instability

Pain, muscle spasm, and
neuralogical symptoms.

Upper extremity numb-
ness, paralysis, and
cramping; scapular
winging

Pain, paresthesia, and
weakness in the antero-
lateral thigh

Use acrylic, nylon, or poly
ester inner sock; use thick,
snug, dense-weave outer
sock with inner sock

Use Spenco* insoles

. Utilize antiperspirants

4. Make sure thatload distribu-
tion is more evenly around
the body center of mass
Reduce load mass
Precondition feet through
physical training and road
‘march practice

Improve aerobic fitness
Cease smoking/tobacco use
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Easy Work Moderate Work Hard Work
* Weapon maintenance + Walkinginloosesand ~ + Walkingonhard surface
* Walking on hard surface at2.5 mph, no load at 3.5 mph, 240-Ib load
at 2.5 mph, <30-Ib load + Walkingonhardsurface  + Walking inloose sand
* Manual of arms at 3.5 mph, <40-Ib load at 2.5 mph with load
* Marksmanship training « Calisthenics « Field assaults
« Drill and ceremony + Patrolling

+ Individual movement
techniques (ie, low
crawl, high crawl)

+ Defensive position
construction
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MobileHeatStress
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(hhmm) | FE | Local Time (hhmm) | eS|
Clear v|| [Weather Clear ¥
Cam  v]Humicity [Normal ~]| |wind Cam  v]Humicity [Normal ]
Temperature degF ~|| [Temperature [100 degF v
Workrate t ~|| [workrate |Light v|
Clothing Clothing BDU v|
COMPUTE [COMPUTE]| -

Prob of heat stress injury = 56%
Work{rest cycle = O minutes
Max work time = 85 minutes
(Canteens water (per hour) = 1.2
WBGT (Deg Fahrenheit) = 101

< =[5

READY TO COMPUTE...
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Effective 11/01/01
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Tool Kit" to Understand Warfighter Physiology

CURRENT

SENSORS/MEASUREMENTS
(@) Headband EEG and Oximetry*
@) Acoustic*
(Voice Stress and Content Analysis)
@ Dead Reckoning Module
(3-Axis Accelerometer, GPS,
Magnetometer, Altimeter)
@ EKG, EMG, and Thoracic
Impedance Cardography /1
osow Core and Skin Temperature

(@ Near-nfrared (or Other) Technology*
Tissue pH, Glucose, and Lactate

@ Wiist-Worn Actigraph
(© Boot-to-Boot Impedance*
© Foot Contact (WeightLocation)
) wireless Inter-Module Communication

FUTURE

PHYSIOLOGICAL
CONSEQUENCES OF CONCERN
Hypothermia
Hyperthermia
i Predict
Hypoxia Significant
Metabolic Fatigue R bt
Vigiance Lapses Degradation
Dehydration and
Impending
Psychological Stress Casualty
¥ Inadequate Restorative Sleep

Desynchronization of
Circadian Functions

Jolt Blast, and Repeated
Impact Exposure

Specifcation for Minimal Sensor Set
* Concept to Predict Warfighter Physiology
SENSOR DATA DATA FUSION PREDICTED
Headband EEG and Oximetry

EKG, EMG, and
Thoracic Impedance
Cardiography

Wrist-worn Actigraph

Boot-to-Boot Impedance

Hydration
G g

Toxic Substance
Exposure

Predict
significant
Performance
Degradation
and
Impending
Casualty
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Adequate IntakeF (L/d)

Male Female
Life-Stage From From Total From From Total
Group Criterion Foods Beverages Water Foods Beverages Water
0-6mos  Average consumption of water from human milk 0.0 07 07 00 07 07
7-12mos  Average consumption of water from human milk 0. 06 08 02 06 08
and complementary foods
Lyr Median total water intake from NHANES ITT 04 09 13 04 09 13
+8yrs Median total water intake from NHANES Il 05 12 17 05 12 17
9-13yrs  Median total water intake from NHANES Il 06 18 24 05 16 21
14-18yrs  Median total water intake from NHANES Il 07 2. 33 05 18 23
~19 yrs Median total water intake from NHANES Il 07 30 7. 22 27
egnancy  Same as median intake for nonpregnant women 07 23 3.0

1450yrs  from NHANES III

Lactation  Same as median intake for nonlactating women 07 31 38
14-50yrs  from NHANES I
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1864 19 1946 1984 2000
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Behind body
armor effects
(BABTA)

Head impact and
concussion

(ANAM)

Physical training
enhancement
injury
(TOP 1.0)

Sleep and
performance
(SAFTE)

Altitude ascent
(ARMS)

TRL5—new model that
may eventually replace
National Institute of
Justice standard

TRL5—thresholds of injury
and reinjury risk have
notbeen well defined

TRL5—first version model
intesting

TRL5—early version
models in refinement

TRL5—first version model
in development

Lethality of torso impact

Neuropsychological
testing

Gender; training intensity,
frequency, and duration;
ground reaction forces

Sleep history; use of
stimulants; scheduling
of naps

Acclimatization status;
speed of ascent

Injury risk assessment
[Stahmiller, 2006*]

Neurocognitive impairments
[Bleiberg et al, 2004
Warden et al, 200

1

Physical performance/
physical injury
[Stuhmiller et al, 2006%7]

Cognitive performance
[Belenky et al, 2000%);
Hursh et al, 2004%]

Probability of AMS symptoms.
[Vann et al, 2005%]

Materiel developer

Medical personnel assessing.
return to duty and
rehabilitation

Military trainers

Military planners, Atmy

modeling, and simulation

Military planners, Atmy
modeling, and simulation
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System Hazard

TRL

Inputs

Prediction
[Key References]

Test System

Applications/Users

Blast overpressure
(INJURY 8.0)

Laser eye injury

Thermal strain
(SCENARIO,
HSDA)

Head-supported
equipment

Jolt / vibration

Inhaled toxic gases
(TGAS 2.0)

Radiofrequency
radiation

Impulse noise

TRL 8—model in use by
the Army

TRL 7—findings used in
ANSI standard

TRL 6—not yet generalized
for export

TRL 5—some key design
factors predicted

TRL 5—ANSI standard,
but limited data

TRL5—model predicts
serious risk

TRL5—models can predict
thermal risks

TRL5—models can predict
eardrum rupture, but
Army has inadequate
predictor of hearing
damage

Pressure tracing from
four sensors

Frequency, wavelength,
and dusation

Temperature, heart rate,
fluid intake, activity,
and clothing

Equipment mass and
center of mass

Vibration signatures
Metabolic deficits,

primarily oxygen
Qeliver

Decibel exposure

Risk Assessment Code
(based on lung injury)
[Stuhmiller et al, 1996%]

Retinal injury
[Ness et al, 2000%]

Water requirements; work,
rest cycle; and core body
temperature
[Kraning and Gonzalez,
1991°; Moran et al, 1998%]

Neck fatigue and injury risk
[Ashrafiuon et al, 1997%]

Fatigue [Cameron etal,
1998 Smith, 19957]

Performance/ escape
[Stuhmiller and Stuhmiller,
2001, 2005%; Januszkiewicz
etal, 199749]

Body heat deposition
[Adair and Berglund,
199209]

Risk of eardrum rupture and
permanent threshold shift
in hearing

[Chan et al, 2001%%;
Stuhmiller, 198949

Blast Test Device

Evaluation cards

Heat strain monitor
(includes model)

CHPPM; Army Research
Laboratory/Survivability
and Lethality Directorate

CHPPM; ANSI standard

HHA, conducted at
USARIEM

HHA, conducted at USAARL

HHA, conducted at USAARL

Survivability assessments,
conducted at WRATR

HHA, conducted by CHPPM

HHA, conducted by CHPPM
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GO TO THE NATIONAL WEATHER SERVICE UV INDEX WEB PAGE:
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PROTECT YOURSELF AT NIGHT
« Ensure your bed net is in good repair.
« Use your bed net when sleeping.

* Tuck net under sleeping pad or sleeping bag
so there are no openings.
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Category

Characteristics

Body Part Affected

Types of Injuries

Primary

Secondary

Tertiary

Quaternary

Collateral

Unique to high-order
explosives, results
from the envelop-
‘ment of the body in
the overpressuriza-
tion wave,

Body surface and
internal organs are
rapidly distorted
because the body
contains highly com-
‘pressible tissuies (air-
containing organs)
that undergo rapid
volume changes,

Tmpact on the body
from flying debris
and bomb fragments.

Whole-body accel-
eration caused by the
Dlast wind.

Uneven forces on the
body caused by the
blast winds.

All explosion-me-
diated injusies not
assodiated with pres-
sure or wind effects

High temperatures
Toxic gases.

Secondary conse-
quences of trauma.

‘Exacerbation or com-
‘plications of existing
conditions.

Gas-filled structures are
most susceptible because
they suffer the great-

est distortion—upper
airways, lungs, gastroin-
testinal tract, and middle
ear.

Internal distortions of
air-containing organs
cause distortion of
neighboring solid
organs—heart, liver,
spleen, and kidneys.

Differential loadings
within the body;, espe-
cially the vascular sys-
tem, can cause upset that
can be transmitted to
other parts of the body.

Any body part may be
affected,

Depends on the speed,
‘mass, and shape of the
impacting object.

Any body part may be
affected.

Depends on the surface
condition that the body
impacts.

Primarily head /neck
and extremities that can

be accelerated relative to
the torso.

Any body part may be
affected,

Body surfaces, eyes.

Respiratory system.

Systemic responses from
‘massive trauma,

Blast lung (pulmonary barotrauma).
Tympanic membrane rupture and middle ear damage.

Abdominal hemorrhage and perforation; globe (eye)
rupture,

Concussion (traumatic brain injury without physical
signs of head injury).

Laceration of the lives, spleen, and kidneys.
Contusion to the heart.
Distortion and rupture of the great vessels,

Air emboli introduced across the air-blood boundary of
the lung,

Surges in blood flow and pressure that may lead to tis-
sue injury in the brain.

Any injury associated with impact of high-speed objects.
These modes are not unique to blast; however, blast
provides a different way of propelling the objects.

Penetrating ballistic (fragmentation) ot blunt injuries.
Eye penetration (can be occult), skull fracture, etc.
Any injury associated with whole-body motion and

impact. These modes are not unique to blast; however,
blast provides a different way of accelerating the body.

Typical injuties that would occur in falls or car crashes,
Fractures, contusion, and closed- and open-head inju-
ties, etc

Traumatic amputation; muscle tears.

Burns (flash, partial, and full thickness)
Asphyxia.

Injury or incapacitation from inhaled toxic fire gases.

Not unique to blast,
Angina, hyperglycemia, and hypertension.

Asthma, chronic obstructive pulmonary disease, or other
‘breathing problems from dust, smoke, or toxic fumes.
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