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Preface 

This publication is the latest in a series of reports based on reviews of the 
scientific literature and workshops sponsored by the Standing Committee on 
Military Nutrition Research (CMNR) of the Food and Nutrition Board (FNB), 
the Institute of Medicine (IOM), and the National Academies. An ad hoc 
committee under the auspices of CMNR, the Committee on Metabolic 
Monitoring for Military Field Applications, was appointed to organize a 
workshop and prepare a report based on that workshop and a review of the 
relevant scientific literature. Other workshops or symposia conducted by CMNR 
have dealt with military weight management programs; caffeine for mental task 
performance; food components to enhance performance; nutritional needs in hot, 
cold, and high-altitude environments; nutrition and physical performance; 
cognitive testing methodology; fluid replacement and heat stress; and 
antioxidants and oxidative stress. These workshops form part of the response 
that the CMNR provides to the Commander of the U.S. Army Medical Research 
and Materiel Command regarding issues brought to the committee through the 
Military Operational Medicine Research Program at Fort Detrick, Maryland, and 
the U.S. Army Research Institute of Environmental Medicine at Natick, 
Massachusetts. 

HISTORY OF THE COMMITTEE 

The CMNR was established in October 1982 following a request by the As-
sistant Surgeon General of the Army that the Board on Military Supplies of the 
National Academy of Sciences set up a special committee to advise the U.S. 
Department of Defense (DOD) on the need for and conduct of nutrition research 
and related issues. This newly formed committee was transferred to the over-
sight of FNB in 1983. The committee�s primary tasks are to identify factors that 
may critically influence the physical and mental performance of combat military 
personnel under all environmental extremes, to identify knowledge gaps, to rec-
ommend research that would remedy these deficiencies, to identify approaches 
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for studying the relationship of diet to physical and mental performance, and to 
review and advise on military feeding standards. 

As a standing committee of IOM, the membership of CMNR changes peri-
odically, however the disciplines represented consistently have included human 
nutrition, nutritional biochemistry, performance physiology, food science, die-
tetics, psychology, and clinical medicine. For issues that require broader exper-
tise than exists within the committee, CMNR has convened workshops, utilized 
consultants, or appointed subcommittees and ad hoc committees with expertise 
in the desired area to provide additional state-of-the art scientific knowledge and 
informed opinion to aid in the deliberations. 

BACKGROUND 

The U.S. military�s concerns about the individual combat service member�s 
ability to avoid performance degradation and the need to maintain both mental 
and physical capabilities in highly stressful situations have led to an interest in 
developing methods by which commanders could monitor the status of the com-
bat service members in the field. This includes the ability to monitor physical 
and mental status of the combat service member, as well as monitoring his or 
her environment (e.g., ambient temperature, chemical exposure). This ability 
would allow commanders to determine when individuals needed to rest, eat, or 
consume fluids, or if their condition had deteriorated to the point that they 
needed to be replaced rather than risk combat injury.  

Similarly, in the civilian sector, the ability to monitor physiological and 
cognitive status would also be crucial for individuals in situations such as sus-
tained fire-fighting operations, chemical and other hazardous materials clean-up, 
industrial chemical plant work, and extended work shifts in emergency medi-
cine. Metabolic monitoring techniques would also be valuable in the practice of 
telemedicine, and would enable health care workers to predict when an individ-
ual might need special attention or transport to a medical facility.  

Technological advances in biological sensing of the past decade have not 
been accompanied by concomitant advances in the interpretation of biological 
signals to assess physiological status. A meaningful assessment calls for organi-
zation and interpretation of data and contextual information (e.g., ambient con-
ditions, individual recent and historical reference points) from multiple sensors 
in a multidisciplinary effort between signal processing, mathematical modeling, 
and physiology. This is of special interest wherever physiological monitoring 
may predict problems in advance of a crisis.  

For example, detection of high rates of bone and muscle turnover may be 
indicative of increased susceptibility to injury during an intensive physical train-
ing program and might provide an indication for optimal rest periods. Reduced 
cellular metabolism caused by glucose and insulin derangement may be signaled 
by early decrements in cognitive status, neurological functioning, or muscle 
action, allowing a combat service member operating in extreme conditions to 
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take corrective actions. Dehydration may be marked by changes in skin turgid-
ity, electrical impedance, heart rate, and/or skin temperature thus alerting an 
individual to impending risk of impaired performance and heat injury. 

THE COMMITTEE�S TASK 

Under the auspices of the Standing Committee on Military Nutrition Re-
search, the Committee on Metabolic Monitoring for Military Field Applications 
was appointed to examine the state-of-the-science with respect to identification 
of biomarkers to predict individual health and performance outcomes related to 
regulation of water and substrate metabolism and cognitive function. This is a 
subset of a larger military effort in physiological monitoring. This study is fo-
cused on metabolic regulation during prolonged, exhaustive efforts where nutri-
tion, hydration, and repair mechanisms may be mismatched to intakes and rest, 
or where specific metabolic derangements are present (e.g., following toxic 
chemical exposures or psychological threats). This report provides the Commit-
tee�s response to the following questions posed by DOD: 

 
(1) What are the most promising biomarkers for prediction of (a) excessive 

rates of bone and muscle turnover, (b) reduced glucose and energy metabolism 
(e.g., bioelectrical indicators of muscle and mental fatigue), (c) dehydration, and 
(d) decrements in cognitive function? 

(2) What monitoring technologies would be required (that may not currently 
exist) to predict these intermediate targets in critical pathways? 

(3) What tools currently exist for monitoring metabolic status that could be 
useful in the field? 

(4) What algorithms are available that might provide useful predictions 
from combined sensor signals?  What additional measurement would improve 
specificity of the predictions? 

(5) What is the committee �blue sky� forecast for useful metabolic monitor-
ing approaches (i.e., 10- to 20-year projection)? What are the current research 
investments that may lead to revolutionary advances? 

ORGANIZATION OF THE REPORT 

Chapter 1 of the report provides background information and the current 
status of military capabilities in monitoring and predicting physiological and 
cognitive status of individual combat service members. Chapter 2 provides a 
discussion of the importance of gathering individual data rather than group 
means and the need for individual baseline information. The role of 
physiological biomarkers and self-assessments in evaluating overall physical 
status are presented in Chapter 3. Potential biomarkers for monitoring bone and 
muscle turnover, hydration status and renal function, and stress and immune 
function are discussed in Chapter 4. Chapter 5 addresses monitoring of alertness 
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and cognitive function and Chapter 6 presents the committee�s conclusions and 
recommendations, including the committee�s responses to the specific questions 
posed by the military in the Statement of Task. Appendix A presents a table that 
lists examples of physiological and cognitive markers of performance. Appendix 
B presents a discussion of metabolic monitoring strategies and algorithms under 
development at NASA that has implications for the military. Finally, the 
workshop agenda and workshop speaker manuscripts, as well as biographical 
sketches of workshop speakers and committee members are presented in 
Appendixes C through F.  
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Executive Summary 

The U.S. military�s concerns about the individual combat service member�s 
ability to avoid performance degradation, in conjunction with the need to main-
tain both mental and physical capabilities in highly stressful situations, have led 
to an interest in developing methods by which commanders can monitor the 
status of combat service members in the field. This includes monitoring the 
physical and mental status of the combat service member, as well as monitoring 
the service member�s environment (e.g., ambient temperature, geolocation, 
chemical exposure). Equally important are the development of methods for and 
the training of individual combat service members and unit commanders on self-
monitoring (or monitoring of peers) of designated parameters predictive of per-
formance. This ability would allow commanders to determine when individuals 
need to rest, eat, or consume fluids, or if their condition has deteriorated to the 
point that they need to be replaced rather than risk combat injury. Training ser-
vice members in physiology and psychology then becomes an important aspect 
of their education. 

Similarly, in the civilian sector, it is necessary to have the ability to monitor 
the physiological and cognitive status of individuals involved in situations such 
as sustained fire-fighting operations and chemical and other hazardous materials 
clean-ups, and for emergency medical personnel working extended shifts. Meta-
bolic monitoring techniques would also be valuable in the practice of telemedi-
cine and would enable healthcare workers to predict when an individual might 
need special attention or transport to a medical facility.  

CHARGE TO COMMITTEE  

This report examines appropriate biological markers, monitoring technolo-
gies currently available and in need of development, and appropriate algorithms 
to interpret the data obtained in order to provide information for command deci-
sions relative to the physiological and psychological �readiness� of each combat 
service member. More specifically, this report also provides responses to ques-

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html
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tions posed by the military relative to monitoring the metabolic status of military 
personnel in training and operational situations, focusing on metabolic regula-
tion during prolonged, exhaustive efforts (such as combat training or field opera-
tions), where nutrition/hydration and repair mechanisms may be mismatched to 
intakes and rest, or where specific metabolic derangements are present (e.g., 
following toxic chemical exposures or psychological threats). The committee 
was also asked to make a �blue sky� forecast for useful metabolic monitoring 
approaches and current research investments that may lead to revolutionary 
advances. 

FINDINGS OF THE COMMITTEE 

The Importance of Individual Differences 

Biobehavioral research is among the most challenging of scientific endeav-
ors as biological organisms display wide-ranging individual differences in physiol-
ogy. A thorough exploration of biobehavioral responses requires the extensive 
study of individuals over time. In addition, the study of interactions between 
living systems and their environments has tested the limits of research method-
ologies and theoretical models. It is a truism in the biobehavioral sciences that no 
single measure or aspect of responding can adequately represent a complex latent 
construct; rather such constructs must be represented by an entire pattern of mani-
festations. In view of the prevalence and importance of rhythmicity in biological 
regulatory mechanisms, the inclusion of time-varying or temporal aspects of re-
sponding is crucial to accurately portray such activity. All recorded activity might 
be considered as relevant; functional relationships among ongoing physiological 
processes could then be extracted across observations.  

In response to these various concerns, an alternative framework for research 
on monitoring the metabolic status of combat service members is suggested: a 
multivariate, systems perspective that emphasizes the study of individuals (com-
bat service members). The three most important sources of variance (persons, 
occasions, and variables [or tests]) are present in nearly all experimental de-
signs. Their relationship should be explicitly investigated, and the systematic 
variance associated with each should be accounted for before valid inferences 
can be drawn. The fact that such individualized, multivariate relationships have 
not been fully illuminated has seriously hampered the development of reliable 
monitoring strategies. 

Biomarkers of Overall Physical Status  

The overall physical status of service members in the field can be evaluated 
by analyzing either objective physiological measurements (e.g., energy expendi-
ture, vital signs) or subjective measurements of self-assessments (or assessments 
by peers).  
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Monitoring core body temperature, skin temperature, and sweat losses 
would be invaluable in predicting if a service member was in danger of hypo-
thermia, hyperthermia, heat stroke, or other environmentally induced overall 
physiological imbalance. Some technologies and algorithms currently exist that 
also consider environmental temperature, humidity, and wind speed. 

There is evidence for the efficacy of using self-ratings of perceived and pre-
ferred levels of exertion to accurately predict physical performance in trained 
athletes. These methodologies need to be validated in military environments. 

Biomarkers of Physiological Status 

The specific metabolic systems of particular concern to the military are: 
bone and muscle metabolism, kidney function and hydration, and stress and 
immune function.  

Maintaining a healthy bone is essential to minimize the incidence of frac-
ture, which is predicted by measuring bone mineral density. However, the low 
level of precision of this method limits its use; therefore, for short-term changes, 
intermediate biological markers of bone remodeling may provide a better indica-
tion of potential fractures. Bone remodeling or the balance between resorption 
and formation dictates the risk of fracture. Because bone remodeling is a rela-
tively slow process, it is more appropriate to monitor these changes during train-
ing rather than in actual combat situations. There are a variety of compounds 
that can be used as markers of bone resorption; however, for an accurate evalua-
tion, biomarkers of bone formation also need to be monitored but, up to this 
time, their value is not clear. In addition to bone remodeling, stress is related to 
changes in bone health. Although cortisol appears to be a promising indicator of 
bone health, validation in the field is still needed.  

Heavy physical exertion, inadequate energy intake, and psychological stress 
can all influence muscle metabolism, causing muscle damage and muscle pro-
tein breakdown. Single blood and urinary markers of these processes are diffi-
cult to interpret for a variety of reasons. For example, levels of cortisol as a 
measure of stress show diurnal patterns of variation. The urinary level of 3-
methylhistidine, an ideal biomarker of protein catabolism because of its abun-
dance in muscle, also may be misleading depending on the dietary consumption 
of muscle meats. More advanced technology for minimally invasive sampling of 
muscle tissue is needed before these methodologies are field-ready. Muscle 
soreness and ratings of self-assessment (or peer assessments) also can be good 
predictors of performance and indicate the need for rest.  

Monitoring renal function is important because of the role of the kidneys in 
maintaining proper hydration, fluid homeostasis, and electrolyte balance, all of 
them critical to sustain both physical and cognitive functions; in addition, excre-
tion of products of protein metabolism may also be an indicator of protein status. 
In the field, monitoring urinary output, color, odor, and specific gravity would 
all provide important information relative to hydration, electrolyte balance, 
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muscle breakdown, and protein and energy status, as well as to the presence of 
infection. Changes in body weight, when coupled with knowledge of serum os-
molality and/or serum sodium, would assist greatly in defining the presence and 
severity of disturbances in body volume status.  

Stress can be defined as a constellation of events that begins with a stimulus 
called the stressor, which precipitates a reaction in the brain (stress perception) 
and subsequently activates physiological systems in the body, called the stress 
response. The stress response results in the release of neurotransmitters and 
hormones that serve as the brain�s messengers for regulation of the immune and 
other systems and can be damaging when chronic. The rate of change of stress 
hormones in response to stressful stimuli is a critical variable in adaptive physio-
logical responses. An important aspect of monitoring should include measure-
ments (at baseline, during the stress exposure, and in the period of recovery) of 
indicators of stress and immune responses currently in use and in development, 
such as cortisol levels and heart rate variability. Self-report inventories could be 
adapted to offer valuable information about individual stress levels. 

Biomarkers of Cognitive Status 

Optimal performance in today�s military is also increasingly dependent on a 
high level of cognitive fitness. The widespread use of computerized surveillance 
and reconnaissance systems, complex communications and targeting devices, 
highly interactive weapons systems, and even the technologically advanced di-
agnostic systems used in the maintenance of military equipment demands the 
highest level of cognitive readiness.  

The efficiency of combatants in sustained operations can be significantly 
compromised by inadequate sleep, which can cause increased reaction time, 
mood declines, perceptual disturbances, motivational decrements, impaired at-
tention, short-term memory loss, carelessness, reduced physical endurance, de-
graded verbal communication skills, and impaired judgment.  

In all probability most technologies in development will be useful only in 
laboratory environments or in fixed-based operational facilities (such as posts in 
which radar and sonar equipment are monitored or stations from which remote-
controlled vehicles are piloted) where complex equipment can be housed, 
lengthy recording procedures can be conducted, and rigid controls can be main-
tained. Only a small subset of the strategies is likely to be suitable for opera-
tional settings.  

The most promising techniques for accomplishing real-time, continuous as-
sessments of foot-soldier cognitive readiness in military field settings are: (1) 
actigraphy-based, or (2) electroencephalographic- (EEG) based, although neither 
technique is currently ready for widespread application. The most promising 
techniques for accomplishing real-time, continuous evaluations of the operators 
of military vehicles and monitoring equipment and those whose jobs consist of 
interfacing with computers and communications devices, are those suitable for 
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stationary situations such as EEG based, or eye-movement based. Eye-
movement parameters (i.e., PERCLOS) have already proven feasible for the 
detection of changes in truck-driver alertness, and efforts are underway to estab-
lish an automated PERCLOS that could be used in aviation settings.  

Before implementing these methods, their feasibility in specific environ-
ments should be evaluated and a cost-benefit analysis should be performed. For 
example, the pilot of a B-2 bomber or other highly complex modern aircraft may 
be among the first to benefit from newly developed approaches because there 
are relatively few of these aircraft, and the cost of losing even one would be sig-
nificant by any standard. On top of these considerations is the fact that aircrew 
fatigue is known to be an operational hazard in B-2s. Therefore, the costs asso-
ciated with instrumentation of such a platform are easily justifiable. 

A great deal of progress has been made toward helping the armed forces 
address fatigue-related cognitive decrements once they have been identified. 
However, highly reliable, efficient, and cost-effective technological means of 
initially detecting and predicting those decrements remain to be developed.  

REPONSES TO THE MILITARY�S QUESTIONS 

QUESTION 1 

What are the most promising biomarkers for the prediction of: (a) excessive 
rates of bone loss and muscle turnover, (b) reduced glucose and energy me-
tabolism (e.g., bioelectrical indicators of muscle and mental fatigue), (c) dehy-
dration, and (d) decrements in cognitive function?  

The committee recommends that, initially, simple protocol data of nor-
mal/abnormal ranges based on group averages may be used. However, these 
ranges may be sufficiently imprecise to make individual-based predictions dubi-
ous. Irrespective of the biological or cognitive markers selected, there is a need 
for baseline measurements of individual combat service members so that it can 
be determined, on an individual basis, if a marker is significantly altered under 
stress.  

Biomarkers for Bone and Muscle Metabolism 

Bone 

Bone remodeling is a relatively slow biological process and thus not ame-
nable to monitoring in field situations. Prediction of bone changes that increase 
fracture risk may be of greater importance in initial entry training, when indi-
viduals are transitioning to a greater state of fitness, than in combat.  

There are no groups of intermediate markers of bone health that can provide 
a one-time identification of risk of fractures, including stress fracture. Markers 
should include bone density (as measured by dual-energy X-ray absorptiome-
try), sensation of bone pain, menstrual status, and mental state as related to cor-
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tisol responsiveness. The role of cortisol in bone health during military exer-
cises, however, may be transient and may not have long-term effects on bone 
health. 

Bone mineral density (BMD) is the most predictive measure of risk of frac-
tures; this measure should be used in determining medical suitability for training 
and combat-related activities. Strategies should be developed to determine the 
BMD levels that are required to meet medical standards, and approaches should 
be identified to prevent significant loss of bone mass and fractures prior, during, 
and after intensive physical training. 

Muscle 

There are a number of biomarkers that may be indicative of muscle fatigue 
or increased catabolism, including protein turnover and 24-hour urinary 3-
methylhistidine. However, there is insufficient evidence that can specifically 
correlate these biomarkers with actual decrements in muscle performance during 
activities such as weight lifting, timed running trials, and endurance running. In 
contrast, there is substantial evidence in the sports medicine literature that self-
(or peer-) reported measures possess efficacy in predicting physical performance 
and, in fact, have often been found to be superior to other physiological 
measures.  

Biomarkers for Reduced Glucose Metabolism  

The potential biomarkers for anaerobic glucose metabolism are: Borg�s 6�
20 scale of perceived exertion (local, central, and overall); muscle soreness; tis-
sue levels of lactate measured by near-infrared spectroscopy (NIRS); muscle 
biopsy for glycogen, cytokines, and enzymes; actigraphy; electroencephalogra-
phy (EEC); heart-rate variability; profile of mood state; and visual analog scale. 
The use of these biomarkers for this purpose needs to be validated in the field. 

Biomarkers of Dehydration and Renal Function 

In the military setting, changes in water and osmotic balance are usually 
synergistic with increases in water loss. One of the most sensitive indicators of 
hydration status is short-term changes in body weight since most day-to-day 
variation in body weight is due to hydration status. The assessment of weight 
loss or loss of body mass, plasma sodium or plasma osmolality, urinary specific 
gravity, fluid balance, and the recovery of weight 24 hours after dehydration can 
be used for the identification of extent and type of dehydration. In the military 
setting, weight changes over a short period of time reflect fluid changes, and 
loss of body water coupled with measures of serum sodium or serum osmolality 
can define the degree of concomitant salt loss. Renal function is also a good 
indicator of hydration status. 
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Renal Function  

There are a number of markers and technologies available that could be 
adapted for self- (or peer-) monitoring during training or field operations. The 
military should consider providing and training personnel in the use of simple 
urine dipstick-type test strips that would provide information on levels of urine 
protein (a marker for potential kidney damage), ketones and glucose (potential 
markers for energy metabolism), and leukocyte esterase and nitrates (indicators 
of urinary tract infections) as indicators of muscle damage and hydration status. 
These field measures should be taken at mid-day and after the day�s exertion. 

Biomarkers of Cognitive Function 

The most promising techniques for accomplishing continuous assessments 
of ground combat service member cognitive readiness in field settings are acti-
graphy, EEG, and heart-rate variability. Actigraphy is useful because it offers a 
field-practical way of monitoring the sleep of combat service members, and in-
sufficient sleep is the primary cause of cognitive degradations in operational 
environments. EEG is useful because it offers a relatively noninvasive assess-
ment of the brain activity that underlies all types of performance, including vigi-
lance and judgment. Heart-rate variability is a peripheral nervous system meas-
ure that also reflects the brain activity that underlies performance attention and 
mood. In vehicle operators or in radar or other fixed-based system operators, 
eye-movement monitoring is also promising. Saccadic velocity and percentage-
of-eye-closure measures have been shown to reflect the status of the central 
nervous system. In all probability, most of these measures will be useful only in 
laboratory environments or in fixed-based operational facilities (such as posts in 
which radar or sonar equipment is monitored or stations from which remote-
controlled vehicles are piloted) where complex equipment can be housed, 
lengthy recording procedures can be conducted, and rigid controls can be main-
tained. Only a small subset of these methods will likely be suitable for op-
erational settings.  

Besides these objective measures, subjective ratings of alertness and fatigue 
should be considered for use in the field since these have been shown to corre-
late with performance changes in some situations. However, it should be recog-
nized that self-report data can be influenced by peer pressure (or supervisor 
pressure); also, there is evidence that self-reports may loose a degree of sensitiv-
ity when the stress or fatigue becomes so chronic that the individual has diffi-
culty referencing his or her present feelings to more normal past experiences. 
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QUESTION 2 

What monitoring technologies would be required (that may not currently ex-
ist) to predict these intermediate targets in critical metabolic pathways? 

New biomarkers are likely to be identified in the future; still, the greater 
needs lie in: (1) the development of easier systems to measure and transmit data, 
and (2) the development of new mathematical models to provide enhanced data 
integration and analysis by using nonlinear discriminant algorithms. Future 
monitoring technologies should consist of an integrated system that incorporates 
noninvasive or minimally invasive sensor technology, communication interface 
and integration, data analysis tools, and local area networks. This infrastructure 
should be both redundant and noncentralized. A �black box� or �medical hub� is 
needed to gather data from multiple sensors or devices, standardize the outputs, 
and submit these data to a data reduction system or decision-making tool for the 
creation of both prioritized alarm signals and recommended interventions. Re-
garding development of models, the major obstacles to be overcome will be the 
selection of variables and the building of models that truly predict health per-
formance status. 

QUESTION 3 

What tools currently exist for monitoring metabolic status that could be useful 
in the field? 

Metabolic status can be defined in part by energy metabolism, intermediary 
fuels (glucose, fatty acids, and amino acids), acid/base and hydration status, and 
psychophysiological status. NIRS can examine many different biomarkers of 
metabolism, such as muscle function and hydration, and shows great promise in 
the field. Other tools to measure specific biomarkers are described below. 

Muscle Fatigue 

One measure that could be useful in the field, after validation in military 
settings, is self-perception. Predictors of fatigue at an earlier state have also been 
proposed. The challenge remains to differentiate diagnosis between acute dam-
age from muscle injury, fatigue due to overuse or over conditioning, exercise 
until exhaustion, hydration, and nutritional status given the interactions of these 
factors in the subjective feeling of fatigue.  

Renal Function and Hydration 

Simple methods that measure renal function and hydration already exist. As 
mentioned previously, the military should train personnel in the field use of sim-
ple urine dipstick-type test strips that would provide information on levels of 
urine protein, ketones and glucose, and leukocyte esterase and nitrates as indica-
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tors of muscle damage and hydration status. Also, a practical method of moni-
toring weight changes in the field would be of value for monitoring hydration. 

Energy Expenditure 

Several field methods have been tested for predicting total daily energy ex-
penditure, including heart-rate monitors, pedometers, and accelerometers. 
Accelerometer- and pedometer-based monitors provide valid indicators of over-
all physical activity, but they are less accurate at predicting energy expenditure. 
In addition, single-axis accelerometers or pedometers and most multidimen-
sional accelerometers are not useful in detecting the increased energy costs of 
high-intensity exercise, upper-body exercise, carrying a load, or changes in sur-
face or terrain.  

The combination of doubly labeled water as a measure of total energy ex-
penditure and hand-held indirect calorimetry to measure resting energy expendi-
ture could be used to monitor metabolic status and assess energy metabolism 
over periods of up to 2 weeks. Self-selected pace, foot-strike devices, and activ-
ity monitors that integrate pulse, temperature, and movement could estimate 
activity and total energy expenditure and may be useful in the field. 

If predicting total energy expenditure is the goal of monitoring the activity 
of the combat service member, then more sophisticated multidimensional de-
vices must be developed.  

Stress and Immune Function 

The precise combination of measures chosen to monitor stress and immune 
function depends on the flexibility of the collection of the measures in the field 
setting. A full evaluation of the effects of activation of stress response systems 
on immune function requires measures of multiple functional and molecular 
biomarkers at multiple time points prior to, during, and after the stress exposure. 
Monitoring biomarkers of the stress response should include molecular and 
functional measures of the hypothalamic-pituitary-adrenal (HPA) axis, the 
adrenergic response systems, and the immune system at multiple levels. The 
HPA axis can be monitored by measuring levels of the corticotropin-releasing 
hormone, adrenocorticotropin, and cortisol in plasma, cerebrospinal fluid, urine, 
saliva, and sweat.  

Measuring heart-rate variability should be considered as an accurate, sensi-
tive, and noninvasive way to measure the relative activity of the sympathetic and 
parasympathetic nervous systems.  

Indicators of stress and immune responses that are currently in use and in 
development include cortisol levels (measured from saliva, sweat, or urine), and 
heart-rate variability as measured with high-impedance electrocardiogram 
(ECG) electrodes that are currently available and are being further developed. 
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Sleep 

Several companies currently offer wrist-worn actigraphs that are capable of 
estimating the quantity and quality of sleep in a variety of environments and for 
periods ranging from a few hours to several weeks. Associated software can 
present sleep/wake histories in a number of user-friendly formats.  

Significant progress has already been made in developing and validating 
high-impedance sensors that could soon be mounted in helmets and clothing, a 
challenge when collecting electrophysiological measures (EEG and ECG) in 
field settings. The technology for field-portable, individual-worn systems for 
amplifying, recording, and to some extent analyzing these data already exist. 

Assessment of eye movements and eye closures will only be possible in 
limited situations in which monitoring equipment can be mounted and aimed at 
the combat service member. A subset of oculomotor measures is sensitive to 
cognitive fatigue, but their utility needs to be validated.  

Self-assessments, on the other hand, are quite easy to collect and many have 
been shown to be sensitive to operational stressors, such as mental and physical 
fatigue. However, readers are cautioned that self-assessments can be signifi-
cantly confounded by motivational factors or peer pressure or in chronic-
demand conditions (e.g., people who are very tired for several days at a time 
may lose their subjective ability to determine how tired they actually are).  

QUESTION 4 

What algorithms are available that might provide useful predictions from 
combined sensor signals? What additional measurements would improve 
specificity of the predictions? 

Models, such as the Acute Physiologic and Chronic Health Evaluation 
Scores and Simplified Applied Physiological Score, that use physiological vari-
ables to predict health outcomes have worked quite well in the intensive care 
unit setting where pathological changes in physiological parameters are the rule, 
but there is little evidence that similar algorithms would be equally effective in 
the military setting where such parameters vary over a narrower range. The Na-
tional Aeronautics and Space Administration also has undertaken a major re-
search effort in this area, the design of which may be quite compatible with the 
military environment. Although it would be reasonable to explore whether new 
variables made possible by new field technologies would be predictive using 
simpler algorithms, a parallel initiative to explore presently available physio-
logical measurements with more complex models seems appropriate.  

The future development of algorithms must include the development of 
nonlinear models that allow discrimination of more complex decision surfaces 
(e.g., a graphical representation of a problem in space). More complex models, 
for example, involving artificial neural networks, are needed. In addition, as 
described in the response to question 2, the technology must evolve to permit the 
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integration of data in multiple forms from different devices. Last, it is crucial to 
develop baseline data for each individual (combat service member) in order to 
implement effective field strategies for monitoring metabolic status.  

QUESTION 5 

What is the committee�s �blue sky� forecast for useful metabolic monitoring 
approaches (i.e., 10- to 20-year projection)? What are the current research 
investments that may lead to revolutionary advances? 

Evolution of New Cognitive Measurement Approaches 

The prediction of cognitive responses to stress and fatigue needs to be im-
proved. In addition to performing more research on the utility of traditional ap-
proaches using self-reported data, a significant focus should be placed on further 
developing and implementing new psychophysiological methods for monitoring 
brain activity, heart-rate variability, eye movements, and metabolites and vali-
dating these techniques as predictors of cognitive responses to stress and fatigue. 
New performance assessment methodologies may soon be available for comput-
erized tasks in which cognitive probes can be unobtrusively introduced during 
the completion of primary operational demands. In addition, the use of hand-
held computers to record ecological momentary assessments of cognitive func-
tion should be further developed.  

In addition to developing new psychophysiological methods, more work 
needs to be undertaken on the mathematical integration of these data and the 
computer models that will synthesize numerous inputs into a field-useable status 
assessment.  

Optimization of Markers to Monitor Stress and Immune 
Function 

A limited battery of selected stress response and immune markers should be 
validated to monitor physiological adaptations to changes in the environment 
and to evaluate the readiness of individuals for impending deployment.  

Odors as Biomarkers 

Studies linking human perception of odors with emotion and cognitive 
states are currently in their infancy and need to be encouraged in order to ascer-
tain the full range of information that human odors might convey. The military 
should promote innovative research in chemical signaling that will accelerate 
these advances. Also, research in the development of sensor technology is likely 
to yield smaller, more automated devices that reduce analysis time and increase 
reliability�two factors that are critical for field applications. These advances 
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will go hand-in-hand with the development of sweat patches that can be 
uniquely designed to capture the substances of interest. It seems highly plausible 
that new insights from these diverse areas will converge in 5 to 10 years, making 
odor biomarkers a viable technology for military field applications.  

Human Tears as Sources of Biomarkers 

A number of disparate studies suggest that there may be merit in examining 
tears as a possible medium for monitoring relevant aspects of metabolic status. 
For example, it has been reported that tear glucose concentrations are related to 
blood glucose levels. This is an area where little research has been done, but one 
that may have significant potential as a noninvasive monitoring technology for a 
variety of physiological biomarkers. 

New Algorithms to Integrate Complex Biological 
Information 

The use of technology and �smart systems� are required to bridge the cogni-
tive gap created by the lack of skilled clinicians in the field to provide individu-
alized recommendations to support end users. Predictive medical algorithms can 
be utilized to generate specific recommendations and interventions from com-
plex biological information gathered by metabolic monitoring systems. Further 
research is needed to develop and validate these models, with a particular em-
phasis on identifying prognostic factors in asymptomatic subjects.  

The Impact of Biological and Chemical Hazards on 
Traditional Biomarkers of Health  

It is largely unknown how hazards and toxins encountered during deploy-
ment will affect the biomarkers used by the military for monitoring. For exam-
ple, low chronic exposure to a bacterial toxin or a heavy metal may alter serum 
electrolytes, glucose, or enzymes and confound usual interpretation of these 
values. In contrast, other biomarkers might serve as critical indicators for bio-
logical or chemical toxin exposure; for example, pulse rate alterations may be 
used as an indication of (sublethal) nerve toxin exposure. 

Metabolomics/Nutrigenomics 

The differential expression of genes creates individual differences or pheno-
types. It is known, for instance, that single nucleotide polymorphisms can affect 
the way individuals respond to drugs, their vulnerability to microbiological in-
fections, and their susceptibility to long-term degenerative diseases. Such 
knowledge is envisioned to enhance a combat service member�s performance 
and lower the risk of life-threatening injury. Further, it is possible that such de-
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terminations would allow for prophylactic vaccinations, prescription of preven-
tative pharmaceuticals, and the possible use of special monitoring sensors. Al-
though it may be a number of years before it becomes possible, it would be ideal 
to be able to predict how a single combat service member will perform under a 
variety of different dietary and other environmental conditions based upon his or 
her phenotype. In this manner, the identification of differences between indi-
viduals by the use of genomic and metabolomic information collected on each 
combat servicemen are the ultimate �blue sky.�  

RESEARCH RECOMMENDATIONS 

• To develop new algorithms that employ currently measurable bio-
markers and nonlinear modeling techniques. In circumstances where average 
group data may not appropriately correlate with the performance of an individ-
ual, prediction models will need to be based on data from repeated measures 
from individuals. 

• To develop patterns of rates of changes and resiliency. For example, re-
search is needed to elucidate individual patterns of rates of change of stress 
hormones and to determine the resiliency of these stress responses in returning 
to baseline after the stressors have been removed. 

• To conduct research to evaluate and validate available technology in 
the field. For example, technology related to self-assessment of perceived exer-
tion, preferred exertion, and mood states that have been tested extensively in 
sports settings, but it needs to be evaluated and validated in military settings. 
Optimal combinations for use with physiological markers need to be             
determined. 

• To further perform research activities in areas with the greatest long-
range benefits, such as genomics/metabolomics, odors as biomarkers, tears as a 
new media for potential biomarkers, new cognitive measurements approaches, 
optimization of monitoring stress and immune function markers, the develop-
ment of new algorithms to integrate complex biological information, and the 
impact of biological and chemical hazards on traditional biomarkers of health.  

• To continue military activities in bone research. These should include 
studies of markers of bone loss, especially related to fracture risk and the pre-
vention of lost duty time during initial entry training, advanced training, and 
combat operations.  

• To continue to study cortisol levels during training and operations to 
ensure that its elevation is not a contributor to bone loss.  

• To develop non- and minimally invasive technologies, particularly for 
the determination of muscle metabolism, hydration status, and cognitive 
function.  

• To develop motion sensors that are inexpensive, but more convenient 
and reliable than current pedometers and accelerometers. 
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• To conduct research to validate the use of self- (and peer-) assessment 
tools in the field as indicators of fatigue and cognitive ability. 

• To continue research on the use of NIRS to monitor muscle function 
and skin hydration status concurrently. This particular technology also has the 
potential for detecting the occurrence of inflammation. 

• To develop simple field-friendly tests for urine specific gravity as an 
indicator of hydration status. 

• To develop a practical method of monitoring body-weight change in 
the field.  

• To conduct research to be able to mount or integrate high impedance 
EEG and ECG electrodes in helmets or into combat clothing. Although this 
technology will soon make it possible to continuously record brain activity, 
heart-rate data, and other electrophysiological parameters, some remaining chal-
lenges limit its use in the field. 
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Rationale for Military Interest and 
Current Capabilities in Monitoring 

Metabolism  

Formidable monitoring capabilities exist for military hardware systems, but 
there is a lack of real-time information on the status of combat military person-
nel. Enhancing knowledge in this area would serve the U.S. Department of De-
fense (DOD) priority to assure the readiness of the Armed Forces (DOD, 2001).  
Based on the premise that metabolic processes are the bases of responses that 
allow organisms to survive in the face of environmental challenges and, thus, 
would be the earliest indicators of a change in physiological status, an under-
standing of regulatory mechanisms can suggest promising predictive markers of 
status and impending failure of adaptive response capabilities. Monitoring meta-
bolic processes is needed to predict the readiness status of individuals in training 
and operational settings where human performance is important.  

NEED FOR PHYSIOLOGICAL MONITORING 

Monitoring combat service member status has become increasingly impor-
tant as a result of new complex and lethal technologies that require high levels 
of cognitive readiness, such as computerized weapon systems; complicated 
communications and targeting devices; high-performance aircraft, tanks, and 
maritime vessels; and even the technologically advanced diagnostic systems 
used in the maintenance of military equipment. In addition, monitoring is neces-
sary to ensure that operational personnel are as physically fit as possible because 
success on the battlefield is to a great extent dependent on the ability of combat 
service members to carry and operate weapons, to overcome physical obstacles, 
to traverse distances in harsh environments, and to endure a host of physical 
stresses and strains that could easily overwhelm unfit individuals. Also, 
battlefield tactics reduce line-of-sight contact with team members and increase 
the members� geographical distance and isolation. 

Physiological monitoring is not just a nice-to-have technological replace-
ment for common sense or for good leadership (which includes understanding 
the signs of an individual combat service member�s limits). Combat service 
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members may not be aware that they are reaching dangerous levels of overheat-
ing, dehydration, physical exertion, stress, fatigue, or sleep deprivation. They 
could develop performance-degrading problems unbeknownst to their team 
leaders, particularly if they are fully encapsulated in chemical protective suits, 
are flying aircraft, or are operating in a remote location. An alert or warning 
signal to the individual and to his or her squad leader could permit prompt inter-
vention to alleviate the physiological danger and potentially save a mission.  

The present-day U.S. military must be able to rapidly deploy around the 
globe on short notice and be capable of sustaining operations for long periods of 
time. In order to accomplish these objectives, a variety of occupational special-
ties are required. Ground combat military personnel have unique roles in combat 
operations and work in very different environments in order to achieve objec-
tives in a coordinated fashion. Although a thorough discussion of the challenges 
faced by each group of combat service members is beyond the scope of this re-
port, the reader can gain a small appreciation for the diversity by considering the 
problems faced by some Army ground personnel as opposed to those faced by 
some pilots.  

The ground personnel�s tasks often include a high level of physical energy 
expenditure in the face of constant and immediate threats from the environment, 
as well as from a wide range of enemy activities. Infantry personnel are con-
stantly on the move, either walking, running, climbing, or at times, even swim-
ming from one point to another. These activities are made more strenuous 
because of the need to carry heavy backpacks, weapons, and ammunition in all 
types of weather and across all types of terrain. Fatigue is a constant companion 
because of the physical workload, the environment, and the sleep deprivation 
that results from limited sleep opportunities and poor sleep environments. Air 
conditioning, hot water, and �normal� food are nonexistent for combat service 
members who often work long hours in the worst of circumstances. 

The pilot�s task is generally much less physically demanding than what is 
faced by infantry personnel, but his or her job presents challenges from other 
characteristics. Helicopter pilots must remain cognitively alert at all times if they 
are to successfully pilot their aircraft at speeds of 50 to 100 mph while maintain-
ing altitudes of only 50 ft above terrain obstacles. Flying close combat support 
means that helicopter pilots are operating under conditions that are quite similar 
to those faced by combat military personnel on the ground: they are close to 
enemy threats, they are often hot or cold due to the lack of air conditioning, and 
they are required to live in the most austere and uncomfortable environments for 
days, weeks, or months at a time. Unlike their infantry comrades, they take off 
and land several times a day in stressful, low-visibility conditions and try to 
sleep during short intervals between flights, often in poor conditions. In addi-
tion, they are responsible for multimillion-dollar aircraft and the crews on board.  

Air Force fighter pilots face different, but often equally challenging circum-
stances. For instance, F-117 pilots have been known to fly for 18 straight hours 
in a single-pilot aircraft, strapped into an ejection seat while wearing bulky, hot, 
protective gear. During this time, they must remain fully alert and fully prepared 
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to engage or avoid enemy threats that arise from the air or ground while flying 
in a sterile, uncomfortable cockpit in a high-altitude, relatively featureless envi-
ronment. Boredom and physical inactivity can decrease mental vigilance, and 
the fatigue from sleep deprivation and circadian disruptions are ever-present 
problems. Although their operational environment is generally more pleasant 
than the ones faced by infantry personnel, the continuous high-level cognitive 
demands of accomplishing the mission, combined with the responsibilities for 
an expensive aircraft that is fully-loaded with powerful weaponry, creates a high 
level of ongoing operational stress. Similar difficulties are faced by B-2 pilots 
who often fly missions that extend beyond 30 hours with only two pilots on 
board. 

In addition, today�s high-performance aircraft can easily exceed the limits 
of human physiological tolerances. One concept for physiological monitoring 
includes monitoring a pilot�s approaching loss of consciousness in order to trig-
ger an automatic take over of the plane�s controls (Forster et al., 1994). On the 
other hand, for flights of extended duration, detection of alertness or deteriora-
tion in performance through self and distant monitoring becomes important. 
This calls for a highly responsive, rapid, and reliable system that identifies any 
major lapse in pilot capabilities.  

Navy personnel would also benefit from physiological monitoring. The 
Navy is designing ships that require substantially fewer crew members for op-
eration, which in turn calls for greater reliance on each individual. Monitoring 
the status of these crew members becomes especially important in case they 
become incapacitated in an isolated compartment during high-risk damage con-
trol operations, such as fighting fires or flooding. This monitoring is part of the 
concept of the Reduced Ships-Crew by Virtual Presence, which is designed for 
smart ships that continuously receive data on the status of the ship and on the 
crew within the ship (Street et al., 2002).  

The military would also benefit from monitoring�during both training and 
operations�the factors that influence bone and muscle health, as well as other 
processes that underlie and optimize physical endurance and resistance to physi-
cal injury. It may be most useful for leaders to use monitoring to learn the 
physiological and cognitive limits of each individual under their command dur-
ing the individual�s training. Then, during an actual operational mission, the 
leaders could rely on specific warnings about real-time status. Monitoring dur-
ing training may also prevent injuries. For example, if an individual is found to 
have reached a high state of bone and muscle remodeling during training, pro-
viding a day of rest might reduce a high probability of injury.  

Physiological monitoring is also being explored for a wide variety of other 
military applications, including the forensic �black box� flight recorder-type of 
analysis (after a class A accident) of a pilot�s mental state in order to prevent 
future accidents (Forster, 2002). There is also a need for overall �whole-body� 
health markers for easy assessment of global indices of service-members� health 
at regular intervals throughout their career. This could eventually include some 
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combination of psychological and physiological health, monitoring brain me-
tabolites through magnetic resonance spectroscopy (MRS) scans, whole-body 
oxidative stress load assessments, and mitochondrial redox potential of critical 
brain cells as common final pathways of health status.  

RECENT EVOLUTION OF MONITORING RESEARCH 

Physiological monitoring concepts are not new. Fifty years ago, the Office 
of Naval Research and the Army Surgeon General cooperatively studied infan-
trymen in combat to identify metabolic predictors of mental status (Davis et al., 
1952). Using neuropsychological testing (including visual flicker fusion and 
auditory flutter fusion tests) and blood and urine testing, hydration status, adre-
nal stress markers, and corresponding changes in cognitive functioning were 
assessed. Studies by the Air Force explored the use of an electroencephalogram 
(EEG) to monitor pilot performance as early as the 1950s (Sem-Jacobsen, 1959). 
Current studies are examining many of the same factors and relationships that 
were tested in the studies conducted 50 years ago.  

Although the current studies have some technological advantages, most no-
tably electronic computing power, they have largely relied on available tech-
nologies instead of exploring the most suitable measurement targets and devel-
oping specifically needed monitoring technology. To date, efforts have focused 
on trying to find uses for new measurement technologies instead of pushing the 
development of technology to systematically test the current knowledge of 
physiology and predict the outcomes of greatest importance. 

The greatest barrier to advances in performance monitoring has been the 
lack of suitably defined performance outcome measures. Until recently, aviator 
performance has been the most extensively studied model for physiological 
monitoring. Military aviators have been a logical focus because of need (i.e., the 
high costs associated with catastrophic performance failures) and because of 
experimental advantages. Performance outcome measures are better defined for 
aviator tasks, especially the ultimate outcome of successful landing versus disas-
ter. Also, the cockpit provides an appropriate setting for prototype monitoring 
systems that are power hungry and tethered to heavy equipment. Aviator studies 
can provide early proof of concept for systems that are later reduced in size, 
weight, power, and invasiveness for untethered applications in combat military 
personnel. Nevertheless, the aviator monitoring studies cannot be generalized 
without further development of performance assessment methods and metrics.  

Without suitable performance measures, results from laboratory-based stud-
ies cannot be translated into militarily relevant outcomes. These measures are 
also needed for field studies that are otherwise forced to rely on simple di-
chotomies of �no bad outcome� or catastrophic failure (e.g., heat stroke, serious 
injury, or mission failure). The Military Operational Medicine Research Pro-
gram has invested heavily in the development and standardization of practical 
neuropsychological tests (e.g., the Automated Neuropsychological Assessment 
Metric) (Kane and Kay, 1992), and current field studies are attempting to link 
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these test results with military performance. For example, simple reaction time 
remained impaired following sports concussions in military cadets even after 
they were cleared for return to duty by clinical criteria. The significance of this 
finding to other performance measures is being further investigated. Another 
study found that cold-water immersion affected performance tests (Vaughan, 
1975); what this means to Navy diver performance capabilities is also being 
further investigated.  

One eventual monitoring application may be to embed informative tests into 
common military tasks that could be monitored to obtain unobtrusive periodic 
assessments of an individual�s performance status. DOD is currently reviewing 
methods and metrics for performance assessment in order to synthesize the cur-
rent state of the knowledge on militarily relevant performance assessments and 
models (Ness et al., In preparation). A new research initiative is focused on the 
development of military performance assessment methods based on measures of 
neurological function (e.g., voice stress analysis and eye saccades).  

In 1996 physiological monitoring became a central objective in the Army 
research program (Friedl, 2003). The goal of the Warfighter Physiological Status 
Monitoring (WPSM) initiative is to make real-time performance predictions that 
leaders can use to assess the readiness status of their forces. The concept is to 
develop a combat service member-acceptable, minimally invasive sensor set 
with on-the-combat service member analysis. The output (which can be queried 
for further information) will be a simple �green� (within normal limits), �amber� 
(physiological challenges are present), or �red� (systems have failed and the 
combat service member is a casualty). This system relies on environmental 
physiological and psychological data that have been collected and modeled in 
DOD research programs for many years. A key feature of the approach is that 
these systems must also learn the usual range of responses for each combat ser-
vice member, thus accounting for individual variability (Friedl, 2003). Cur-
rently, WPSM is a research �tool kit� to learn more about normal and abnormal 
physiological signals encountered in real-combat service member environments; 
these include a range of responses that routinely exceed those that could be ob-
tained in an ethically developed experimental laboratory setting. The ultimate 
goal of WPSM will be the minimal sensor set needed for highly reliable and 
important predictions.  

The development of experimental signal acquisition, data handling systems, 
and data collection studies with combat military personnel in challenging train-
ing environments is underway (Hoyt et al., 1997a, 2001). The immediate goals 
for WPSM are to provide information on the individual�s status for thermal 
strain, sleep history, energy expenditure, and live-dead detection for the Land 
Warrior system. More sophisticated monitoring capabilities and performance 
predictions are planned that will also include early casualty triage capabilities. 
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CURRENT RESEARCH EFFORTS 

Several critical areas for metabolic monitoring have been chosen for review 
in this report: hydration and heat production, substrate utilization and energy 
metabolism, muscle and bone remodeling, and brain function. These tradition-
ally separate research areas are interrelated through metabolic processes. For 
example, exertional rhabdomyolysis includes elements of hydration and heat 
exposure, energy flux, and muscle remodeling, with early effects on mental 
status (Gardner and Kark, 1994). These functions are closely interrelated 
through common measures that might signal changes in one or more of these 
physiological categories. For example, shivering may indicate a variety of 
threats that, when combined with one or two other measurements, can unambi-
guously distinguish conditions such as impending hypothermia risk, exposure to 
a neurotoxic chemical, or intense psychological fear. Brain function reflected in 
cognitive, mood, or psychomotor measures (e.g., speed of mental processing, 
irritability, and marksmanship) may be a common and sensitive marker of defi-
cits of all the other stressors and functional deficits of interest, including carbo-
hydrate metabolism in physical exhaustion (Frier, 2001), dehydration, or signifi-
cant fluid shifts, such as those observed in the brain with acute mountain 
sickness (Singh et al., 1990), and perhaps even cytokine-mediated changes in 
brain function following intense muscular exertion (Febbraio and Pedersen, 
2002). Thus brain function is both an early indicator of many stressors of con-
cern and a direct reflection of specific performance capabilities. 

Early metabolic changes to defend critical functions are likely to be more 
promising prognostic indicators than is awaiting change in the critical function 
itself (e.g., blood glucose, serum osmolality, or core body temperature). The 
critical function may be so well defended (e.g., serum osmolality and sodium 
concentration) that when a significant change is detected, homeostatic mecha-
nisms have already failed and the individual is a casualty. Earlier changes in 
interstitial fluid or osmoregulatory hormones may signal a heroic defense 
against a threat to intravascular volume. There are also conditions under which a 
critical function measurement (e.g., body temperature) may have greater varia-
tion at performance extremes in healthy individuals, which may be appropriate 
compensation to sustain peak performance and defies the definitive classifica-
tion of an impending performance failure. For example, core body temperature 
may be as low as 35°C at the circadian nadir in U.S. Army Ranger students who 
have lost most of their insulative fat and have metabolically adjusted to a re-
duced energy intake (Hoyt et al., 1997b), and it may be sustained at 40°C for 
several hours in marathoners while they are running (Maron et al., 1977). Moni-
toring the signs of compensation (e.g., changes in heat flux, activation of sweat-
ing or shivering mechanisms, cardiac response, and mental functioning) may 
predict a potential problem before unambiguous changes in core body tempera-
ture can be detected.  

Bone and muscle turnover studies are important to the military to solve the 
near-term problem of high rates of injury during physical training�most impor-
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tantly during the rapid train-up phase of the 8- to 12-week initial entry training 
course conducted in every service (half of all female combat service members 
incur musculoskeletal injury during initial entry training). A peak incidence of 
stress fractures by about the third week of training was hypothesized to be asso-
ciated with high rates of bone remodeling stimulated by the training. This hy-
pothesis was evaluated in an Army study that examined the benefits of a physi-
cal training rest period in the third week of training (Popovich et al., 2000). 
Unfortunately, the rest period did not modify the injury profile, suggesting a 
more complicated pathogenesis, including individual variability. The develop-
ment of specific markers of susceptibility and impending injury in individuals is 
still urgently needed.  

Table 1-1 suggests some of the outcomes that might be logical targets for 
monitoring within the next decade, along with some of the technologies that 
exist or could be developed for such monitoring. The boundary between current 
and near-term approaches is slightly blurred by the overlap of current technolo-
gies that require far more validation with projected near-term technologies that 
are just beginning to demonstrate promise. For example, fitness for duty based 
on various peripheral indicators of brain function is an important, but elusive, 
goal. In the past there was hope that performance could be predicted from recent 
sleep history measured by wrist-worn actigraphy (Redmond and Hegge, 1985). 
However, the current status of fatigue performance models is too immature and 
individual responses to this single measure are too variable to make actigraphy 
alone a useful measure. Potentially noninvasive methods that could be mounted 
in a helmet, such as measurement of pupil responses and saccadic eye move-
ments, are being explored, but have so far not held up well compared with labo-
ratory measures, such as the psychomotor vigilance task. A method that follows 
slow eye closure shows great promise, but will have to be proven in a helmet-
type platform that keeps the monitor in line with the subject�s eyes (Dinges et 
al., 1998). Another potential method, voice analysis, is specifically affected by 
emotional load, returning to normal with psychological adaptation even while 
general activation (e.g., accelerated heart rate) continues (Wittels et al., 2002). 
However, this measure has not yet been demonstrated to correspond to specific 
performance decrements. EEG analyses in fatigued individuals or in individuals 
involved in sustained vigilance tasks have been studied in military laboratories 
and show promise, but remain to be demonstrated as strong predictors of im-
pending deficits (Caldwell et al., 2002).  

Far-future technologies are concepts that might be achievable but have not 
been seriously explored and remain �marks on the wall.� Mitochondrial redox 
state in specific brain tissues has been suggested a marker of brain function 
status based on the importance of neural cell bioenergetics (Ojaimi et al., 1999). 
Intracerebral monitoring of energy-related metabolites is currently being con-
ducted with neurosurgical patients to follow acute conditions involving hypoxia 
and ischemia. As more is learned about what needs to be measured, the 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


22 MONITORING METABOLIC STATUS 
 
TABLE 1-1 Technology Forecast for Practical Metabolic Assessment Measures 
(Measured Endpoints and Conceivable Technologies) 
Past Presenta 
Energy balance and fuel availability  

Blood and urine biochemistry 
Home test glucose monitors, laboratory 

tests 
Ratings of perceived exertion 

Activity-based predictions 
�Gluco-watch�  
Reverse iontophoresis, actigraphy 

Brain metabolic function  
Paper and pencil tests Computerized neuropsychological testing 

EEG spectral analysis  
 Palm-top test, dry electrodes in a hat band  

 
 

Hydration and water balance  
Urine-specific gravity Balance based on intake and predicted 

losses 
Instrumented canteen/camelbak, bioelec-

trical resistance 
Whole-body water estimates 

  
Bone and muscle turnover  

�Hot spots� 
Loss of strength and delayed onset mus-

cle soreness 
Thermography 

Lab tests 
Specific blood and urinary markers (e.g., 

telopeptides, myoglobin, CPK, IGF-1) 
 

Stress and Immune Function 
Psychological measures of: performance, 

stress, mood 
Sleep patterns 
Stress hormones 

 

 
Blood, urine, and saliva immune markers 

(e.g., ILs, NK cells, T-cells, IGs, neu-
trophils, macrophages) 

Blood, urine, and saliva stress markers 
(cortisol, ACTH, catecholamines) 

Heart rate variability 
a EEG = electroencephalogram, CPK = creatine phosphokinase, IGF-1 = insulin-like 
growth factor-1, IL = interleukin, NK = natural killer, IG = immunoglobulin, ACTH = 
adrenocorticotropic hormone. 
 
 
technologists may be able to develop the noninvasive monitoring devices needed 
to monitor the identified biomarkers. For example, with higher-powered mag-
nets, researchers are now able to detect glutamate peaks in MRS brain pixels. 
An elevated level of glutamate in the frontal lobe might signify a range of acute 
metabolic insults that would be very important to detect and countermand.  

Current military research programs are leveraged with special Congres-
sional appropriations that accelerate basic metabolic research in specific topic 
areas. The Bone Health and Military Medical Readiness research program (sup-
ported by the National Osteoporosis and Related Bone Disorders Coalition) is
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Near Futureb Far Futurec 
 
Semi-invasive implantable sensors and 

�tattoos� 
Subdermal continuous glucose, lactate, 

pH, free fatty acids 

Functional outcome (e.g., EMG, nerve 
conduction, changes in thermal flux) 

Noninvasive physiological sensors built 
into clothing 

  
Saccades and pupil responses  
Voice analysis 
Task-embedded psychological tests 
Doppler, etc., in combat service member 

helmet/spectacles  

Brain blood flow 
Chemical nose, respiratory sampling, per-

sonal intrahelmet brain imaging systems 
Sweat/exhaled cytokines 
Volatile compounds/pheromones 
 

Intercellular fluid assessment  
Subdermal wicks, boot-sensor body 
weight tracking with electrolyte and BIA 
sensors 
Whole body water changes 

Changes in skin properties 
Endocrine changes in defense of water 

volume 
Skin mechanical/electrical changes, semi-

invasive sensing of osmoregulatory 
hormones 

 
Altered biomechanics 
Sweat markers of calcium and protein 

metabolism  

Changes in redox status  
Deep muscle biochemical sensors 
Regional metabolism/blood flow changes  

Practical field test systems  
 
Field measures of: 

Blood, urine, or saliva immune mark-
ers (e.g., ILs, IGs) 

Blood, urine, or saliva stress markers 
(cortisol, ACTH, catecholamines) 

Sleep patterns 

 
Human odors 
Sweat immune and stress biomarkers (e.g., 

neuropeptides, neurohormones, ILs, 
IGs) 

b BIA = bioelectrical impedance analysis. 
c EMG = electromyogram. 
SOURCE: Friedl (2003). 
 
 
focused on the improved understanding of bone remodeling processes and in-
cludes projects exploring markers of impending stress fracture injury. The 
Technologies for Metabolic Monitoring research program (supported by the 
Juvenile Diabetes Research Foundation) is testing novel approaches to measure 
functional outcomes related to biochemical status and energy metabolism, nota-
bly glucose regulation, but including the development of lactate sensors and the 
exploration of other physiological indicators of metabolic status. Projects sup-
ported by the Force Health Protection research program are examining methods 
to monitor global health status in combat service members, including the use of 
breath condensates to measure cytokines and other markers of lung function 
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following blast or toxic inhalation exposures. Two large projects are currently in 
progress to assess the association of brain MRS measures and symptom report-
ing in chronic, multisymptom illnesses in order to determine objective markers 
of well-being. Finally, the Neurotoxin Exposure Treatment Research Program 
(sponsored by the Parkinson�s Action Network) includes the exploration of 
voice analysis and neuropsychological testing methods for the early detection of 
neurological changes. 

CURRENT STATUS OF FIELD APPLICATIONS OF 
PHYSIOLOGICAL MONITORING  

The dismounted combat service member�s workplace is fairly unique within 
the variety of occupational challenges encountered by the American population. 
Modern infantry combat service members commonly engage in intense, men-
tally and physically demanding, 3- to 10-day missions, often in rugged terrain or 
complex urban settings. These individuals carry heavy loads (35�65 kg) and are 
often food- and sleep-restricted. Environmental conditions�ambient tempera-
ture, humidity, wind speed, solar load, and barometric pressure�can vary 
widely. Recent examples of operational environments include the desert heat 
conditions of the Persian Gulf; cold, wet weather in Bosnia; and cold and high 
altitude challenges in the mountains of Afghanistan. 

The WPSM concept includes wearable metabolic and physiological status 
monitors to help improve combat service members� performance. This monitor-
ing plays important roles in: (a) sustaining physical and mental performance; (b) 
reducing the likelihood of nonbattle injuries, such as heat stroke, frostbite, and 
acute mountain sickness; and (c) improving casualty management in remote 
situations. 

Ambulatory WPSM technologies are being developed to provide useful 
performance and health status indicators for combat service members, medics, 
commanders, and logisticians. The WPSM program uses a novel research �tool 
kit� to collect ambulatory physiological data from military personnel operating 
in stressful field environments. Analyses of the data sets are providing a better 
understanding of the physiological strains associated with operations in a multi-
stressor environment.  

Sensor hardware is important in ambulatory metabolic and physiological 
monitoring. However, sensor development is only one of a series of steps 
needed to reliably generate a useful flow of health status information in a harsh 
and highly constrained wearable environment. Other steps include: reliable sen-
sor data collection, data cleaning, data reduction and interpretation, and the 
communication, synthesis, interpretation, and presentation of the data. Key 
technologies that support this process, including post-hoc, time-series data man-
agement and the medical Personal Area Network, are reviewed elsewhere (Hoyt 
et al., 2002).  

Power, weight, and volume constraints and the need for truly �wear-and-
forget� comfort limit the functionality of wearable sensors. For example, esti-
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mating sleep by monitoring activity is possible, but it is not currently practical to 
do so by EEG in the field. An intelligent sensor network that reliably generates 
useful information from a number of disparate sources is needed to provide a 
holistic, rather than a �keyhole,� view of the physiological status of individuals.  

THE PHYSIOLOGICAL STATUS MONITOR 

A prototype WPSM user interface (display) for the medic or field com-
mander (Figure 1-1) illustrates the relevant types of contextual and physiological 
information that are available. This heuristic display shows: (1) thermal/work 
strain as the Physiological Strain Index (PSI) (Moran et al., 1998), (2) hydration 
state or water balance, (3) metabolic rate, (4) environmental conditions, (5) cog-
nitive/sleep status (hours of sleep, etc.), and (6) clinical status and location in-
formation. The knowledge display includes a baseline characterization of the 
individual, real-time combat service member and environmental sensor input, 
and historical and group mean data. Some of the measurements provided by the 
WPSM and their potential uses are described in the following sections.  

Combat Service Member Characteristics 

Combat service member characteristics, along with clothing, diet, load, ge-
olocation, and meteorological conditions (air temperature, solar load, wind 
speed, and humidity), are important determinants of an individual�s physiologi-
cal and pathophysiological responses to environmental stresses and trauma. 
Relevant combat service member characteristics include job type (military oc-
cupational specialty), gender, ethnicity, age, height, body weight, percent body 
fat, thermal and altitude acclimation history, and aerobic fitness. These factors 
change slowly, if at all, and can be recorded well before any training or combat 
mission begins. Percent body fat can be estimated easily from weight and waist 
circumference (Wright and Wilmore, 1974), but simple field techniques for 
characterizing thermal and altitude acclimation states are currently not well de-
fined. Aerobic fitness can be estimated from the Army Physical Fitness Test 2-
mile-run-for-time score (Mello et al., 1988) or from foot-ground contact time 
and heart rate using the method of Weyand and colleagues (2001).  

Heat Strain 

Understanding why hot weather injuries occur and developing ways to pre-
vent heat injuries are important concerns given the approximately 1,800 heat 
injuries that occurred in active-duty combat service members in the Army in 
2002 (USACHPPM, 2003). The graphic display in Figure 1-2 shows core tem-
perature, measured by an ingested radio telemetry pill (O�Brien et al., 1998), and 
heart rate, typically derived from an electrocardiogram. The PSI (lumped core 
temperature) and heart rate index that reflects thermal and work strain on a scale
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FIGURE 1-2 Heart rate, core temperature, and physiological strain index in two combat 
service members engaged in similar training activities during a hot-weather field exercise 
at the Joint Readiness Training Center, Ft. Polk, Louisiana. The thermal/work strain lev-
els associated with two bouts of marching (1145�1200 h and 1230�1300 h) were more 
pronounced in the heat-exhaustion casualty (cadet) than in the less-affected 509th combat 
service member. The heat casualty had a higher body fat percent, carried a heavier load, 
was less physically fit, and was not heat acclimated as compared with his 509th cohort. 
SOURCE: Hoyt and Friedl (2003). 
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of 0 to 10 (Moran et al., 1998) is currently used to generate green, amber, or red 
alerts as thresholds are passed. PSI values may prove useful in assessing accli-
mation status, guiding heat acclimation routines, and setting the timing and du-
ration of work/rest cycles. A prototype thermal strain model, SCENARIO, esti-
mates core temperature from work rate, clothing characteristics, and ambient 
meteorological conditions (Kraning and Gonzalez, 1997). This and other surro-
gate measures of core temperature may be appropriate when risk of hypo- or 
hyperthermia is moderate and more precise core temperature measurements, 
such as those provided by the ingested radio telemetry pill, are not needed. The 
core temperature requirement is likely to be replaced by improvements in heat 
flux modeling from measures of cutaneous responses and temperatures. Com-
bined with other sensor measurements, cutaneous responses and temperature 
may provide strong inferences not only about thermal status, but also about 
shock and hemorrhage.  

Cold Strain 

Cold injuries, that is, hypothermia and peripheral cold injuries are also a 
major concern for combat service members (USACHPPM, 2001). Temperature 
radio telemetry pills can be used to monitor for hypothermia (O�Brien et al., 
1998). Peripheral temperature and heat flux sensors can be used to assess the 
risk of peripheral cold injury and to guide improvements in clothing, boots, and 
gloves. The Cold Strain Index (Moran et al., 1999) uses core and peripheral 
temperatures to track cold strain. However, this algorithm needs to be modified 
to account for altered thermoregulation during underfeeding and sleep. (For a 
discussion of physiological adjustment of humans to the cold, see Toner and 
McArdle, 1988.)  

Hydration 

Under- or overhydration can lead to decrements in physical and cognitive 
performance, increased risk of heat injury, hyponatremia, and death (Montain et 
al., 2001; Sawka, 1988). Mission water requirements, largely driven by basal 
water needs and sweat losses, can be predicted based on the anticipated weather, 
clothing, load weight, and metabolic rate during the mission (Kraning and Gon-
zalez, 1997). Technologies to monitor water intake from bladder-type canteens, 
the �drink-o-meter� concept, can help ensure adequate water intake (water dis-
cipline). However, practical field methods to assess overall body tissue hydra-
tion or to monitor hydration through urine output have yet to be developed. 
Tests of the use of body resistance measurements have consistently failed to 
demonstrate accurate tracking of water changes, perhaps in part because of the 
inability to control for variability in electrolyte concentrations during various 
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types of dehydration (Berneis and Keller, 2000; Koulmann et al., 2000). It may 
be possible in the future to improve electrical resistance-derived estimates of 
hydration with minimally invasive subdermal electrolyte sensors. Alternatively, 
future automatic monitoring of urinary excretion rates and solute concentrations 
may provide valuable insight into hydration status and other aspects of acute 
combat service member health.  

Metabolic Status and Energy Reserve: Modeling 
Metabolic Fuel Requirements  

Field rations may not always meet the nutritional needs of combat service 
members (Friedl and Hoyt, 1997). Negative energy balance, commonly associ-
ated with undereating in the field, can usually be managed with little conse-
quence by drawing on substantial body fat reserves. Body energy reserves can 
be calculated from percent body fat (estimated from waist circumference) less 
the 5 percent absolute minimum body fat levels attainable in underfed, healthy 
male combat service members (Friedl et al., 1994). However, negative carbohy-
drate balance, which is common in the field and is associated with decreased 
endurance capacity and loss of lean mass, is more difficult to manage due to the 
body�s limited carbohydrate reserves.  

Carbohydrate requirements can be estimated from aerobic fitness, daily ac-
tivity patterns, and the metabolic cost of locomotion (Hoyt and Weyand, 1997). 
Maximum aerobic capacity can be derived from the Army�s Annual Physical 
Fitness Test 2-mile-run-for-time results (Mello et al., 1988), and daily activity 
patterns can be derived from heart rate or actigraphy (Redmond and Hegge, 
1985). The metabolic cost of locomotion can be derived from total weight and 
foot-ground contact times (pedometry) (Hoyt and Weyand, 1997; Kram and 
Taylor, 1990) or from the Pandolf equation, which includes body weight, load 
weight, and geolocation (including velocity of movement, grade, and footing) 
(Pandolf et al., 1977). Knowing metabolic rate and the maximum aerobic capac-
ity for each individual, an exercise intensity profile can be generated (i.e., per-
cent of maximum aerobic capacity over time). Oxygen consumption can be par-
titioned into carbohydrate and fat combustion by assuming a given relationship 
between resting or exercise intensity and nonprotein respiratory exchange ratio 
(carbon dioxide production/oxygen consumption) and using standard conversion 
factors. The exercise intensity-respiratory exchange ratio relationship chosen 
might be more fat-predominant than that of fully fed individuals (Åstrand and 
Rodahl, 1986) due to practical limits on the amount of food that can be carried.  

Remote Trauma Triage 

Combat service members are expected to be widely dispersed on the battle-
field and often minimal medical care is available to combat casualties. To help 
improve remote casualty management, a remote trauma triage system is being 
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developed. This system, part of the WPSM, will contain sensors and algorithms 
that allow medics to remotely detect ballistic wounding events and to determine 
casualty life signs and the need for a major surgical life-saving intervention 
(Holcomb et al., In press). Parameters important in life-sign detection after 
wounding include responsiveness to radio contact, motion, body position, car-
diac activity, and systolic blood pressure. Distilled health status information   
will foster the effective use of medical resources (e.g., time, equipment, and 
supplies). 

Altitude Acclimatization 

Combat service members deploying to elevations above 2,800 m (~ 8,000 
ft) may experience Acute Mountain Sickness (Pandolf et al., 1988), which is 
characterized by headache, nausea, fatigue, decreased appetite, and poor sleep, 
often with signs of poor balance and mild swelling of the face, hands, and feet. 
Without special preparation, a large proportion of a military unit rapidly inserted 
at high altitude is likely to develop acutely debilitating symptoms. Normally, 
Acute Mountain Sickness is either absent or resolves within 3 to 7 days follow-
ing ascent. However, maladaptation can lead to life-threatening high-altitude 
pulmonary or cerebral edema. An individual�s acclimatization state can be as-
sessed by comparing blood-oxygen saturation for a given ascent profile (i.e., 
SaO2 for the reported or measured exposure to hypobaric hypoxia) with that ex-
pected in normal acclimatization. An ability to monitor and model acclimatiza-
tion status will make it easier to plan high-altitude missions and minimize alti-
tude illnesses.  

EXAMPLE APPLICATION: CHARACTERISTICS OF A 
HEAT CASUALTY  

Heat strain provides a demonstration of nascent capabilities for physiologi-
cal monitoring. Progressive heat strain moves on a continuum from impaired 
cognitive function to actual casualty status and presents one of the first opportu-
nities to provide commanders with useful predictions of failing performance 
before a combat service member becomes an environmental stress casualty. Col-
lection of field data that includes clear medical outcomes makes it possible to 
backtrack to earlier indicators of the impending health risk and to develop more 
precise predictive thresholds of individual risk. 

Hoyt and Friedl (2003) discussed a recent example that studied individual 
responses to heat stress. A pair of combat service members were engaged in 
similar training activities during a hot-weather field exercise at the Joint Readi-
ness Training Center, Ft. Polk, Louisiana. Although the two combat service 
members performed similar activities from about 1130 to 1400 h (ambient tem-
perature = 32°�34oC; relative humidity = 46�55 percent; solar load = 800�875 
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TABLE 1-2 Age, Physical Characteristics, Total Load Carried, and Maximal 
Aerobic Capacity of Two Combat Service Members�A Heat Exhaustion Casu-
alty (Cadet) and an Unaffected 509th Combat Service Member from the 1/509th 
Infantry Brigade (Airborne) 
Combat Service 
Member 

Age 
(y) 

Height 
(cm) 

Weight 
(kg) 

Body Fat 
(%) 

Load 
(kg) 

VO2max (ml 
O2/kg1 min-1) 

Cadet 21 175 79.3 18 45.3 47 
509th combat 

service member 
22 170 68 13.3 35.3 53 

NOTE: These combat service members were engaged in similar hot-weather training 
activities at the Joint Readiness Training Center, Ft. Polk, Louisiana. During a road 
march, the nonheat-acclimated, less-lean, more-burdened, less physically fit cadet be-
came a heat casualty, while the heat-acclimated, leaner, less-burdened, more fit combat 
service member from the 1/509th Infantry Brigade (Airborne) tolerated the thermal/work 
stress. 
SOURCE: Hoyt and Friedl (2003). 
 
 
W/m2; wind speed = 1�2 ms-1), and both were fed and hydrated, only one be-
came a heat casualty. Combat service member characteristics (Table 1-2), in-
cluding analysis showed that the combat service members� differences in re-
sponse to the heat stress were due to a number of factors. The heat casualty had 
a higher percent body fat, carried a heavier load, was less physically fit, and was 
not heat acclimated (by interview) as compared with his unaffected cohort. 
These results illustrate the importance of integrating multiple data streams in the 
process of understanding multistressor physiological events.  

As illustrated in the paragraph above, individuals respond differently to 
similar work loads in hot environments. In the example, the differences in body 
size, level of fitness, and acclimation to the heat appeared to be the primary fac-
tors contributing to one combat service member being overcome by the heat 
while the other was fine. Based on the extensive research literature, it is known 
that a number of factors determine how a particular individual responds to exer-
cise in a hot environment. These factors include the environment (temperature, 
altitude, wind chill index, humidity), physical factors associated with the indi-
vidual (body temperature, level of acclimation, fluid intake, level of fitness, 
level of exercise intensity required to do the work), and the individual�s overall 
health and well-being. Those who are well fed and hydrated, are fit and adapted 
to the environment, and are wearing appropriate clothing will typically fair bet-
ter than those who are not. Understanding how individuals respond to specific 
environmental challenges will aid in training individuals to monitor their own 
well-being and make appropriate change so that heat stress does not occur.  
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The Study of Individual Differences:  
Statistical Approaches to Inter- and 

Intraindividual Variability 

This chapter outlines some basic issues in research design and analysis. It is 
included to inform the reader about the manner in which researchers have typi-
cally explored relationships among environmental, task, or psychological stress-
ors and specific biomarkers or performance outcomes.  Although this standard 
approach has been invaluable up to the present, continued reliance on this ap-
proach to the exclusion of more complex, nonlinear methods may impede pro-
gress toward developing predictors that are reliable across unique individuals, 
times, and circumstances. To start, a discussion of the research hypothesis and 
its relationship to the partitioning of variance is presented. Attention is then 
shifted to the elements of a statistical test, followed by an examination of the 
selection perspective on research design and the distinction between inter- and 
intraindividual variability. A rationale for the use of multivariate, replicated, 
repeated-measures, single-subject designs in research with combat service 
members is offered. It is imperative to keep in mind that the most important as-
pect of any statistical test is the informed judgment of the researcher. As such, a 
clear understanding of these basic issues contributes greatly toward the appro-
priate design and analysis of experiments. 

OVERVIEW 

Biobehavioral research is among the most challenging of scientific endeav-
ors. The study of interactions between living systems and their environment has 
tested the limits of research methodologies and theoretical models. The typical 
research design oversimplifies the complexity of these relationships and thus 
does not unambiguously allow for inferences about organism-environment inter-
actions. Rather, these designs tend to obscure underlying processes by shrouding 
rich individual data with group data aggregation procedures (Glass and Mackey, 
1988; O�Connor, 1990).  

It is a truism in the biobehavioral sciences that no single measure or aspect of 
responding can adequately represent a complex latent construct (Nesselroade and 
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Ford, 1987; Schwartz, 1986). Rather, such constructs must be represented by an 
entire pattern of manifestations (Cattell, 1966). In studying the behavior of living 
systems, a description and elucidation of the nature of underlying regulatory proc-
esses should precede any premature hypothesis testing with group means of indi-
vidual variables (Barton, 1994). In view of the prevalence and importance of 
rhythmicity in biological regulatory mechanisms, inclusion of time-varying or tem-
poral aspects of responding is crucial to accurately portray such activity (Glass and 
Mackey, 1988; Goldbeter and Decroly, 1983; Hrushesky, 1994).  

Unfortunately, the analysis of variance (ANOVA) design, a staple of psycho-
physiological research, confuses temporal information by splitting physiological 
events into discrete epochs, thereby disrupting the continuity of responding 
(O�Connor, 1992). Furthermore, precise mapping of physiological activity from 
these distinct periods onto experimental manipulations is fraught with hazards, such 
as delayed physiological responses and compensatory homeostatic processes 
(Levenson, 1988). Alternatively, all recorded activity might be considered as rele-
vant; functional relationships among ongoing physiological processes could then be 
extracted across observations (O�Connor, 1990). 

In response to these various concerns, an alternative framework for research 
with combat service members is suggested: a multivariate, systems perspective 
that emphasizes the study of individuals. A distinctive feature of this approach is 
its focus on intraindividual variability in the behavioral and physiological processes 
of an organism. Moreover, within-group variance (typically treated as error in tradi-
tional experimental psychology) is also investigated since it contains a wealth of 
relevant information (Cronbach, 1957). Thus it is appropriate first to address these 
basic methodological issues in design and analysis for research involving combat 
service members. 

SEX AND GENDER 

Sex and gender factors, including genetic, hormonal, and behavioral factors, 
are important variables that contribute to differences in biological responses in 
all species. Sex and gender should therefore always be considered and taken into 
account when designing and analyzing studies at all levels of biomedical- and 
health-related research (IOM, 2001b). Data related to sex and gender variables 
in health and disease have been recently summarized in an Institute of Medicine 
report (IOM, 2001b). This report pointed out that incidence and severity of dis-
eases vary between the sexes and may be related to differences in genetic, hor-
monal, cellular, or behavioral responses, as well as to differences in exposures, 
routes of entry, or the processing of a foreign agent. The report also underscored 
the importance of performing studies at different stages of the life span to de-
termine how sex and developmental differences influence health, illness, and 
longevity.  

Several examples of sexually dimorphic biomarkers are relevant to this 
report. For example, in the context of a military setting, it is known that the inci-
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dence of stress fractures during military training is significantly higher in fe-
males than in males (Shaffer, 1997; Stoneman, 1997). Furthermore, recent re-
search indicates that stress responses differ in males and females, and that the 
hormonal stress response (hypothalamic-pituitary-adrenal axis) is modulated by 
sex hormones. Conversely, stress hormones modulate the sex hormone axis 
(hypothalamic-pituitary-gonadal axis) (Castagnetta et al., 2003; Cutolo et al., 
2003). Clinically relevant conditions related to this interplay between these axes 
that could apply to a military setting include amenorrhea in female athletes. Pain 
responses also differ in males and females (Sternberg et al., 2001), as do cogni-
tive and behavioral differences in response to sleep deprivation (IOM, 2001a). 
The committee  therefore emphasizes that  sex- and gender-related differences at 
the biological level will impact outcome measures of all the biomarkers consid-
ered in this report; therefore when designing and analyzing relevant studies, 
consideration should be  always be given to these differences.  

RESEARCH: WHAT ARE WE REALLY TRYING 
TO DO? 

Variance Partitioning and Hypothesis Testing 

The research enterprise is primarily concerned with the detection of system-
atic relationships amidst the morass of variability in biobehavioral responses. 
This task calls for the partitioning of observed variability into systematic and 
random components, which in turn will reveal patterns of associations such that 
events can be described, predicted, controlled, and ultimately understood. In the 
simplest case, a research question or hypothesis is tested by an investigation of 
the existence, direction, and magnitude of a relationship between an independent 
or predictor variable (IV) and a dependent or criterion variable (DV). 

It is a basic and often implicit assumption of most scientific research that 
the whole is equal to the sum of its parts. It then follows that the partitioning of 
observed variability will lead to an explicit set of relationships between IVs and 
DVs. This premise is the basis of all common statistical procedures and is the 
foundation of the general linear model, that is, the presumption of linearity al-
lows for unambiguous partitioning of variability. As such, small causes lead to 
small effects and large causes lead to large effects. This concept of proportional-
ity is a cornerstone of the general linear model (West, 1990). However, linearity, 
and thus this ability to neatly partition variance, often does not hold in nature, 
and so arose the impetus for contemporary work on nonlinear dynamics: the 
science of complexity, also called chaos theory (Gleick, 1987). In spite of the 
notoriety that has been attained by this field, most research methodologies are 
based on the presumption of linearity. 
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Variance Partitioning in a Linear World 

When trying to assess the relative importance of a particular association, 
one typically asks if the systematic relationship is large relative to random fluc-
tuations. In a simple t-test or one-way, between-subjects ANOVA, this question 
becomes a test of the ratio of two variances: one representing systematic vari-
ability (between-subject variance) and the other representing unsystematic 
variability (within-subject variance). In the one-way, between-subjects ANOVA, 
this ratio is expressed as: 

 
F = between-subject variance/within-subject variance 

 
When this ratio is much greater than one, with the appropriate degrees of 

freedom (df), there is evidence for a statistically significant association between 
the IV and DV. However, in numerous situations there are many possible sys-
tematic relationships, only some of which will be of interest. Thus it is prefer-
able to think of a statistical test as the ratio of the variance of interest to the vari-
ance of noninterest: 

 
F = variance of interest/variance of noninterest 

 
Another important consideration is the magnitude or size of the effect. 

Since one is not only attempting to estimate the probability, but also the direc-
tion and magnitude of relationships, a direct index of the latter is very useful. 
Unfortunately, the tradition of null-hypothesis testing has tended to divert the 
focus of research away from the dimension of magnitude. In fact, any signifi-
cance test represents the confluence of four mathematical components: (1) the 
size of the study, which refers to the number of subjects under investigation and 
is often represented in the significance test by the df associated with the de-
nominator of the ratio of variances; (2) the size of the effect, which refers to the 
magnitude of the relationship between the IV and DV, a quantity that represents 
the amount of variability in the DV that is due to variation in each IV; (3) the 
Type I error; and (4) the power and Type II errors. 

The Alpha Level or Type I Error Rate 

The Type I error rate is the probability of falsely rejecting the null hypothe-
sis, that is, the chance of concluding that a systematic relationship exists in the 
population when in fact it does not. This possibility tends to dominate the con-
sciousness of investigators, so many post-hoc techniques (e.g., the Bonferoni 
inequality, the Newman-Keuls test) have been developed to control it. By con-
vention, the level of alpha is usually set at 0.05, but this figure is arbitrary.  
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The Power and Type II Error Rate (Beta) 

Power refers to the probability that a relationship in the population will be 
detected when one in fact exists. Power and its related Type II error rate (failure 
to reject a false null hypothesis) are probably the most neglected aspects of a 
statistical test. Power might reflect what Fisher (1966) called the �sensitivity� of 
an experiment. Importantly, the power of an obtained statistical test reflects the 
probability that such a result can be replicated (Goodman, 1992). The effects of 
low statistical power on the reproducibility of research findings have been well 
documented (Abelson, 1997; Goodman, 1992; Harris, 1997; Hunter, 1997; Scarr, 
1997; Shrout, 1997). The Type II error occurs when one fails to reject a false 
null hypothesis. This error is inversely related to the power of a test:  

 
Power = 1 �  beta 

 
One factor that leads to low power or inflated Type II error risk is an inadequate 
sample size.  

As a convention, Type I error rates of 0.05 and implicit Type II error rates 
of 0.20 (power of 0.80) are adopted. However, in practice in many areas of in-
vestigation, one rarely has adequate power (that is, power ≥ 0.80), and therefore 
the Type II error rate is much higher (Cohen, 1992). 

The following equation reveals the relationship between the statistical test 
value on the one hand, and the effect size and size of the study on the other: 

 
Statistical (i.e., significance) test = effect size × size of the study 

 
or more concretely for a two-group test:  
 

F = mean square error of interest ÷ mean square error of noninterest 
× dfdenominator 

 
with the appropriate F distribution based on the numerator and denominator dfs 
and the mean squares representing the variability per df. Thus the numerator is 
an estimate of the variability of interest and the denominator is an estimate of 
the variability of noninterest (Rosenthal and Rosnow, 1984). 

What is clear from the equation of the experiment is that statistical signifi-
cance is a function not only of the magnitude of the relationship (the effect size), 
but also of the size of the study. Thus one way to achieve a statistically signifi-
cant result is to increase the size of the study. A consequence of this fact is that 
any nonzero association between IVs and DVs can be statistically significant if 
one runs enough subjects (Meehl, 1978). In fact, the probability that the so-
called �null� hypothesis, if taken literally, is truly false is essentially zero. Per-
haps the best information derived from a significant statistical test result is that a 
lot of subjects were run, which one knows without having do to any mathemati-
cal calculations. 
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Moreover, all other things being equal, the probability of a Type I error is 
inversely related to the probability of a Type II error. Thus as the risk of a Type 
I error is decreased, for example by decreasing the alpha level considered ac-
ceptable, the risk of a Type II error increases. The appropriate balancing of Type 
I and Type II errors is very much content-area specific (Rosenthal and Rosnow, 
1984). However, using the conventional values for Type I and Type II errors 
(0.05 and 0.20, respectively), a Type I error is deemed to be four times more 
egregious than a Type II error. In areas such as those involving monitoring 
metabolic status of  combat service members, where the cost per datum tends to 
be relatively high, this level of balance in which we are more apt to accept a 
Type II error and thus conclude that no relationship exists when in fact one does, 
may not be cost effective. 

Though an extended discussion of the relative merits of statistical hypothe-
sis testing is beyond the scope of this chapter (for a recent debate, see Ableson, 
1997; Harris, 1997; Hunter, 1997; Scarr, 1997; Shrout, 1997), knowledge of the 
nature of these tests is crucial for the design of the experiment. At the very least, 
this awareness can help to determine the number of subjects necessary to have a 
good chance of detecting an effect of a certain size while balancing the risk of 
Type I and Type II errors. Moreover, reasoned consideration of the effect size 
can greatly enhance the ability to determine the practical significance�and not 
just the statistical significance�of the results of an experiment. 

Choosing What to Measure 

On the IV side, Cattell (1988) presented a system of relationships based on 
three dimensions (persons, occasions, and variables [or tests]), termed the data 
box. Common to both data theory and the data box is the notion that the re-
searcher, explicitly or more often, implicitly, selects from a broad range of pos-
sible dimensions or modes of interest. This critical decision involves selection 
from a universe of possible scores those that will be the subject of investigation. 
That this choice often occurs without full knowledge of the various selection 
effects threatens not only the validity of the inferences drawn from such experi-
ments, but also ultimately the quality of research that serves as the collective 
database of the field. 

Nesselroade and Jones (1991) have provided a cogent exposition on the na-
ture of these selection effects. They noted that a single datum can be character-
ized as a ���draw� of one piece of information from a universe of information� 
(P. 21). Minimally, this hypothesized universe represents the scores for every 
conceivable person and variable on all possible measurement occasions. Thus 
the three dimensions of persons, variables, and occasions represent a minimum 
universe from which data are selected. Since each possible score is not likely to 
be available due to constraints such as time, money, and population base rates, 
most of the data will remain unrealized. Therefore, in attempting to make gener-
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alizations from the results, the necessity of selecting a representative subset of 
scores to comprise the data cannot be overestimated.  

A thornier situation exists in biobehavioral research, in which there are a 
myriad of possible dimensions to select from. Cattell (1988) mentioned ten such 
dimensions, and innumerable others are possible. Thus this decision is a com-
plex, multimodal selection operation (Nesselroade and Jones, 1991). For exam-
ple, if an investigator attends exclusively to the persons mode, which is often the 
case, even appropriate sampling methods do not protect against selection effects 
on the variables or occasions modes. 

Known Systematic Sources of Variability 

The three sources of variance (persons, occasions, and variables) are present 
in nearly all experimental designs. Their relationship with a set of scores should 
be explicitly investigated and the systematic variance associated with each ac-
counted for before valid inferences can be drawn (Cattell, 1988). The most fa-
miliar source is that of persons; the effects of inadequate selection on this di-
mension are widely known. However, the exclusive emphasis on this mode has 
tended to distract investigators from selection effects on the variables and occa-
sions dimensions, inadvertently providing a false sense of security to experi-
menters who have accounted for bias on person selection while neglecting these 
other equally important dimensions. 

Multivariate techniques are required to assess multiple sources of variance. 
Yet there has generally been a paucity of multivariate studies in experimental 
psychology and in experimental research in general (Harris, 1992). In addition, 
the occasions dimension holds particular significance for biobehavioral research 
since most studies involve repeated measurements to some degree (Vasey and 
Thayer, 1987).  

The dynamics of a system cannot be investigated unless the organism is ob-
served repeatedly over time. Organismic theory views the human being as a uni-
fied entity whose component parts function according to laws that direct the 
whole organism (Goldstein, 1939). These principles guide which aspects of the 
environment the organism attends and reacts to. Goldstein asserted that in-depth 
investigations of single individuals, over a wide range of observation conditions, 
are necessary to comprehend the operation of these superordinate functions in 
naturalistic environments.  

Indeed, a full description of human responses requires an observation on 
some measure in a certain individual at a particular time and place (occasion) 
(Nesselroade and Ford, 1987). Thus three known sources of variability must be 
taken into account in the design and analysis of studies involving  combat ser-
vice members. First, experiments should be designed to highlight the particular 
variability of interest. For example, if one is interested in individual differences, 
persons should be observed over many different occasions to estimate the vari-
ance in scores that is relatively unchanging. Moreover, one may want to use 
�raw� rather than �change� scores, since partial ipsatization (from subtraction of 
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base values; see Cattell, 1988) tends to minimize the variance due to persons. 
Second, the focus should be on indices of the magnitude of the association; less 
reliance should be placed on tests of statistical significance. Third, a program of 
research studies should be examined in aggregate, that is, the results of several 
studies should be combined to produce estimates of the magnitude of associa-
tions. Meta-analytical procedures for this purpose can produce more stable esti-
mates of the importance of various factors and can aid in the accumulation of 
knowledge that lies at the heart of any scientific enterprise (Guzzo et al., 1987). 
However, for meta-analysis to be meaningful, scientific and explicit protocols 
that ensure comparability of randomized, controlled clinical trials should be fol-
lowed. Furthermore, a significant p value found in any one study yields essen-
tially no useful information regarding the probability of replicating that finding 
(Goodman, 1992; Guttman, 1985). 

Inter- Versus Intraindividual Variability 

An important and often overlooked distinction that has led to confusion in 
the literature is the difference between inter- and intraindividual variability. Re-
lationships that exist among individuals may not be the same as those relation-
ships that exist within individuals. From a research design perspective, it is im-
portant to be clear which of these associations is being investigated. A common 
mistake is to formulate a hypothesis concerning an intraindividual association, 
say, on the effects of different treatments on an individual�s blood pressure, but 
to then conduct an experiment in which each person receives a different treat-
ment or manipulation.  

Another relevant example is that few studies have truly tested the James 
(1884) model of emotion, which suggests that the physiological responses and 
the subjective experience of a given emotion are highly related (an intraindi-
vidual hypothesis). Instead, most studies have involved an emotional response 
elicited from a group of individuals exposed to several manipulations, such as 
viewing pictures of facial expressions (for a review, see Ellsworth, 1994). Sub-
jects may have various physiological measures taken, such as the facial electro-
myogram (EMG) from the brow and the cheek, and then are asked to rate their 
subjective emotional state after viewing each picture. The data are then analyzed 
by correlating physiological and self-reported responses aggregated across all 
individuals. In this case, inter- and intraindividual differences are confounded. A 
more appropriate test of the Jamesian hypothesis (James, 1884) would be to cor-
relate the physiological and subjective responses within individuals and then 
combine the results of these within-person correlations. Using this within-person 
approach with a multivariate measure of association (redundancy analysis; 
Lambert et al., 1988), responses aggregated across subjects revealed little 
relationship (shared variance on the order of magnitude of 10 percent) between 
EMG and subjective responses (Uijtdehaage and Thayer, 1988). When the same 
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data were analyzed using within-subject measures of association, the shared 
variance increased to approximately 80 percent.  

Clearly, different data aggregation procedures lead to vastly different infer-
ences about the Jamesian hypothesis (James, 1884). In a related study, it was 
reported that the physiological measures that best discriminated the group emo-
tion profiles were not those that best discriminated among any individual�s emo-
tion profiles (Thayer and Faith, 1994). These findings suggest that the effects of 
confounding inter- and intraindividual variability can have enormous conse-
quences for the generalizations and conclusions reached in any particular study. 

Multivariate, Replicated, Repeated-Measures, Single-
Subject Designs 

In any one study, it is generally not feasible to represent all possible modes 
of data classification in a completely satisfactory manner. Therefore, it behooves 
investigators to make informed choices on these dimensions rather than let 
chance and expediency dictate research design. Preparation for conducting large 
group studies may involve prior intensive study of individuals with multiple 
measures on numerous occasions in order to discern information on sampling of 
variables and occasions (Nesselroade and Jones, 1991). Indeed, the history of 
biobehavioral research is replete with prominent examples in which principles of 
broad applicability emerged from the intensive study of individuals (for a re-
view, see Barlow and Hersen, 1984). Importantly, it is only through intensive 
studies of individuals that behavior patterns can be examined as they unfold over 
time, a critical feature in the study of nonlinear dynamics. Finally, the individual 
has long been recognized as the ultimate entity in biobehavioral research, for it 
is there that processes occur and applications are made (Rosenzweig, 1958). 
This point is especially salient to research on  combat service members. 

In summary, multivariate, replicated, repeated-measures, single-subject de-
signs are highly compatible with the aims of research on  combat service mem-
bers. Central to these aims is the desire to develop applications that are relevant 
to specific individuals as they carry out complex, multivariate behaviors that 
evolve over time. Repeated-measures designs and the collection of multiple in-
terrelated measures are common in biobehavioral research, and so the consid-
ered application of this research paradigm can enhance the quality of research 
that is already being conducted. Thus no radical change in experimental proce-
dures is required; only a more reasoned data extraction from the rich corpus of 
already available information is necessary. 

Furthermore, recent statistical advances have expanded the repertoire of 
tools with which to analyze data from these designs. For example, hierarchical 
linear models (Schwartz et al., 1994), random regression models (Jacob et al., 
1999), and pooled cross-sectional time series (Dielman, 1983) allow for the par-
titioning of inter- and intraindividual variability from a number of different 
sources. Complemented by set analytical techniques that allow for the examina-
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tion of multiple DVs (Cohen, 1982), these methods offer many data analytical 
strategies for multivariate, replicated, repeated-measures, single-subject designs.  

An Example Using Multilevel Models 

Recent advances in statistical software have brought the use of hierarchical 
linear models and stochastic regression models into easy reach. PROC MIXED 
in the SAS software package (SAS Institute Inc.) and BMDP 5V in the Bio-
medical software package (SPSS Inc.) can be used to estimate these types of 
models. There are numerous advantages to these approaches compared with 
previous methods. First, inter- and intraindividual variability can be simultane-
ously estimated. Second, the use of random coefficients allows for the gener-
alizability of these estimates beyond the particular data sample. Third, differing 
numbers of observations per participant can be accommodated. Finally, missing 
data can be easily handled in these models. 

Ambulatory monitoring of physiological responses has the potential to 
greatly impact research on  combat service members. Researchers are no longer 
confined to the laboratory; subjects can now be monitored during actual work 
situations. Several versions of these multilevel models have been applied to 
study the effects of various factors, such as mood, location, and postural effects 
on ambulatory heart rate and blood pressure (Jacob et al., 1999; Schwartz et al., 
1994). Schwartz and colleagues (1994) present a simple illustration of the 
model; for a single, within-person factor, such as location (work versus home), 
the model is: 

 
Yij(k) = (µ + αi ) + (βk + δik) + εij(k) 

 
where Yij(k) is the jth blood pressure reading for person i, taken in the kth location; 
µ is the weighted grand mean of an individual�s average awake blood pressures, 
weighted by the number of readings per person; αi is the deviation of person i�s 
average awake blood pressure (from the grand mean µ ); βk is the average intra-
individual (main) effect of being in location k (the weighted average of the βs 
equals zero); δik is the deviation of the effect for person i of being in location k 
from βk, the person by location interaction effect (the weighted average of the δs 
equals zero for each person); εij(k) is the deviation of person i�s jth observation 
from its predicted value, based upon the preceding parameters (the mean of 
these deviations for all observations of person i taken in the kth location equals 
zero); the first term on the right side  of the equation (µ + αi ) is the interindi-
vidual variance; and the second term on the right side (βk + δik) is the intraindi-
vidual variance. (Full details for estimation of the model are given in Schwartz 
et al., 1994.) 

Application of this model to multiple-parameter estimation is illustrated by 
Schwartz and colleagues (1994); a similar model and estimation procedure has 
been applied to longitudinal regression (Jacob et al., 1999). These models allow 
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for the estimation of multiple influences on a DV in a nonarbitrary metric. For 
example, Schwartz and colleagues (1994) found that the average intraindividual 
effect of being at work versus at home on systolic blood pressure was 2 to 4 mm 
Hg. Thus the implications of this result are easy to comprehend, whereas tradi-
tional ANOVA-type models may state results in standard deviation units or 
other derived indices, the practical significance of which is often difficult to 
gauge. 

SYSTEMS THEORY AND THE STUDY OF 
INDIVIDUALS 

Systems theory seeks principles that are widely applicable across diverse com-
plex systems (Miller, 1978; Schwartz, 1982). The ideal venue for modeling such 
organismic systems may be the single-subject paradigm (Denenberg, 1982; Gold-
stein, 1939; Nesselroade and Ford, 1987). A basic advantage of such designs is 
their sensitivity to temporal patterns in biobehavioral processes. Multivariate, mul-
tioccasion, single-subject paradigms have the resolving power necessary to portray 
patterns of stability and change that characterize organism-environment interactions 
(Nesselroade, 1991). The replication of these patterns across individuals in turn can 
bridge specific and general applicability. This spiraling process is therefore congru-
ent with the quest for principles that are relevant at multiple levels of analysis.  

It is fundamental to systems theory that basic processes operating at the level 
of the individual will also be manifested at both lower and higher levels of analysis 
(Schwartz, 1982). In nonlinear dynamics terminology, these similarities are referred 
to as fractals and occur frequently in nature (Barton, 1994; Bassingthwaighte, 1988; 
Goldberger, 1992; Nonnenmacher et al., 1994; West, 1990). In general, systems 
approaches have revealed the utility of seeking correspondences across multiple 
layers of biobehavioral inquiry (Friedman and Thayer, 1998a, 1998b; Kandel, 
1983; Mandell et al., 1981). For example, perception of the relationship between 
individual and population disease-prevention strategies has been underscored in 
epidemiological research (Rose, 1992). Clearly, studies of individuals are integral 
components in the scientific quest for general laws of behavior; they are comple-
mentary parts of a whole (Rosenzweig, 1958). 

Another aspect of this area that is of great concern to research on combat ser-
vice members is the study of individual differences. Biological organisms display 
wide-ranging individual differences in physiology (Fahrenberg, 1986; Sargent and 
Weinman, 1966; Woodhead et al., 1985). The importance of individual differences 
for research on combat service members can be illustrated by the effects of differ-
ences in visual acuity on cardiovascular responses to a computer display (Tyrrell et 
al., 2000). 

A thorough exploration of biobehavioral responding requires the extensive 
study of individuals over time, a highly problematic enterprise in large N de-
signs. Beyond pragmatic concerns, these designs constrain individual response 
patterns into group molds. To take advantage of the emerging field of dynamic 
systems, experiments must be designed in such a way as to mine the rich inter- 
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and intraindividual variability inherent in living systems. In this context, time-
series analysis is a useful adjunct to traditional data analysis strategies. Time-
series analysis has been used extensively in many fields, from econometrics to 
physiology, and it allows for the examination of the temporal structure of a set 
of sequentially collected data points. Time series from individual subjects can be 
examined and parameters extracted that can be used in data aggregation proce-
dures. For example, the time series of heart periods (the time between successive 
heart beats) has been used to extract indices of autonomic nervous system con-
trol that can be used to characterize the physiological, emotional, and cognitive 
state of an individual (Friedman et al., 1996; Thayer and Lane, 2000).  

Moreover, the parameters extracted from time-series analyses can be com-
bined and the pattern of these parameters examined using pattern classification 
and neural network techniques. These techniques allow for the investigation of 
nonlinear patterns in data that might usefully distinguish subjects or conditions 
into meaningful classes or categories at the level of the individual (see Tyrrell et 
al., 1995). 

SUMMARY  

In this chapter we have attempted to expose assumptions that are often de-
ceptively implicit in the design and analysis of experiments. Research on  com-
bat service members, with its focus on person-environment interactions, has a 
pressing need to elucidate those factors that contribute to interindividual differ-
ences and distinguish them from sources of intraindividual variability. The 
search for associations among IVs and DVs can be expressed as the partitioning 
of system variability into factors that contribute to this observed variation. Fur-
thermore, although the assumption of linearity has been useful in promoting 
well-controlled studies of biobehavioral variables, it also represents a limiting 
influence on the burgeoning study of complexity and dynamic systems. How-
ever, designs that can be used to partition data into linear estimates of variance 
can also be used to investigate the dynamics of person-environment transactions. 
It is hoped that researchers will not only take advantage of contemporary ana-
lytical techniques for the study of dynamic systems, but also pursue research 
that will aid in the understanding and appropriate use of extant data analytical 
tools. 
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Monitoring Overall Physical Status 
to Predict Performance 

There is an extensive body of literature dealing with the prediction of 
maximal physical performance in a variety of settings, including both the predic-
tion of optimal performance and the prediction of performance deterioration. 
Most of this literature is based on research carried out with healthy men and 
women performing various physical tasks, such as prolonged endurance efforts 
in exercise and sports settings, but some has involved combat service members 
performing military tasks under controlled laboratory and field conditions. There 
are two main types of measures used to predict physical performance: physio-
logical measures and self-assessment measures.  

The usual predictor variables employed in the research have consisted of 
physiological markers, such as heart rate; core temperature; blood and muscle 
lactate; plasma levels of epinephrine, norepinephrine, and beta-endorphin; 
plasma and salivary levels of cortisol; circulating glucose; ventilatory minute 
volume and related metabolic measures; plasma creatine phosphokinase; glyco-
gen stores as determined by serial muscle biopsy; and regional cerebral blood 
flow. This chapter describes some of the physiological measures used to indicate 
overall physical status, such as vital signs and temperature, while more specific 
surrogate measures for muscle fatigue, bone health, and renal and immune func-
tion are described in Chapter 4.  

Although measuring overall physical status in the field presents a challenge, 
the importance of measuring total daily energy expenditure as an indication of 
energy intake needs cannot be overemphasized. Limitations of the direct and 
indirect measurements of energy expenditure are described in this chapter, along 
with potential technological advances for the future.  

There is evidence that self-assessment measures also possess efficacy in 
predicting both optimal physical performance and deterioration in performance. 
Self-assessment measures include perceived exertion, muscle soreness, muscle 
pain, ratings of sleep quality, and mood states. A number of investigations sug-
gest that a single measure of effort sense or mood state may be superior to each 
of the above-mentioned physiological measures when used singly or in combi-
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nation. This chapter describes some of the research, along with some of the ad-
vantages and limitations, of self-assessment.  

GENERAL CONSIDERATIONS WHEN MONITORING 
PHYSICAL STATUS 

The ultimate goal of collecting data on biomarkers that measure or predict 
the status of physiological and cognitive function of military personnel is to as-
sess any change in these functions that could compromise an individual�s health 
and ability to perform mission tasks. The usual approach to the interpretation of 
these data is to compare them with the range of values determined to support 
normal physiological and cognitive function. If the data are outside this range, 
then there is a risk that the health of the individual and/or the mission success 
will be compromised. Corrective actions should be available to bring the physio-
logical or cognitive function back to the normal range or to save the individual 
and accomplish the mission objective. 

To implement such a system, several steps must be accomplished. First, 
there must be devices for continuously or intermittingly monitoring the bio-
markers. Second, there must be some system for transmitting the data to a com-
mand and control unit or to the individual so that corrective action can be taken. 
Third, there must be baseline or reference data (normal range) that can be used 
to interpret the data. (The development of devices for measuring biomarkers and 
the system for transmission of data is beyond the scope of this report.)  

For practical reasons it is likely that the data-monitoring system will be able 
to calculate and screen the incoming data so only those data that require action 
will be brought to the attention of the individual and/or the command and con-
trol unit. This means that the standard used in the analysis (the baseline data) 
becomes important. It is widely recognized that many individuals have bio-
marker values that may fall outside the normal range for some physiological or 
cognitive functions (Sargent and Weinman, 1966). Although the normal range is 
useful in the practice of clinical medicine because there are other opportunities 
to make judgments about a patient�s condition, a more rigorous approach may 
be needed for a system monitoring the vital functions of a combat service 
member.  

A biomarker is a surrogate marker for an important outcome and therefore 
the choice of biomarkers will have a significant impact on the types and design 
of the devices and systems that will be needed. Major issues that must be con-
sidered are related to the validation of the biomarker, such as reliability and the 
potential for false positive or false negative results. Therefore, prior to imple-
menting performance testing to assess �readiness to perform,� careful planning 
is necessary. Test development and validation can be a rather daunting and 
complex problem. For instance, even when a given measure has good reliability 
and validity under laboratory conditions, the efficacy of the procedure may not 
generalize to field settings. At the most basic level, it is first necessary to de-
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velop an idea about the model that underlies the performance of interest and 
how specific tests relate to this model (paradigm development). Next, evidence 
must be gathered that proves the validity of specific individual tests for measur-
ing what they purport to measure (e.g., does a psychomotor tracking task really 
predict flying ability?). Finally, if several cognitive tests are going to be com-
bined into a generalized assessment battery, the entire battery (as opposed to the 
individual tests) should be validated. It should be noted that the validation re-
sults generally will apply only to a set of standardized testing conditions that 
must be maintained in the actual assessment context (this may be a significant 
obstacle to the implementation of test batteries for use in field 
environments).  

Once an assessment battery is formulated and validated, personnel must be 
trained to the point at which no more learning effects would be expected to oc-
cur on the tests to be used. Then, during operational use of the battery, specific 
test outcome measures (e.g., reaction time, percent correct, accuracy) will need 
to be subjected to standard statistical treatments, and scores from individual test 
sessions will need to be compared with the individual�s baseline performance 
(defined as the average of his or her passing scores over numerous past ses-
sions). Based on past results (or on unique validation studies, if desired) �cut� 
scores can be determined using traditional psychometric approaches. These cut 
scores can be used to determine whether or not the individual is within his or her 
normal performance envelope. Some test batteries use a cut score of 1.5 standard 
deviations from a person�s running average of numerous past sessions to indi-
cate an alerting (nonsafety-critical) change, and a cut score of 2.0 standard de-
viations to indicate a safety-critical change. However, these values could be dif-
ferent for different criterion groups, which is another issue that must be 
addressed (Robert O�Donnell, NTI, Inc., Dayton, OH, personal communication, 
January 2004). In summary, the introduction of any type of fitness-for-duty test 
(whether for medical health, psychological well-being, or cognitive perform-
ance) will require a great deal of �up-front� work prior to implementation if 
valid and useful results are to be expected. 

PHYSIOLOGICAL MEASUREMENTS 

There are two general categories of physiological parameters that are used 
to monitor physical changes in humans: conventional and surrogate. These pa-
rameters have been used in a variety of settings (e.g., hospitals, military opera-
tions, clinical trials). When disease is present, measures of conventional physio-
logical parameters, such as vital signs (e.g., pulse, temperature, blood pressure, 
and respiratory rate), are sensitive and specific for predicting the potential for 
adverse outcomes. More specifically, the level of blood glucose of diabetics or 
the level of blood urea nitrogen or creatine in those with chronic renal failure 
has considerable value for prognostic and treatment purposes. In addition to 
using vital signs and other conventional parameters to monitor physiological 
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status, surrogate measures (e.g., hormones, metabolic substrates) have also been 
used. The difficulty with using these conventional or surrogate physiological 
measures in normal humans under extreme conditions is their general lack of 
predictability for the individual, which is generally due to their poor sensitivity 
in asymptomatic healthy individuals.  

In the critically ill, physiological measurements have been used in the Acute 
Physiologic and Chronic Health Evaluation Score (APACHE II and APACHE 
III). The APACHE II and III use conventional parameters to determine the risk 
of death of acutely ill patients (Knaus et al., 1985). These scores have been vali-
dated (Knaus et al., 1985; Rivera-Fernandez et al., 1998; Rosenberg, 2002) and 
have universal acceptance in defining the risk of mortality. As a result, 
APACHE has become the benchmark for comparing outcomes of care and for 
the evaluation of the efficacy of new therapies. There is also a simpler version of 
these scores, the Simplified Applied Physiology Score, which also primarily 
uses physiological variables (Le Gall et al., 1984).  

Surrogate measures, on the other hand, use hormonal levels, such as corti-
sol, insulin-like growth factor-1, growth hormone, or metabolic substrates (e.g., 
glucose, lactate, ketone bodies, or amino acids). Unlike some conventional pa-
rameters, surrogate measures do not have validated scores or available algo-
rithms to assess overall health status and predict the performance of individual 
combat service members in hostile situations. 

Another significant limitation with many physiological measures is that 
they are based upon average group data, referred to as nomothetic data, which 
are frequently ineffective in predicting the performance of an individual. In cir-
cumstances where average group data may not appropriately correlate with the 
performance of an individual, prediction models will need to be based on the 
unique characteristics of the individual (see also Chapter 2). One approach is to 
monitor each combat service member during rigorous training to determine the 
values of the critical biomarkers that are �normal� for that individual under a 
variety of situations. For example, the concentration of electrolytes in sweat 
varies widely among individuals in very hot, humid conditions, and an estimate 
of normal electrolyte loss based on water loss may underestimate the actual loss 
by a large margin. If the individual has a major disconformity (in this example, 
either a very high or a very low electrolyte concentration in sweat), then that 
data can be inserted in the personal profile used to monitor his or her condition. 
Similarly, it may be found that some individuals are capable of optimum per-
formance outside of the �normal range� for some biomarker of a physiological 
or cognitive function. If such observations are verifiable, then the profiles of 
those individuals could be modified to take advantage of those observations. 

Despite the limitations mentioned above, some conventional measures are 
valuable for monitoring the physical status of combat service members in field 
operations; however, more research is needed to validate these measures. The 
following sections review current physiological monitoring methods and suggest 
potential uses of these conventional measures for monitoring in the field.  
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Energy Expenditure 

Accurate measurement of total daily energy expenditure provides an esti-
mate of total energy needs if weight is to be maintained. An individual is said to 
be in energy balance if energy input (calories consumed) matches energy expen-
diture. When energy expenditure is larger than energy intake, balance is not 
maintained, weight is lost and the energy available for physical activity is de-
creased. Severe weight loss can dramatically impair performance and cognitive 
ability in high physical and mental stress situations. 

The components of total daily energy expenditure are generally divided into 
three main categories: (1) basal metabolic rate, also known as resting metabolic 
rate (RMR), or resting energy expenditure; (2) the thermic effect of food (TEF); 
and (3) energy expended in physical activity or, as it is frequently called, the 
thermic effect of activity (TEA).  

RMR is the energy required to maintain the systems of the body and to 
regulate body temperature at rest. It is measured by indirect calorimetry in the 
morning after an overnight fast (12 hours) and while the individual is resting in a 
bed. The individual must be comfortable and free from stress, medications, or 
any other stimulation that could increase metabolic activity (Manore and 
Thompson, 2000). In addition, the room where RMR is measured needs to be 
quiet, temperature controlled, and free of distractions. In most sedentary, healthy 
adults, RMR accounts for approximately 60 to 80 percent of total daily energy 
expenditure (Poehlman, 1989; Ravussin and Bogardus, 1989). However, this 
percentage varies greatly in active individuals. It is not unusual for some active 
individuals to expend 1,000 to 2,000 kcals/day in exercise activities. Thompson 
and colleagues (1993) determined energy balance in 24 elite, male endurance 
athletes over a 3- to 7-day period and found that their RMR represented only 
about 35 percent of total daily energy expenditure. Similar results have been 
reported in active females (Beidleman et al., 1995). During days of repetitive 
heavy competition, such as ultramarathons, RMR may represent less than 20 
percent of total energy expenditure (Rontoyannis et al., 1989). 

TEF is the increase in energy expenditure above RMR that results from the 
consumption of food throughout the day and includes the energy cost of food 
digestion, absorption, transport, metabolism, and storage. It usually accounts for 
approximately 7 to 10 percent of total daily energy expenditure, with women 
sometimes having a lower value (Poehlman, 1989; Ravussin et al., 1986). How-
ever, this value varies depending on the total number of kilocalories in the meal, 
the types of foods consumed, and the degree of obesity.  

TEA is the most variable component of energy expenditure in humans. It 
includes the energy cost of daily activities above RMR and TEF, such as pur-
poseful activities of daily living (e.g., making dinner, dressing, cleaning house) 
or planned exercise events (e.g., running, weight training, walking). It also in-
cludes the energy cost of involuntary muscular activity, such as shivering and 
fidgeting (also called spontaneous physical activity). TEA may account for only 
15 percent of total daily energy expenditure in sedentary individuals, but it may 
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be as high as 30 percent in active individuals (Poehlman, 1989). The addition of 
RMR, TEF, and TEA should account for 100 percent of total energy expendi-
ture. However, there are a variety of factors that may increase energy expendi-
ture above normal, such as cold, fear, stress, and various medications or drugs. 
The thermic effect of these factors is frequently referred to as adaptive ther-
mogenesis, which represents a temporary increase in thermogenesis that may 
last for hours or even days, depending on the duration and magnitude of the 
stimulus. For example, a serious physical injury, the stress associated with an 
upcoming event, or going to a higher altitude may all increase RMR above nor-
mal levels. 

The measurement of total daily energy expenditure or its components can 
be conducted in the laboratory using direct measures, such as calorimetry, dou-
bly labeled water (DLW), motion sensors, or observation. In general, field 
methods of measuring or predicting energy expenditure use indirect methods 
(e.g., self-report questionnaires, surveys, fitness measures) or devices (e.g., 
movement devices, heart-rate monitors) that have been validated against more 
precise laboratory methods. Energy expenditure prediction equations have also 
been developed and are typically based on age, gender, and body size. 

Laboratory Methods 

Calorimetry. Energy expenditure in humans can be assessed by either direct 
or indirect calorimetry. Direct calorimetry measures the amount of heat given 
off by the body through radiation, convection, and evaporation and must be 
conducted in an airtight calorimetric chamber in which the amount of heat 
produced by the body warms the water surrounding the chamber. The change in 
water temperature is recorded, and the amount of energy expended is calculated. 
This method is very expensive and is not currently used to any extent. However, 
some field devices are based on the direct calorimetry principle and use changes 
in body heat to predict total energy expenditure. Under basal conditions, both 
direct and indirect calorimetry give identical results, but due to the cyclical 
changes in body temperature throughout the day, direct calorimetry cannot be 
used to assess heat production for periods of less that 24 hours (Jequier and 
Schutz, 1983).  

Indirect calorimetry uses a much less expensive method for assessing en-
ergy expenditure and is frequently the method of choice for many researchers. A 
metabolic chamber is used, and a mask, hood, or mouthpiece is used to collect 
gases. This method assumes that metabolic rate can be estimated by measuring 
the rate of transformation of chemical energy into heat. The amount of oxygen 
and carbon dioxide exchanged in the lungs closely represents the use and release 
of these substances by the body tissues, so the amount of oxygen consumed and 
the amount of carbon dioxide produced are measured during various activities to 
estimate the amount of energy being expended. The ratio between the volume of 
carbon dioxide produced (VCO2) and the volume of oxygen consumed (VO2) 
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can be calculated (VCO2/VO2). This ratio is termed the �nonprotein respiratory 
quotient� and represents the ratio between the oxidation of carbohydrate and 
lipid. By knowing the amount of each energy substrate oxidized, the amount of 
oxygen consumed, and the amount of carbon dioxide produced, total energy 
expenditure (in kilocalories) can be estimated using various published formulas 
(Manore and Thompson, 2000). In general, consuming 1 L of oxygen results in 
the expenditure of approximately 4.81 kcals if the fuels oxidized represent a 
mixture of protein, fat, and carbohydrate.  

Doubly Labeled Water. Recently, the DLW technique has been validated 
and accepted as a gold standard method for determining free-living total daily 
energy expenditure. This method was first developed for use in animals and was 
eventually applied to humans (Schoeller et al., 1986). The DLW method is a 
form of indirect calorimetry based on the differential elimination of deuterium 
(2H2) and 18oxygen (18O) from body water following a load dose of water labeled 
with these two stable isotopes. The 2H2 is eliminated as water, while the 18O is 
eliminated as both water and carbon dioxide. The difference between the two 
elimination rates is a measure of carbon dioxide production (Coward and Cole, 
1991; Prentice et al., 1991). This method differs from traditional indirect calo-
rimetry in that it only measures carbon dioxide production, not oxygen con-
sumption. The major disadvantages of this technique are that it requires frequent 
urine collection and it is very expensive, thus making it prohibitive for use in 
field situations. This method has become a valuable tool for the validation of 
other less-expensive field methods of measuring energy expenditure, such as the 
use of accelerometers (Schoeller and Racette, 1990).  

Field Methods 

Because measurements of calorimetry require that an individual be confined 
to a laboratory setting or a metabolic chamber, it is difficult to measure an indi-
vidual�s free-living or habitual activity. However, there is a new hand-held indi-
rect calorimetry instrument (BodyGem, HealtheTech, Inc., Golden, Colorado) 
available that could be used in the field. This instrument measures RMR in 12 
minutes and has been validated against oxygen consumption measured with a 
metabolic cart or a Douglas bag. These studies (Melanson et al., 2003; Nieman 
et al., 2003) showed high correlations (r = 0.81�0.97) between the BodyGem 
and the laboratory methods used for validation. Unfortunately, this instrument 
measures resting energy expenditure. Total daily energy expenditure still needs 
to be estimated from the methods outlined below or from prediction equations. 
Thus the usefulness of this instrument in the field is still limited.  

Subjective Measures. These measures include the direct observation of 
physical activity by a trained observer or the recording of daily physical activity 
by the subject. Use of direct observation is limited because it requires a trained 
individual for each participant being measured. Recording daily physical activity 
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using activity logs is time consuming and requires training of the individual 
since each activity needs to be quantified as to time, intensity, and type. Both of 
these methods require that the input of the data and the calculation of total en-
ergy expenditure be conducted by trained researchers (Chen, 2003). These two 
methods are impractical for large military field operations. 

Objective Measures. These measures use some type of mechanical or elec-
tronic device (e.g., pedometers, heel- or foot-strike monitors, accelerometers, 
heart-rate monitors, heat-flow sensors) that measures changes in body move-
ment, heart rate, or body temperature. The data acquired from these devices are 
generally integrated with personal data (e.g., age, weight, stride length, gender) 
and then converted into a mathematical formula that predicts total physical ac-
tivity or energy expenditure. The advantages of these devices are that they can 
generally be worn either on the wrist, waist, arm, or ankle; they require little 
manipulation once they are attached; and they can measure free-living move-
ment over an extended period of time. Recorded data are either directly inte-
grated into a formula that predicts energy expenditure or are downloaded to a 
computer for further analysis.  

Validation of these devices is typically conducted by using whole-room in-
direct calorimetry or DLW (Chen, 2003) for total energy expenditure and by 
using treadmills or measured distances for physical activity. Many of these de-
vices incorporate a number of methods for assessing body movement, motion, 
and heat production. Below are the methods used by three different sensors cur-
rently being sold: 

 
• The SenseWear Armband (BodyMedia, Inc., Pittsburgh, Pennsylvania) 

utilizes a two-axis accelerometer, a heat-flux sensor, a galvanic skin-response 
sensor, a skin-temperature sensor, and a near-body ambient temperature sensor 
to gather the data used to calculate energy expenditure from an algorithm (Liden 
et al., 2002).  

• The IDEEA (Intelligent Device for Energy Expenditure and Activity) 
(MiniSun, Fresno, California) measures body and limb motions constantly 
through five sensors attached to the chest, thighs, and feet, and can correctly 
provide identification of 98.9 percent of posture and limb movements and 98.5 
percent of gait movements (Zhang et al., 2003).  

• The Actical Activity Monitor (Mini Mitter Co., Inc., Bend, Oregon) 
utilizes a motion sensor known as a piezoelectric accelerometer to monitor mo-
tion. This type of sensor integrates the degree and intensity of motion and pro-
duces a voltage output signal with varying magnitudes and durations that are 
dependent on the amount of motion. Based on recent validation studies using 
whole-room calorimetry, this monitor is a good predictor of total energy expen-
diture in children (Puyau et al., 2002). Validation studies using portable Sen-
sorMedics (Yorba Linda, California) systems performed with adolescents, teens, 
and adults to predict activity energy expenditure are still being conducted and 
algorithms are being refined (Heil and Klippel, 2003; Klippel and Heil, 2003). 
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Preliminary data show reasonably accurate predictions using the Actical Activ-
ity Monitor in these populations, depending on the sites chosen for monitor 
placement.  
 

These second-generation devices may be much better at predicting energy 
expenditure than devices that only use one method for determining motion (e.g., 
vertical acceleration). Extensive research has examined the validity and useful-
ness of pedometers and accelerometers for the measurement of physical activity 
or energy expenditure (Hendelman et al., 2000; Jakicic et al., 1999; Tudor-
Locke et al., 2002). In general, accelerometer- and pedometer-based monitors 
provide valid indicators of overall physical activity, but they are less accurate at 
predicting energy expenditure (Bassett and Strath, 2002; Welk, 2002). If pe-
dometers are used to predict levels of physical activity, then the correlation is 
stronger (average r = 0.82) than if they are used to predict total daily energy 
expenditure (average r = 0.68; range = 0.46�0.88) (Tudor-Locke et al., 2002). 
The same appears to be true for accelerometers that use only one dimension to 
measure physical activity. Single-method motion detectors appear to underesti-
mate energy expenditure by 42 to 67 percent in field conditions where a variety 
of exercises are used (Welk et al., 2000) and during cycling as work intensities 
are increased (Iltis and Givens, 2000). In addition, single-axis accelerometers or 
pedometers and most multidimensional accelerometers are not useful in detect-
ing increased energy cost of high-intensity exercise, upper-body exercise, carry-
ing a load, or changes in surface or terrain (Bassett et al., 2000; Hendelman et 
al., 2000; Iltis and Givens, 2000; Jakicic et al., 1999). However, single-axis ac-
celerometers may work well when estimating energy expenditure during low-
intensity single activities, such as walking, and they may be useful in assessing 
daily activity patterns of individuals (Schutz et al., 2002) unless the subjects are 
the frail elderly with very slow gaits (Le Masurier and Tudor-Locke, 2003).  

If predicting total energy expenditure is the goal of monitoring the activity 
of the combat service members, then more sophisticated devices must be used 
(multidimensional devices that include multiple types of metabolic measure-
ments) since they are better at predicting energy expenditure (Chen, 2003; Hoyt 
et al., 1994; Schutz et al., 2001). Based on a review by Schutz and colleagues 
(2001), measuring the total daily energy expenditure of combat service members 
at the accuracy required by the military will require the development of a motion 
sensor that is inexpensive and is more convenient and reliable than current pe-
dometers or accelerometers. When this instrument becomes available, research-
ers, those responsible for monitoring the combat service members, or the combat 
service members themselves will be able to accurately monitor their daily free-
living energy expenditure.  
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Summary 

There are a number of methods for assessing total daily energy expenditure 
in an individual in an objective manner. In a more subjective manner, however, 
combat service members (or their peers) can easily tell whether they are main-
taining energy balance by changes in their total body weight. If their weight 
does not change, then their energy intake matches their energy expenditure. 

Vital Signs 

There are three conventional measurements discussed below that may have 
success in monitoring the physiological status of combat service members under 
field conditions. These measures are: pulse rate, a combination of respiratory 
rate and pulse rate, and a combination of all the major vital measures. This sec-
tion also includes measurements of core temperature because it is the most 
common method for assessing the impact of environmental conditions and exer-
cise on the body, in addition to being an indicator of physical status (e.g., 
inflammation). 

Pulse Rate  

Pulse rate, which is easy to measure noninvasively and is amenable to te-
lemetry, can be used to estimate the degree and duration of aerobic workload. It 
might also be used to assess periods of rest and sleep. 

Respiratory Rate and Pulse Rate  

In the present environment of potential exposure to chemical and biological 
agents, other parameters, such as respiratory rate and pulse rate, might be pat-
terned. For instance, wearing chemical biological weapon suits and breathing 
apparatus is likely to alter respiratory rate and pulse rate, both at rest and in re-
sponse to activity. How these parameters are affected would be important to 
determine under experimental conditions, both in the laboratory setting and in 
the field, to gather baseline data for the individual combat service member.  

Overall Vital Signs 

With the measurement of pulse rate, respiratory rate, and core body tem-
perature, one could potentially design algorithms to distinguish the following 
conditions: moderate activity, more intense activity, cold exposure affecting 
performance, sleep, and systemic inflammatory response (usually due to infec-
tion under battlefield conditions if the soldier is otherwise unaware of injury) 
(see Table 3-1).  
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TABLE 3-1 Summary of Vital Signs Under Specific Activity and Environmental 
Conditions 

 
Condition 

 
Pulse Rate 

 
Respiratory Rate 

Core Body 
Temperature 

Moderate activity Moderately high 
(> 120) 

Increased Normal 

Intense activity High (> 160) Elevated for a pro-
longed period 

Prolonged elevated 
respiratory rate 
may lead to in-
creased core body 
temperature 

Cold exposure Normal to low Normal to low Low 
Sleep Lower than awake 

pulse rate 
Lower than awake 

pulse rate 
Slightly lower to 

normal 
Systemic inflamma-

tory responses 
> 90, but usually 

< 120 
Elevated, but less 

than intense activity 
Higher 

 
 
Ambient Temperature  

Although ambient temperature is not a vital sign, it is included here because 
environmental temperature can have a dramatic effect on the body�s ability to 
maintain physiological stability, especially during exercise (Cheung et al., 
2000). If extreme environmental conditions are combined with fluid losses and 
the development of dehydration or the wearing of protective clothing (Kulka and 
Kenney, 2002), a significant decrease in mental function and exercise perform-
ance can occur. As temperature and humidity increase, exercising becomes 
harder and the risk of heat-related problems increases. Hydration can also be a 
problem for individuals who exercise in cold environments because fluid is be-
ing lost while the desire to drink may be reduced. As temperature decreases, the 
ability to maintain body heat and normal body temperature may decline depend-
ing on the severity of the cold stress (e.g., temperature, altitude, wind chill in-
dex, humidity), the intensity of the exercise being performed, the level of sleep 
deprivation, the negative energy balance, and the insulating effect of the cloth-
ing worn. In addition, the body tries to minimize heat loss through vasoconstric-
tion and to increase heat production through shivering. Thus cold can dramati-
cally increase metabolic demands on the body. 

Table 3-2 outlines recommendations and precautions that should be taken 
by individuals who exercise under conditions of varying air temperature, relative 
humidity, and solar radiation. As shown in the table, when the wet bulb globe 
temperature (WBGT) rises, the health risks associated with exercising also rise. 
The WBGT is comprised of three measurements. First is the wet bulb, an index 
of relative humidity. Second is the black bulb, an index of radiation of heat from 
the environment (e.g., from the sun). The third measurement is the dry bulb, an 
index of ambient temperature (the actual air temperature measured on a ther-
mometer). If the wet bulb and the dry bulb temperatures are the same, then the 
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TABLE 3-2 Various Wet Bulb Globe Temperatures (WBGT) and Exercise 
Recommendations and Precautions That Need to Be Taken 

 
WBGT 

Exercise 
Recommendations 

 
Comments 

Less than 80°F  
(< ~27°C) 

All can exercise  Most individuals without a risk of heat 
problems can perform activities 

80° to 85°F  
(~ 27° to 29°C) 

Exercise with caution All individuals should drink frequently; 
look for signs of heat illness (dizziness, 
rapid heart rate, nausea, chilling, head-
ache, and decreased coordination) 

Distances greater than 10 km should not 
be done or conducted with caution 
when the WBGT is greater than 82°F 
(28°C) 

85° to 88°F  
(~ 29° to 31°C) 

Limited exercise Physical activity for unconditioned or 
unacclimatized individuals should be 
suspended 

Frequent water breaks should be taken by 
exercising individuals 

Greater than 88°F  
(> ~31°C) 

Suspend exercise All activities should be suspended or 
moved indoors to a cooler environment 

NOTE: WBGT = 0.7 (wet bulb temperature) + 0.2 (black bulb temperature) + 0.1 (dry 
bulb temperature). Wet bulb temperature measures the temperature when the bulb is 
moist (relative humidity); black bulb temperature measures radiated heat (this bulb 
absorbs the radiated heat); and dry bulb temperature measures the ambient room tempera-
ture. 
SOURCE: Adapted from Pivarnik and Palmer (1994). 
 
 
air has a humidity of 100 percent and evaporation is impossible. The following 
method is used to calculate the WBGT: 

 
WBGT = 0.7 (wet bulb temperature) + 0.2 (black bulb 

temperature) + 0.1 (dry bulb temperature) 
 

The greatest contributor to WBGT is the humidity (wet bulb), while the ambient 
temperature (dry bulb) contributes the least. Thus it is easier and safer to exer-
cise in a hot environment with a low humidity than in a hot environment with a 
high humidity. As the humidity rises, it is harder for the body to cool itself 
through evaporation of sweat from the skin. By measuring WGBT before exer-
cising in hot environments, proper precautions can be taken to reduce the risk of 
heat exhaustion.  

Environmental conditions that predispose an active individual to heat ex-
haustion or stroke are hot, humid, windless conditions or unseasonably hot con-
ditions where an individual is not acclimatized to the environment. Sunstroke, 
heat cramps, or heat exhaustion are likely, and heatstroke is possible with pro-
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longed exposure or physical activity in temperatures ranging from 105° to 130°F 
(41°�54°C). If the temperature rises to 130°F (54°C) or more, heat stroke and 
sunstroke are highly likely with continued exposure (NWS, 2003). Individuals 
who are unfit, overweight, dehydrated, unacclimatized to the heat, or ill are 
more susceptible to heat stroke. Finally, the young and the old are more suscep-
tible to heat-related injury due to less sensitive homeostatic mechanisms for 
fluid balance (Sutton, 1990). Studies that examined exertional heat illness in 
military recruits showed that risk was greatest when temperatures rose above 
65oF (18oC), when strenuous exercise was performed (e.g., running), or when 
recruits had heat-stress exposure on previous days (Kark et al., 1996). For new 
recruits, a body mass index (kg/m2) over 22 and a 1.5-mile run time over 12 
minutes also increased the risk of heat illness (Gardner et al., 1996). 

Less has been written on the body�s response to cold weather exercise; 
however, when exercise is performed in cold environments, the body�s thermo-
regulation mechanisms are stressed (O�Brien et al., 1998b; Young et al., 1998). 
If exercise in the cold is combined with high altitude, the metabolic stresses on 
the body are extremely high, which increases the demand for adequate energy 
and fluid intake. Like in hot environments, fluid balance can be compromised 
while exercising in cold environments (Murray, 1995). First, cold can increase 
urinary fluid losses, while fluid intake is reduced. Individuals generally have 
less desire to drink in the cold, the need to drink is less obvious, fluids may be 
less available, and fluid intake may be reduced to avoid having to urinate. Ac-
tive women may be more likely to restrict fluid intake in cold environments to 
avoid removing layers of clothing in order to urinate or to avoid traveling some 
distance to a restroom. Fluid losses are increased through respiration and sweat 
losses, especially if heavily insulated clothing is worn.  

Body Temperature 

A number of factors can influence body temperature. Therefore, a number 
of physiological parameters may need to be measured to assess thermal strain on 
the combat service member. 

Core Body Temperature. Measuring core body temperature is the most 
commonly used method for assessing the impact of environmental conditions 
(either hot or cold) and exercise on the body. The most common places for 
measuring core body temperature are the esophagus, rectum, mouth, tympanum, 
and auditory meatus (Young et al., 2003), but most thermal physiologists con-
sider the esophagus to be the best site (Moran and Mendal, 2002; Young et al., 
2003). Measurement of esophageal temperature is best for research settings, but 
it is problematic in clinical or field assessments because the sensor causes irrita-
tion to the nasal passages and general subject discomfort (Moran and Mendal, 
2002), and it is difficult to insert. Overall, these probes are impractical to use  
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TABLE 3-3 Definitions of Various Temperature Measurements Used in 
Wearable Body Activity Monitors 
Measurement Definition 
Heat flux Measurement of the heat being dissipated by the body; 

sensors in the wearable devices use very low ther-
mally resistant materials and sensitive thermocouple 
arrays to determine this measurement 

Skin temperature Sensors placed in the device are in contact with the 
skin and measure changes in skin temperature 

Near-body ambient temperature Sensors measure air temperature immediately around 
the wearable device and are designed to directly re-
flect the change in environmental conditions; an ex-
ample is walking into an air-conditioned building 
from outside on a hot day 

Galvanic skin response This measurement represents the electrical conductiv-
ity between two points on the wearer�s arm or leg, 
depending on where the device is worn; skin con-
ductivity is affected by the sweat from physical ac-
tivity and by emotional stimuli; it can also be used 
as an indicator of evaporative heat loss by identify-
ing the onset, peak, and recovery of maximal sweat 
rates 

SOURCE: Liden et al. (2002). 
 
 
in a field setting where individuals are participating in strenuous physical 
activity.  

Skin Temperature Sensors. These sensors measure skin temperature at a 
particular body site and may not correlate well with core body temperature. In 
order to use skin sensors, multiple sites may need to be measured, and the in-
formation gained from the sensors may need to be integrated with other tem-
perature and thermal stress-related data (e.g., heart rate, ambient temperature, 
exercise intensity, level of hydration, wind speed, and perceived effort or exer-
tion). As discussed previously, new, wearable body-activity monitors (typically 
worn on the arm, wrist, or ankle) are being used to assess total energy expendi-
ture or physical activity. They also measure a variety of temperature-related 
variables, such as heat flux, skin temperature, near-body ambient temperature, 
and galvanic skin response (see Table 3-3). One device, the Mini-Logger (Mini-
Metter Co., Inc., Bend, Oregon), has four temperature channels that can measure 
skin, rectal, and ear canal temperature. Only the assessment of skin temperature 
would be practical for military personnel in the field. Many of these devices can 
be worn continuously for 4 to 5 days without recharging their batteries, and they 
may have the capability for remote transmission of data. 

Oral Temperature Thermometer. The measurement of oral temperature can 
readily track changes in core body temperature. Unfortunately, oral temperature 
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measurements are not always possible, because of equipment being worn over 
the face, or accurate, because the head and face can be easily influenced by the 
environment. Hot and cold drinks, smoking, or irregular breathing patterns can 
also alter oral temperature measures (Moran and Mendal, 2002). 

Temperature Pill Telemetry System. The ingestible temperature pill pro-
vides a valid measure of core temperature during rest, exercise, and changes in 
environmental conditions (e.g., hot, cold) (Kolka et al., 1993; O�Brien et al., 
1998a). The temperature pill has been validated by comparison with rectal and 
esophageal temperature. The pill contains a sensor that transmits a continuous, 
low-frequency radio wave that varies with temperature. This signal can be re-
ceived and stored by a data logger and later downloaded to a computer (Castel-
lani et al., 2002; O�Brien et al., 1998a). The pill moves through the gastrointes-
tinal tract and most accurately measures core temperature when it reaches the 
small intestine. Because it is eventually eliminated, a new pill needs to be con-
sumed if temperature monitoring is to continue over long periods of time. The 
use of this technology in the field is possible; however, a mechanism for data 
transmission over long distances to a collection site is required, as is a way of 
displaying the data so it can be easily observed by the soldier.  

Summary. Currently there is no accurate and easy method to measure core 
body temperature in a field setting. The development of a simple, noninvasive, 
universally used device that can measure core body temperature in individuals 
exercising or working in extreme environments would be quite useful (Moran 
and Mendal, 2002). Such an instrument would help prevent many of the heat-
related illnesses that occur in field settings.  

Physiological Strain Index 

The U.S. Army and the Israeli military have been working together to de-
velop and test a physiological strain index (PSI) based on rectal temperature and 
heart rate�two physiological parameters that adequately depict the combined 
strain reflected by the cardiovascular and thermoregulatory systems (Moran et 
al., 1998b). The PSI is based on a scale of 1 to 10, with a high value indicating a 
high risk of heat stress. It was developed using individuals performing exercise 
in the heat under a variety of conditions (e.g., in different heat-related environ-
ments, with protective clothing, and with varying hydration levels) (Moran et 
al., 1998a, 1998b). Comparisons of the PSI based on gender, age, and level of 
exercise training and intensity have also been conducted (Moran et al., 1999b, 
2002). Overall, the PSI may be a simple method for examining the impact of 
environmental temperatures and exercise stress on individuals in order to predict 
who might be at risk for heat stress (Moran, 2000). Once a field method for as-
sessing core body temperature is developed, the PSI could be a useful tool for 
the prevention of heat illnesses. 
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Cold Strain Index 

Similar to the PSI, the U.S. Army and the Israeli military have developed a 
cold strain index (CSI) based on rectal temperature and mean skin temperature 
measured at multiple sites (Moran et al., 1999a). The CSI is also based on a rat-
ing scale of 1 to 10, where high numbers indicate risk of hypothermia. As with 
the PSI, the CSI�s usefulness in the field will depend on the development of a 
reliable method for measuring core body temperature. 

SELF-ASSESSMENT MEASUREMENTS 

As discussed in the previous section, it might be possible to employ some 
physiological markers in field settings, although some still need validation in the 
field and others encounter practical limitations. In addition to conventional 
measures, self-assessments have the potential for use as indicators of physical 
status in the field. Self-assessment measures include: perceived exertion, muscle 
soreness, muscle pain, ratings of sleep quality, and mood states. There is evi-
dence that self-assessment measures possess efficacy in predicting both optimal 
physical performance and deterioration in performance.  

In a number of investigations a single measure of effort sense or mood state 
has been found to be superior to specific physiological measures used singly or 
in combination. Relying on self-assessments to evaluate physical status, how-
ever, is not without limitations. For example, it is an established fact that sleep-
deprived individuals lose their ability to accurately assess their own levels of 
sleepiness and impairment after the first day or two of sleep reduction. Also, it is 
well known that inexperienced individuals are often unable to pace themselves 
as well as people who have been frequently exposed to a given situation. In ad-
dition, peer and supervisory pressures continue to present major confounds to 
the validity of self-assessments in circumstances involving team relationships. 
For these reasons, more objective assessments that are immune to such judgment 
and social confounds, such as direct physiological measurements, are generally 
more desirable.  

If these limitations to self-assessment can be overcome, then the advantages 
to this measurement method can be realized. First, the continued use of this ap-
proach does not require the development and application of sophisticated in-
strumentation; that is, �perceptual� models can be taught and used now. Second, 
the data based on the unique characteristics of the individual are not confounded 
by other individuals� responses within a group. As discussed in Chapter 2, re-
search on combat service members, with its focus on person-environment inter-
actions, has a pressing need to elucidate those factors that contribute to interin-
dividual differences and to distinguish them from sources of intraindividual 
variability. The educated athlete (combat service member) can learn how to 
monitor sensations provided by the working muscle, as well as other physiologi-
cal systems, and he or she can titrate the pace (e.g., increase, decrease, maintain) 
without experiencing performance decay or the morbidity and mortality often 
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associated with performance of prolonged efforts under extreme conditions 
(Morgan, 1981, 2000; Morgan and Pollock, 1977). If educated athletes (combat 
service members) and coaches (commanders) learn how to train hard without 
overtraining, when they are placed in a situation (competition or combat) where 
maximal or supramaximal efforts are required their output can be titrated and 
optimized (Morgan et al., 1988; Verde et al., 1992). The body of scientific litera-
ture relevant to this hypothesis emphasizes the importance of considering the 
individual in efforts designed to prevent morbidity, as well as to predict maxi-
mal physical performance.  

Perceived Exertion 

Perceived exertion involves the individual�s sensation of effort, and the rat-
ing of perceived exertion (RPE) obtained during prolonged physical efforts can 
reliably predict performance. Physiological variables (e.g., heart rate, blood 
pressure, and cortisol, epinephrine, norepinephrine, muscle and blood lactate, 
glycogen, oxygen uptake, and ventilatory minute volume) and individual vari-
ables (e.g., gender, training state, personality structure, and mood state) contrib-
ute to RPE. According to Borg (1973, 1998), RPE can be viewed as the gestalt 
or whole (i.e., configuration of all sensory inputs responsible for the formation 
of the percept), while variables such as heart rate or lactate should be regarded 
as parts of the whole. Hence, perceptual ratings such as RPE could be more ac-
curate in predicting or monitoring exertion than any part of the whole. 

The literature dealing with self-assessment has been summarized in vol-
umes by Borg (1998) and Noble and Robertson (1996). These comprehensive 
reviews of self-assessment demonstrate the efficacy of perceptual models in 
quantifying stress responses associated with exercise and, in some circum-
stances, their superiority to selected physiological models.  

Borg (1998) developed a number of rating scales for use in quantifying the 
distress or strain associated with exercise, but the one most frequently employed 
has been his 6�20 category scale. This scale has verbal anchors associated with 
the odd-numbered ratings (7 = very, very light, 9 = very light, 11 = fairly light, 
13 = somewhat hard, 15 = hard, 17 = very hard, 19 = very, very hard) (Borg, 
1973). The terms �easy,� �heavy,� and �moderate� are sometimes used in place 
of light, hard, and somewhat hard, respectively. The 6�20 category scale is em-
ployed in most exercise laboratories around the world and has been shown to 
possess good construct validity when employed with English-speaking individu-
als and across cultures.  

In his early formulations, Borg (1973) asserted that RPE correlated very 
well with physiological measures (e.g., heart rate), and it was proposed that 
heart rate was equal to RPE × 10. While this proposal may have been overly 
simplistic, it actually worked reasonably well in the case of healthy young men 
and women evaluated on maximal bicycle ergometer or treadmill tests. How-
ever, as the scale became more widely applied with younger and older age 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


70 MONITORING METABOLIC STATUS 
 
groups, elite distance runners, and selected patient groups, it became apparent 
that RPE and heart rate were often uncoupled. In the case of healthy men and 
women performing selected types of exercise (e.g., isometric, concentric), as 
well as exercise in extreme environments (e.g., hot, cold, hyperbaric, hypo-
baric), the RPE-heart rate relationship is not strong. However, RPE works effec-
tively in such settings because it includes other inputs that possess greater 
primacy. 

In summary, perceptual ratings of effort, sense, fatigue, pain, and mood are 
often regarded as subjective, whereas physiological measures are regarded as 
objective. However, since perceptual ratings have some advantages and some 
studies have showed that they may be more accurate than some physiological 
measures in predicting performance, a case can be made for developing and em-
ploying perceptual models in efforts to monitor distress during training and 
special operations.  

Perceived Exertion as a Predictor of Physical Strain and Physical 
Endurance 

Although heart rate may be easy to measure, the case has been made that 
ratings of perceived exertion may be a better measure of the whole physiological 
situation of an individual. As a result, there are studies that compare the physio-
logical measure of heart rate with RPE. These studies evaluate any possible 
correlations of these two measures, specifically through physical strain and 
physical endurance studies.  

Patton and colleagues (1977) evaluated ratings of perceived exertion and 
heart rate in two groups of 60 male military personnel who differed in level of 
fitness (Group I untrained, Group II trained), measured by maximal oxygen up-
take (VO2max). Group II scored significantly higher than Group I on VO2max at 
the outset of the study, as anticipated. When the two groups performed 
submaximal runs on the treadmill, Group I (untrained) had a significantly higher 
heart rate than Group II (trained) at each minute of exercise, as expected; how-
ever, the RPE for the two groups did not differ. While this finding is surprising, 
a similar observation was later reported by Dishman and colleagues (1994). 
These results represent examples of the uncoupling of heart rate and perceived 
exertion, and they suggest that heart rate may not be an adequate measure of 
strain during physical exertion. When both groups were retested following 6 
months of training, they experienced a significant decrease in perceived exertion 
and heart rate during submaximal exercise (Patton et al., 1977). Furthermore, the 
RPE and heart-rate values were identical for the two groups following the train-
ing. This finding indicates that although a valuable measure of strain, effective-
ness of the RPE model is dependent in part on habituation or familiarization; 
this phenomenon needs to be addressed during educational and training pro-
grams. In addition to these issues, it is important to support the honest reporting 
of RPE despite encouragement to report overly positive results. Individuals may 
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feel that it runs counter to military expectations of stoicism and toughness to 
admit to high levels of perceived exertion. Both habituation and overly positive 
reporting have to be monitored during actual field situations.  

The efficacy of perceptual versus heart-rate monitoring in the development 
of physical endurance was evaluated by Koltyn and Morgan (1992) in a study 
involving two groups of college women engaged in aerobic dance classes. The 
two groups used either heart rate or perceived exertion to regulate exercise in-
tensity. The outcome measure used in this study was endurance performance as 
measured by the amount of distance that could be covered during a 15-minute 
run. This test was administered at the beginning and the conclusion of the 14-
week course. Both groups experienced an increase in endurance, but the gain for 
the perceived exertion group was 11 percent compared with 6 percent for the 
heart-rate group. This led to the conclusion that regulation of exercise intensity 
with the use of perceived-exertion monitoring is superior to heart-rate monitor-
ing for improvement in endurance performance. 

In a case study conducted with one of the participants in the above study 
(Morgan, 1981), a volunteer attempted to complete a simulated marathon (26.2 
miles, 385 yards) on the treadmill at a pace of 7.5 mph and 0 percent grade. 
Heart rate, rectal temperature, state anxiety, and RPE were obtained throughout 
the simulation. There was a gradual increase in heart rate and rectal temperature 
during this simulation, but extrapolation from values obtained at 5, 10, and 15 
miles into the run suggested that the individual would complete the planned run 
without difficulty. Ratings of state anxiety and RPE obtained at the same points 
in time predicted otherwise. The individual was unable to continue beyond the 
23-mile point�the precise point predicted by the RPE data. This case study 
supports the theoretical views advanced by Borg (1973, 1998) that ratings of 
perceived exertion are more accurate in predicting endurance performance than 
measures of heart rate and rectal temperature.  

In conclusion, it has been shown that heart rate is not an adequate measure 
of physical strain during exertion or during the development of physical endur-
ance.  

RPE as a Predictor of Maximal Physical Performance 

A test of maximal physical performance involving progressive increments 
in workload on a bicycle ergometer was performed by Morgan and Borg (1976) 
using 30 trained male cyclists with a mean age of 23 years. Heart rates measured 
at submaximal levels of work (50, 100, and 150 W) were employed to predict 
the actual maximum and compared with a prediction based upon ratings of RPE. 
The actual maximal performance capacity was 14,316 kpm. The predicted 
maximal performance capacity using heart-rate values was 16,500 kpm, whereas 
the prediction using RPE was 14,250 kpm. This observation demonstrates that 
RPE values obtained at submaximal exercise intensities are superior to heart-rate 
values in predicting maximal performance capacity. This is important since the 
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most frequent measure employed to predict maximum capacity is submaximal 
heart rate (Åstrand and Rodahl, 1986).  

RPE as a Predictor of Total Exhaustion Time 

In research carried out at the U.S. Army Research Institute of Environ-
mental Medicine by Horstman and colleagues (1979), the perception of effort 
was studied in healthy combat service members during constant work to self-
imposed exhaustion. In the first experiment, 26 healthy male volunteers com-
pleted a test of VO2max on one day, and were retested at 80 percent of VO2max on 
two subsequent days in the walking and running modes. Heart rate, VO2, VCO2, 
minute ventilation, end tidal CO2, and RPE were obtained throughout the exer-
cise. Plasma lactate, epinephrine, and norepinephrine concentrations were ob-
tained following exercise. These values did not differ between the walking and 
running conditions. At the time of exhaustion, the test subjects reported less 
respiratory distress for the walk compared with the run, but perception of effort 
for the legs did not differ in the two conditions. Values of RPE were identical 
for the walking and running conditions, and these ratings increased in a linear 
fashion from a value of 12.9 at 25 percent of total exhaustion time to 18.9 at 
exhaustion. The results from this experiment were replicated in the walking 
mode with an independent sample involving another 28 combat service mem-
bers. It was found that changes in perception of effort occurring early during 
work were sensitive predictors of exhaustion time in this study.  

RPE as a Predictor of Coronary Heart Disease 

There is recent evidence that RPE obtained from individuals for customary 
or usual exercise is predictive of coronary heart disease (CHD). Lee and col-
leagues (2003) reported that an inverse relationship exists between an individ-
ual�s RPE and the risk of CHD. These investigators studied 7,337 men who 
were free of CHD at the outset of the study; 551 of these men developed CHD at 
follow-up. The men who reported RPE as �moderate� to �strong� had a lower 
risk of CHD compared with those who reported RPE in the �weak� or �less in-
tense� range. This study suggests that the efficacy of RPE could be extended 
from the performance domain to include morbidity and mortality due to CHD. 

Other Potential Uses of Self-Assessment Measurements  

Optimal Pace 

Prolonged endurance efforts lasting several hours, as well as repeated ef-
forts of shorter duration, are more likely to be optimal if a steady-state pace is 
employed (Wilmore and Costill, 1994). Use of a steady-state pace results in the 
more economical use of energy with conservation of energy stores, whereas 
accelerating and decelerating during a given endurance effort results in uneven 
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energy expenditure with a more rapid depletion of energy stores. In fact, it has 
been recognized for many years that athletes, industrial workers, military per-
sonnel, and individuals who engage in various forms of exercise for health, fit-
ness, and recreational purposes (e.g., cycling, jogging, swimming, gardening, 
dancing, walking) do so at a self-regulated pace. In the case of the athlete per-
forming vigorous exercise at a high intensity for prolonged periods, the concept 
of pace represents a very important principle in terms of both optimal perform-
ance and prevention of injury (Morgan, 2000; Morgan and Pollock, 1977). In-
deed, the ability to maintain optimal pace in endurance events is not only a prin-
cipal focus in the training programs of many athletes, but steady state-
expenditure of energy is often developed in an exquisite manner. Runners and 
swimmers, for example, often repeat segments of a given distance within a sec-
ond or fraction of a second throughout an event.  

While most of this research has been carried out with trained athletes, there 
is no reason to believe that combat service members cannot be trained to per-
form prolonged efforts in a steady state. There is research evidence that percep-
tion of effort, the key component of steady-state energy expenditure, can be an 
effective tool in applications with military personnel engaged in physical efforts 
(Horstman et al., 1979; Morgan, 1977, 1981; Morgan et al., 1983; Patton et al., 
1977; Soule and Goldman, 1973).  

Some of the earliest research dealing with the subject of pace was per-
formed by Ralph Goldman and his colleagues at the U.S. Army Research Insti-
tute of Environmental Medicine. It was reported by Hughes and Goldman 
(1970), for example, that an energy expenditure of 425 kcal/hr (±10 percent) is 
voluntarily adopted by healthy, physically fit young men engaged in hard physi-
cal work. As a matter of fact, this research group demonstrated that self-
regulated pace is not only very consistent, but inclusion of terrain and load coef-
ficients in mathematical models enables one to accurately predict the time re-
quirement to traverse a given distance (Givoni and Goldman, 1971; Goldman 
and Iampietro, 1962; Hughes and Goldman, 1970; Soule and Goldman, 1969, 
1972). This work has potential military applications as it has involved multiple 
terrains, and the resulting prediction models included load coefficients based on 
energy expenditure associated with loads positioned on the head, back, and legs.  

Preferred Exertion 

One of the most innovative lines of research carried out by Goldman�s 
group involved a study dealing with the pacing of intermittent work during a 31-
hour period without sleep (Soule and Goldman, 1973), designed to examine 
what has come to be known as �preferred exertion.� This concept represents a 
distinct construct from RPE, but it is related since it represents the exertional 
level the individual chooses to adopt (Morgan, 2001). 

In the study described by Soule and Goldman (1973), 10 men with a mean 
age of 21 years walked on a motor-driven treadmill at a self-selected pace. The 
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individuals in this study walked for 1 hour or until completion of 4.8 km, which-
ever occurred first, on six occasions at 5-hour intervals during a 31-hour period 
without sleep. This task was completed on one day while wearing a 15-kg pack, 
and on a second day while wearing a 30-kg pack. The speed of walking was 
self-regulated by means of a servo-controlled treadmill. The time required to 
walk each 400 m was recorded, as well as the distance covered during each 5-
minute epoch. An RPE was obtained near the end of each 1-hour exercise bout, 
and heart rate was measured at the conclusion of each walk. Times for the 15-kg 
condition were faster than those for the 30-kg condition as expected, but walk 
times were not impaired significantly by sleep deprivation. The investigators 
suggested that the improved performance at 31 hours of sleep deprivation was 
due to what has traditionally been termed �end spurt� in human performance 
research, that is, the participants walked faster since they knew this was the last 
work bout. 

Additional research dealing with the concept of preferred exertion has been 
conducted with civilian samples, and the findings have generally supported the 
earlier work by Goldman and his associates involving young combat service 
members. Furthermore, preferred exertion has been found to be consistent when 
exercise is performed in the early morning, at noon, and in the late afternoon, 
and the stability of this phenomenon has been shown to hold for both men and 
women (Trine and Morgan, 1997). A summary of additional research involving 
preferred exertion has been described by Morgan (2001). 

Preferred Intensity 

Indirect support for the use of perceptual monitoring is offered by Pollock 
and colleagues (1972). These investigators evaluated the influence of aerobic 
training in 22 men ranging in age from 30 to 45 years who were randomly as-
signed to one group that trained at 90 percent of maximum heart rate or a second 
group that trained at 80 percent of maximum heart rate. Both groups experi-
enced significant increases in aerobic power, but they did not differ in the 
amount of improvement. The investigators had hypothesized that the group 
training at 90 percent of maximum heart rate would have the greatest gain in 
aerobic power, and the unexpected finding was explained on the basis of 
preferred exertion. The investigators reported that it was necessary throughout 
the study to encourage the 90-percent group to go faster and maintain the de-
sired intensity, while at the same time it was necessary to urge the 80-percent 
group to slow their pace. It was found that both groups �preferred� an intensity 
of ~85 percent of maximum heart rate, and there was a regression toward this 
intensity. Hence the finding that training at 90 percent of maximum heart rate 
was no more effective than training at 80 percent was due to the fact that both 
groups were actually training at 85 percent of maximum heart rate most of the 
time.  
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There is additional evidence that healthy men and women tend to have a 
comfort zone based on preferred intensity. It has been reported by Morgan 
(1973) that male college students tested at five work loads (i.e., 50, 100, 150, 
200, and 250 W) on a bicycle ergometer had a preferred intensity of 120 W for a 
30-minute exercise bout. However, there was considerable individual variability 
in preferred intensity. The preferred exercise intensity in any given setting is 
undoubtedly due to many factors. In this particular study it was found that val-
ues of RPE were correlated with extroversion. This finding supports Borg�s 
view that perception of effort is a configuration of numerous physiological, psy-
chological, and demographic factors (Borg, 1973, 1998). 

Perception of effort was assessed in six well-trained endurance athletes by 
Farrell and colleagues (1982) on a treadmill test involving 30-minute runs at 60 
percent and 80 percent of VO2max performed on separate days. These runners 
were assessed on a third occasion with instructions to select the pace they would 
prefer to use for a 30-minute run. The preferred intensity was found to be 75 
percent of VO2max, and the mean ratings of perceived exertion for this intensity 
were below those observed at 80 percent and above those observed at 60 percent 
of VO2max. In this case there was considerable individual variability that further 
demonstrates the limitation of nomothetic guidelines. 

Overtraining 

There is also a great deal of research demonstrating that physical training, 
when carried to excess, usually results in performance decrements (see also 
Chapter 4). The reduced performance in such cases has been associated with a 
number of undesirable physiological and psychological changes. Examples of 
the physiological changes associated with overtraining include:  

 
• elevated heart rate and blood pressure;  
• elevated cortisol, creatine kinase, epinephrine, and norepinephrine at 

rest, along with greater increases in these values following a standard 
exercise stimulus; and  

• decreased glycogen stores (Costill et al., 1988; Kirwan et al., 1988; 
Morgan et al., 1987, 1988; O�Connor et al., 1989, 1991; Wilmore and 
Costill, 1994).  
 

There is also evidence that mood disturbance occurs with overtraining, and 
common changes include increases in: 
 

• tension and state anxiety,  
• depression,  
• anger,  
• fatigue,  
• confusion, and  
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• decreased vigor as measured by the Profile of Mood States (POMS) 
(Morgan et al., 1987, 1988; O�Connor et al., 1989, 1991; Verde et al., 
1992).  

 
In the early phases of overtraining, performance is not affected, but this is 

followed by a decrease in performance as the overtraining continues (Costill et 
al., 1988; Morgan et al., 1987, 1988). The decreased performance resulting from 
excessive physical training has consistently been shown to be associated with 
mood disturbance, and this relationship can be viewed as causal for the follow-
ing reasons: (a) the strength of association is strong, (b) there is a temporal se-
quence, (c) there is consistency for the observed relationship, (d) there is an as-
sociation independent of other factors, (e) there is a dose-response gradient 
between increased training volume and mood disturbance, (f) there is biological 
plausibility for the association (e.g., hypercortisolism), and (g) there is experi-
mental confirmation showing a causal link. There is also evidence that titration 
of training volume in a systematic manner is effective in preventing the onset of 
mood disturbance and performance decline. The resulting syndrome is some-
times termed �staleness� in the sports medicine literature, and this breakdown is 
also associated with reports of muscle soreness, decrements in physical per-
formance, loss of appetite, sleep disturbance, and reduced libido (Costill et al., 
1988; Morgan et al., 1987, 1988; O�Connor et al., 1989, 1991).  

One of the overtraining studies cited above included a sudden increase in 
training volume from 4,000 to 9,000 m/day at 94 percent of VO2max in 12 male 
competitive swimmers. Measures of perceived intensity of exercise, muscle 
soreness, and mood disturbance (total POMS score) progressively increased 
through training until midway, at which point self-reports of perceived exertion 
reached a plateau. Four of the twelve individuals were unable to adapt, and these 
individuals experienced performance decrements. The self-report (total POMS 
score [Morgan et al., 1988]) and physiological data (Costill et al., 1988; Kirwan 
et al., 1988) were in agreement on predicting the negative impact of the sudden 
increase in training volume for three of the four swimmers, but the psychologi-
cal data identified all of the impaired swimmers. In a subsequent study by Verde 
and colleagues (1992) involving heavy training in highly trained distance run-
ners, it was reported that the self-report measure of mood state as measured by 
POMS was superior to a battery of physiological variables in the prediction and 
identification of disturbed function.  

SUMMARY 

The overall physical status of service members in the field can be evaluated 
by analyzing either objective physiological measurements or subjective meas-
urements of self-assessments (or assessments by peers). For many of the physio-
logical measurements (e.g., energy expenditure), technological advances need to 
be achieved before the parameters are practical for field situations. Even with 
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this limitation, objective measurements of physiological factors, such as heart 
rate or temperature, are generally preferable to more subjective methods of 
measurement for a variety of reasons. For example, individuals that self-report 
their status tend to overestimate endurance and performance due to peer and 
commander pressure. The validity of self-assessments is also compromised 
when, as is often the case, the service members are tired or sleep deprived. Last, 
unfamiliarity with a given situation may alter pace and therefore also may con-
found the results of a test. However, when measuring overall physical status, the 
subjectivity of self-assessments may offer an advantage over other more objec-
tive measurements. In fact, self-assessments often include the influence of psy-
chological factors, which are not accounted for when physiological measure-
ments are used. This may be one of the reasons why studies have shown that 
self-assessment measurements, such as rating of perceived exertion, are better 
indicators of physical performance than a single physiological measurement.  

Whether physiological measurements or self-assessments are used to meas-
ure performance, it is critical that before implementation in the field, the bio-
marker is validated not only in the laboratory, but also in the field. This valida-
tion is a complex problem that requires a great deal of planning and research.  
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Physiological Biomarkers for 
Predicting Performance 

This chapter provides scientific background on biomarkers that could be 
useful in monitoring metabolic status in the field. It includes a discussion of the 
most promising biomarkers for the prediction of: (a) excessive rates of bone and 
muscle turnover, (b) renal function and hydration, and (c) stress and immune 
function. Intermediate biomarkers that might be predictive of outcome function, 
performance, or injury of these systems are addressed, as are factors that influ-
ence the validity of each marker as a predictor of performance (e.g., individual 
variability, gender differences, and environmental exposures). The sensitivity of 
these biomarkers as surrogates for predicting performance outcomes under a 
variety of conditions is also explored. In addition, other potential markers of 
physiological status that have not yet been thoroughly researched are discussed. 
The measures presented in this chapter are meant as a comprehensive list from 
which selected measures can be chosen as appropriate, depending on circum-
stance and feasibility for measurement in the field. Therefore, appropriate 
groupings of biomarkers can be selected from this list, depending on specific 
conditions and goals. 

BIOMARKERS OF BONE HEALTH 

Healthy bone is essential to minimize fracture incidence, including stress 
fractures that decrease the availability of combat military personnel for training 
and combat action (Burr, 1997; IOM, 1998). The most accepted predictor of 
fractures is bone mineral density (BMD) (Black et al., 1992; Chailurkit et al., 
2001; Cummings et al., 1993; Gluer et al., 1996; Kelly and Eisman, 1992; Kel-
sey et al., 1992; Marshall et al., 1996; Melton et al., 1993; Watts, 1999). BMD is 
measured by dual-energy X-ray absorptiometry, ultrasound, or quantitative 
computed tomography (Bass and Myburgh, 2000; Bennell et al., 1998; Ingle et 
al., 1999; IOM, 1998; Ravn et al., 1999). 

Bone remodeling is a continuous process of breakdown (bone resorption by 
osteoclasts) and resynthesis (bone formation by osteoblasts) (Kleerekoper, 2003) 
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of bone that begins after puberty and continues throughout life. Homeostatic 
processes involve both the cortical and trabecular bone, with remodeling of ma-
ture bone occurring more rapidly in trabecular regions. Net bone growth is seen 
primarily at the growth plate during longitudinal growth. Once the growth plate 
is closed, bone remodeling occurs at both the trabecular and cortical sites, but it 
is much slower in cortical bone. Bone health is related to both adult peak bone 
mass and the rate of bone loss after peak bone mass (Recker et al., 1992). Peak 
bone mass occurs in individuals between 20 and 30 years of age (Bass and My-
burgh, 2000). Since fracture risk is related to bone density, BMD is the primary 
predictor of risk regardless of age or health status of an individual (Black et al., 
1992; Chailurkit et al., 2001; Cummings et al., 1993; Gluer et al., 1996; Kelly 
and Eisman, 1992; Kelsey et al., 1992; Marshall et al., 1996; Melton et al., 1993; 
Watts, 1999).  

As a sole measure, BMD provides a good indication of the state of bone 
health over the lifetime of the individual. Currently available instrumentation for 
measuring BMD has a level of precision from 1 to 3 percent of BMD, depending 
on the machine, the site of measurement, and the operator (Chailurkit et al., 
2001; LeBlanc et al., 1986; Nguyen et al., 1997). This limits the use of BMD for 
determining short-term changes because it generally takes months to years for a 
significant change to be detected (Nguyen et al., 1997). Consequently, interme-
diate biochemical markers of bone resorption and formation may provide earlier 
indications of potential fractures. (See Appendix A for the available biochemical 
markers for bone health.)  

Biochemical Markers of Bone Resorption 

Intermediate markers of bone resorption are used as early indicators of 
changes in bone homeostasis. Historically, urinary hydroxyproline, a bone 
breakdown product, was the marker for resorption (Latner, 1975; Lueken et al., 
1993). However, this marker was not specific for bone changes and is affected 
by diet. Currently the most commonly used markers of bone loss are the colla-
gen breakdown products N-telepeptide, carboxy-terminal telopeptide, and the 
pyridinium cross-links pyridinoline and deoxypridinoline (Chailurkit et al., 
2001; Fukuoka et al., 1994; Ladlow et al., 2002; LeBlanc et al., 2002; Lueken et 
al., 1993; Nishimura et al., 1994; Ravn et al., 1999; Smith et al., 1998). Calcium 
balance and increases in urinary (24-h) calcium excretion levels are also used to 
indicate changes in bone resorption (LeBlanc et al., 1995; Matkovic and 
Heaney, 1992; Weaver et al., 2000), as is tartrate-resistant acid phosphatase, a 
specific gene product of the osteoclast related to bone resorption (Ingle et al., 
1999; Nishimura et al., 1994). These intermediate biochemical markers track 
well with the elevated bone resorption that is found in individuals during space 
flight, suggesting that they are good indicators. (These compounds increased 
immediately upon entrance into microgravity [Smith et al., 1998] and correlated 
with changes in BMD.) 
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There is great intraindividual variability in the urinary products of collagen 
breakdown, making these products difficult to use as a one-time measure to pre-
dict bone health (Ingle et al., 1999; Ladlow et al., 2002; Smith et al., 1998). 
These products, like other measures of bone metabolism, have circadian 
rhythms, with their highest excretion point at waking and their lowest point 12 
hours later (Ladlow et al., 2002). Smith and colleagues (1998) reported on the 
variability of these markers: an average baseline level for eight individuals was 
determined over 5 or 10 weeks of 24-hour urinary collections. The longer period 
of collections reduced error from daily variation and circadian rhythms. The 
urinary excretion of N-telepeptide varied from 375 ± 66 nmol/day to 1,065 ± 
118 nmol/day. This threefold difference reflects the interindividual variability 
(i.e., the between-subject variation).  

When these same individuals participated in a bed-rest study for 1 week, 
their levels of N-telepeptide increased. The increases ranged from 63 percent for 
the individual with the lowest baseline level to 7 percent for the individual with 
the highest baseline level. In fact, with the exception of very elevated bone re-
sorption due to space flight or diseases such as Paget�s disease, these urinary 
products of collagen breakdown are only helpful in indicating a change from an 
individual�s baseline (Kleerekoper, 2003; Ladlow et al., 2002). As a measure of 
change in bone resorption status, these early markers could be used in clinical 
assessment of decreases in bone resorption after therapy or after a return to 
health.  

Endocrine markers of bone resorption are important for understanding the 
balance between bone loss and bone formation. Hormonal measures of bone 
resorption include 1,25-dihydroxyvitamin D, osteocalcin, and parathyroid hor-
mone (PTH) (LeBlanc et al., 1995). These markers were determined in space-
flight studies and in bed-rest studies�periods known to increase bone resorption 
(LeBlanc et al., 1995; Lueken et al., 1993; Smith et al., 1999; Weaver et al., 
2000). In spaceflight-induced bone resorption, PTH and osteocalcin increased, 
compared with 17 weeks of bed rest where PTH and osteocalcin were un-
changed. In both the spaceflight and bed-rest studies, 1,25-dihydroxyvitamin D 
decreased (LeBlanc et al., 1995; Smith et al., 1999). The loss of bone density 
was similar between these two studies, but the endocrine changes were some-
what different, making it difficult to draw conclusions about the best endocrine 
markers.  

Both chronic and acute exercise affects endocrine makers for bone metabo-
lism. For instance, Chilibeck (2000) summarized several studies showing that 
with acute exercise, PTH increased bone resorption when continuously released, 
but increased bone formation when intermittently released. In contrast, extreme 
training decreased calcitonin (which decreased bone resorption) and increased 
vitamin D (which increased calcium absorption). Extreme training also impacts 
the reproductive hormones estrogen and testosterone, thyroid hormones, and 
growth hormone, all of which affect bone health (Chilibeck, 2000). 
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Biochemical Markers of Bone Formation 

Bone remodeling combines resorption with formation (Kohrt and Jankow-
ski, 2003). When bone resorption is high, bone formation is often also high, and 
it is the balance of these two that produce healthy bones. Intermediate markers 
of bone formation are also important to ensure a correct clinical evaluation of 
the balance between resorption and formation before changes in BMD can be 
detected.  

Markers of bone formation have been difficult to elucidate (Ingle et al., 
1999; Ladlow et al., 2002; LeBlanc et al., 2002; Lueken et al., 1993; Smith et 
al., 1999). In one study, total alkaline phosphatase and bone-specific alkaline 
phosphatase were measured to evaluate the efficacy of bisphosphonates to re-
duce bone resorption. These two enzymes decreased with reduction of resorp-
tion (LeBlanc et al., 2002). In another study of bone healing after fractures, os-
teocalcin, procollagen type I, N-terminal propeptide, and bone-specific alkaline 
phosphatase increased; however, the variability was two- to threefold (Ingle et 
al., 1999). It is unclear if these are good markers for a one-time determination of 
bone formation status.  

Biomarkers of Stress and Bone Metabolism 

Other indicators of changes in bone health are related to markers of stress. 
The cytokines interleukin (IL-1 and IL-6), tumor necrosis factor, transforming 
growth factor, and insulin-like growth factor-1 (IGF-1) have been studied 
(Conover, 1996; Margolis et al., 1996). Increases in stress indicators have been 
shown to correlate with increases in bone resorption. However, a clinical predic-
tion of bone health using these stress markers cannot yet be made because often 
stress indicators appear over a limited time and may not result in significant 
bone loss and an increase in fracture risk. 

Since there is still a need for intermediate markers of bone metabolism, re-
search is on-going with other markers, such as specific IGF-1 markers. Recent 
work (Rosen et al., 2003; Zhang et al., 2002; Zhao et al., 2000) suggests that the 
determination of IGF-1 may relate directly to signaling in the bone matrix. Other 
studies of specific genes may lead to a better marker for bone health (Simon et 
al., 2002).  

Cortisol as a Biomarker of Bone Health 

Glucocorticoid excess directly affects bone resorption and formation 
(Ziegler and Kasperk, 1998) (Figure 4-1). Chronic elevated corticoid levels 
stimulate the loss of BMD through decreased formation and increased resorp-
tion. The chronic nature of corticoid-induced bone loss is of particular concern 
as this may cause the fracture rate to increase, causing reduced mobility and 
general health. Possible glucocorticoid-induced osteoporosis is documented in 
patients with endocrine-related diseases, such as Cushing�s syndrome (Ziegler 
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FIGURE 4-1 Mechanisms of bone loss due to glucocorticoid excess.  
SOURCE: Reprinted from Ziegler and Kasperk (1998), with permission from Elsevier. 
 
 
and Kasperk, 1998), patients with depression (Cizza et al., 2001; Robbins et al., 
2001; Wong et al., 2000), and transplant patients. 

Cortisol, measured in U.S. Army Rangers during 8 weeks of training (Friedl 
et al., 2000), did not significantly increase until the Rangers� fourth week of 
training and remained elevated, albeit within normally accepted levels (Figure 4-
2). During training, the Rangers experienced sleep deprivation, heavy exercise, 
and inadequate food intake. Yet these service members� cortisol levels did not 
change until their body fat was significantly reduced; their muscle and hepatic 
glycogen were probably also depleted. The authors concluded that the Rangers� 
cortisol response was related to their increased need to catabolize alternate 
body-energy sources, similar to that found in research with starvation. In con-
trast to the cortisol response, the Rangers� IGF-1 levels decreased by week 2 
(Figure 4-3), showing earlier adjustments to the physical activity of training. In 
comparison, astronauts (Smith et al., 1997) had increased plasma cortisol levels 
immediately upon entry into space. These levels remained above baseline during 
space flight, but all levels were within their normal ranges with considerable 
variation between crew members.  
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FIGURE 4-2 Serum cortisol for group 1 (solid lines) and group 2 (dashed lines) over an 
8-week Ranger training course. Values are means ± standard deviation. Letters indicate 
means that are not significantly different (Scheffé�s test); shaded regions represent areas 
outside of normal range for morning serum concentrations in normal young men. There 
were differences between group means at all of the common measurement points for 
cortisol. 
SOURCE:  Reprinted, with permission from JAP 88:1820 by Friedl et al. (2000). 
 
 

 
 
FIGURE 4-3  Serum insulin-like growth factor-1 (IGF-1) for group 1 (solid lines) and 
group 2 (dashed lines) over an 8-week Ranger training course. Values are means ± stan-
dard deviation. Letters indicate means that are not significantly different (Scheffé�s test); 
shaded regions represent areas outside of normal range for morning serum concentrations 
in normal young men. There were differences between group means at all of the common 
measurement points for IGF-1. 
SOURCE: Reprinted, with permission from JAP 88:1820 by Friedl et al. (2000). 
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Although cortisol is a marker of physical and emotional stress (Hackney 
and Viru, 1999; Obminski et al., 1997), its circadian rhythms make it difficult to 
obtain reliable measures during field operations. Circadian rhythms are also dis-
rupted during operations (especially with sleep deprivation), further exacerbat-
ing reliable measures of change. When the cortisol elevations are not chronic, 
there may be no long-lasting effect on bone health. Finally, the levels of cortisol 
found in healthy individuals performing Ranger-like activities and in astronauts 
were within normal ranges.  

Although the relationship of cortisol and bone turnover is well known, this 
relationship has not been verified under actual operational experiences, such as 
during Ranger training. Astronauts did have elevated urinary excretion of colla-
gen cross-links within the first week of space flight (Smith et al., 1998), but the 
relationship between the urinary excretion of collagen cross-links and cortisol 
levels has not been studied. However, there is evidence that cortisol decreases 
BMD in the healthy population when cortisol levels are chronically elevated. 
Because increased cortisol levels did not occur in Rangers until their fourth 
week of training, it may be expected that after training, cortisol levels would 
return to pretraining levels and, similar to astronauts, their bone formation 
would increase.  

BIOMARKERS OF MUSCLE METABOLISM AND 
FATIGUE 

Skeletal muscle structure is highly adaptable in that the individual muscle 
cells (myocytes) comprising the complex muscle system have the ability to 
change their mass, metabolic capacity, and contractile properties in accordance 
with the level of demand placed on them (Baldwin et al., 2003). 

In the context of this report, skeletal muscle function is defined as the com-
posite of muscle activities needed for strength, endurance, and rapid-burst, quick 
movements like short sprints. Each component is essential for military training 
and combat activities; however, endurance is probably most critical (IOM, 
1998). Reduction in any of these muscle capabilities may lead to decrements in 
overall performance (Behm et al., 2001; Budgett, 1998; Clarkson et al., 1992; 
Davis, 1995). Chronic muscle fatigue is a generalized problem caused by inade-
quate recovery from multiple acute bouts of muscle activity. Lack of adequate 
rest, hydration, and nutritional support (Ardawi et al., 1989; Barac-Nieto et al., 
1980; Fitts, 1994) increase the time needed for recovery from muscle fatigue.  

Skeletal muscle activity, which can involve either single muscles or muscle 
groups (for review, see Wilmore and Costill, 1994), includes fine intricate 
movements, heavy lifting, long-duration traveling, or very fast (rapid-burst) 
movements. Muscle contraction is initiated through the nervous system by a 
combination of biochemical and electrochemical reactions that cause shortening 
of the fibers (Fitts, 1994; Saltin and Gollnick, 1983). Muscle capabilities can be 
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improved or lost through training, overuse that produces fatigue, and disuse that 
produces atrophy (ACSM, 2002; Ferrando et al., 1996; LeBlanc et al., 1992). 

The muscle contractible unit (sarcomere) contains myofibrils, composed of 
actin and myosin filaments (Fitts, 1994). Through neurological activation, the 
membrane potential of the muscle cell changes, which in turn causes the fila-
ments to slide together (interdigitate), producing a contraction. All the muscle 
fibers innervated by a single motor neuron (anterior horn cell of the spinal cord) 
by contact with its axon are termed a motor unit (Fitts, 1994).  

Muscle Fatigue  

A common definition of muscle fatigue is �failure to maintain the required 
or expected force� (Edwards, 1981; Fitts, 1994). Muscle fatigue limits physical 
activity. The etiology can be of either local or central origin. Local fatigue origi-
nates within the muscle, whereas central fatigue is secondary to alterations 
within the brain. Several neurological and biochemical changes may cause local 
muscle fatigue, including the following (Fitts, 1994):  

 
• inability of the sodium-potassium pump to maintain the membrane ex-

citability necessary for contraction, 
• inability of the muscle fiber to maintain normal contractility because 

calcium ions are not efficiently removed from the intermyofibrillar space into 
the sarcoplasmic reticulum, 

• inability to provide oxygen to the muscle cell for energy metabolism 
(oxidative phosphorylation), 

• lack of available energy substrates, such as glucose and phospho-
creatine, to provide sufficient adenosine triphosphate (ATP), and 

• increased lactic acid that reduces intracellular muscle fiber pH, thereby 
inhibiting further contractions. 
 

It is postulated that in central mechanisms, exercising muscle releases fac-
tors that act systemically and impact the central nervous system. In the context 
of military performance, systemic effects are likely to be of greater significance 
because of their potential to impact both physical and mental performance. 

Muscle fatigue is not the same as muscle soreness. Muscle soreness is the 
pain that occurs about a day after exercise and peaks 2 to 3 days postexercise 
(Clarkson et al., 1992). The underlying mechanisms for delayed-onset muscle 
fatigue and soreness are different. Soreness is believed to be due to a localized 
inflammatory response (Smith, 1991), and so the appropriate markers are mark-
ers for an inflammatory response. The onset of pain is also not considered to be 
a marker for muscle fatigue. Pain by itself is performance limiting and therefore 
is not a �predictor.�  

The majority of studies of muscle fatigue have assumed that the fatigue is 
the result of events localized within skeletal muscle (Davies and White, 1981; 
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Edwards, 1981). Prior studies of muscle fatigue have focused on the relationship 
of a putative marker to the underlying biochemical or histological changes (Ban-
ister et al., 1985). For a marker to be of practical use, certain conditions must be 
met. The marker must apply to all subjects; a statistical relationship is inade-
quate when applied to the individual (Barron et al., 1985). In addition, the meas-
urement must be technically feasible on a large number of subjects. These crite-
ria currently limit assays to �spot� blood and urine measurements. In-line 
sensors in a selected muscle are not likely to be of much use because an isolated 
muscle may not reflect the whole musculoskeletal system, and the muscle se-
lected may not be one of the muscles that is becoming fatigued.  

Fatigue may occur with the inability of the sodium-potassium pump to 
maintain the muscle membrane excitability necessary for contraction (Evans and 
Cannon, 1991; Fitts, 1994). Determined by electrophysiological measurement, 
this fatigue is transient and probably not related to the phenomenon of chronic 
muscle fatigue (Fitts, 1994). 

The muscle cell membrane (sarcolemma) is electrically excitable due to se-
lective permeability to potassium and sodium (Fitts, 1994). The electrical poten-
tial across the resting muscle cell membrane is due to the ion concentration gra-
dients maintained by the ATPase-dependent sodium-potassium pump that 
transports sodium ions out of the cell in exchange for potassium ions back into 
the cell. The neurological excitation is through the release of acetylcholine at the 
neural membrane; this neurotransmitter causes conformational changes that 
open channels for the movement of calcium, sodium, and potassium ions. Ini-
tially, more sodium ions flow through these channels, resulting in a negative 
potential on the muscle membrane, which produces a contraction. With the me-
tabolism of acetylcholine, the potassium ions move across the cell membrane to 
reduce the negative potential. Generally, this fast reaction is not primarily re-
lated to fatigue, but research with artificial electrical stimulation demonstrates 
that there is a point where the rate of destruction of acetylcholine is limited. At 
that point, the cell membrane cannot recover the resting potential for a subse-
quent contraction.  

Muscle contraction requires movement of calcium ions into the intermyo-
fibrillar fluid (intermyofibrillar space) (Fitts, 1994; Westerblad et al., 1991). 
Muscle fatigue may relate to the process by which free calcium ions are re-
moved from the intermyofibrillar space back into the sarcoplasmic reticulum 
(Westerblad et al., 1991). Essentially, if calcium ions are not efficiently removed 
(increased sarcoplasmic free calcium), then the muscle fiber will not be able to 
maintain normal contractility. Also, chronic increases of sarcoplasmic calcium 
ions are associated with the activation of calcium-dependent proteases, which in 
turn can lead to destruction of the contractile proteins and muscle atrophy.  

Myofibrils are surrounded by the transverse tubule-sarcoplasmic reticulum 
system. These tubules transverse the entire cell and, by branching, form planes 
of T tubules that interlace the myofibrils (Fitts, 1994). In the resting state, the 
troponin-tropomyosin complex blocks the action-filaments binding sites, which 
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maintains the muscle in a relaxed state. An action potential at the muscle fiber 
membrane spreads along these T tubules to the interior of the myofibril, and this 
causes the increase in calcium ions in the intermyofibrillar fluid. Calcium ions 
diffuse through the intermyofibrillar space and cause conformational changes in 
the fiber proteins (troponin-tropomyosin complex), which results in the avail-
ability of actin binding sites for the globular heads of the myosin filaments. 
Muscle contraction will continue as long as the calcium concentration is high in 
the sarcoplasmic tubules. Calcium-ATPase pumps the calcium into the sar-
coplasmic reticulum, leaving few free calcium ions, so muscle relaxation occurs. 
This reaction time is extremely fast, 1/20 of a second, and continued repetitive 
contractions may prevent the reestablishment of calcium equilibrium prior to the 
next stimulus.  

Muscle fatigue is also related to decreases in the availability of oxygen to 
the muscle cell (Barac-Nieto et al., 1980; Fitts, 1994; Gollnick et al., 1972). This 
may be due to decreases in cardiovascular function, hemoglobin concentrations, 
and respiratory exchange rates. Dehydration, or decreased plasma volume (Nose 
et al., 1983), can also reduce the availability of oxygen to the cell. Even with 
very highly trained athletes, there are limits in the ability to perfuse the muscle 
cell with oxygen, and fatigue occurs. Obviously combat service members must 
maintain hydration, high levels of cardiovascular/pulmonary fitness, and good 
hemoglobin status (no iron or other nutrient deficiency).  

ATP provides energy for muscle contraction (Meyer and Foley, 1996). ATP 
is generated through several different pathways, including glycolysis and oxida-
tive phosphorylation. The instantaneous source of energy, phosphocreatine, pro-
duces ATP immediately. When this ATP is used, the adenosine diphosphate is 
regenerated through the phosphocreatine shuttle to resynthesize ATP. With high 
resistance and/or fast repetitions of contractions, the source of phosphorus for 
ATP synthesis (phosphocreatine) is depleted and fatigue occurs. Replenishment 
of the phosphocreatine from glucose may take minutes before contractions can 
continue.  

Muscle fibers store energy as glycogen. It is estimated that 2,000 muscle 
fiber contractions may be required to deplete muscle glycogen stores, suggesting 
that this is a good source of energy for muscle contractions, particularly during 
quick-burst activities. Muscle glycogen depletion may occur with endurance 
types of muscle activity, such as marathon running, when no dietary glucose is 
available. Since muscle glycogen metabolism does not require oxygen (anaero-
bic metabolism), it is not dependent upon an immediate blood supply of oxygen. 
Under anaerobic conditions, for each glucose-6-phosphate molecule released 
from glycogen stores, three ATP molecules are generated with two molecules of 
lactic acid. Thus glycogen metabolism in the absence of oxygen leads to a build-
up of lactic acid, which can be measured in the blood. Lactic acid levels become 
a problem when the intracellular muscle fiber pH changes, (an increase in H+ 

ions) producing muscle fatigue (Fitts, 1994; Westerblad et al., 1991).  
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Accumulating lactic acid reduces intracellular muscle fiber pH, which in-
hibits further contraction and results in fatigue. Nuclear magnetic resonance 
spectroscopy has shown that prolonged strong muscle contraction can reduce the 
intracellular pH from normal resting values near 7.02 to as low as 6.34 (de Ker-
viler et al., 1991). Adenosine monophosphate (AMP) accumulation also acti-
vates the enzyme myoadenylate deaminase (localized particularly in type II fi-
bers), which hydrolyzes AMP to inosine monophosphate with the release of 
ammonia. This ammonia partially neutralizes lactic acid, modulating the drop in 
intracellular pH. Ultimately, muscle fatigue is accompanied by cessation of con-
traction, which restores capillary blood flow with the consequent removal of 
lactic acid and the recovery of normal intracellular pH. Regeneration of AMP is 
then possible from inosine monophosphate through a guanosine-triphosphate-
mediated reaction (Meyer and Foley, 1996). 

Fiber Types and Muscle Performance 

The ability of the muscle tissue to perform burst versus endurance activities 
is due to the percentage of the two fiber types found in the muscles: types I and 
II, and two subtypes: types IIA and IIB; these are defined by their morphologi-
cal, physiological, and biochemical characteristics (Pette and Staron, 1990; 
Saltin and Gollnick, 1983). Genetically predetermined, human muscles are a 
mosaic of these various fiber types. An individual with more type I (slow twitch) 
muscle cells excels at endurance activities, while an individual with more type II 
(fast twitch) excels at quickness and strength activities. Different muscles have 
different proportions of the fiber types. The leg muscles provide an example. 
The gastrocnemius has more than 50 percent fast-fiber types, while the soleus 
muscle may have less than 40 percent fast types. There is a great deal of interin-
dividual variation in the percentage of fiber types found in muscles.  

Type 1 fiber types have low glycogen content, high resting levels of phos-
phocreatine (with ample mitochondria), a rich capillary network, and high blood 
flow�all indicative of reliance on aerobic metabolism. In general, these fiber 
types are considered to be resistant to fatigue due to their slower contraction 
speed and their postural and prolonged sustained contracile functions. Type 1 
fibers rely on a continuous delivery of glucose and oxygen for energy produc-
tion. As long as oxygen and glucose are available, these muscles will continue to 
function. With reduced oxygen availability due to altered cardiovascular-
pulmonary function, dehydration (reduction of plasma volume), or low hemo-
globin levels, glucose metabolism is limited to nonmitochondrial metabolism, 
resulting in increased lactic acid concentrations. Maintaining blood glucose 
through feeding during endurance exercise delays the onset of this fatigue by 
providing necessary energy. During long-duration exercise, both intracellular 
and plasma fatty acids can be used for energy metabolism by type I muscle fi-
bers. A noteworthy sex difference is that women have higher muscle lipid levels, 
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which are related to the estrogenic influences that enhance aerobic endurance 
activities.  

Type II muscle fibers produce rapid, strong contractions of short duration 
(quick burst), but these fibers are sensitive to fatigue (Saltin and Gollnick, 
1983). They are dependent largely on glycogen metabolism and do not require 
oxygen for contraction because they are not highly dependant on oxidative 
phosphorylation. They contain ample glycogen stores, few mitochondria, a 
sparse capillary network, and low intracellular resting levels of phosphocreatine, 
all of which are indicative of the fibers� reliance on anaerobic glycolysis for the 
production of energy. In fact, they can contract in the absence of oxygen until 
their stored glycogen supply is exhausted. When phosphocreatine is completely 
metabolized and there is inadequate time for regeneration (Westerblad et al., 
1991), the muscle does not have available energy and fatigue occurs. Usually a 
rest period of several hours is required to regenerate enough phosphocreatine 
and ATP from blood glucose for another fast-exercise activity. If muscle glyco-
gen is depleted, it may take several days for regeneration.  

In summary, individuals experience fatigue when muscle energy sources are 
inadequate or when faced with inadequate energy substrates when oxygen deliv-
ery falls below the point for lactate accumulation (a decrease in intracellular pH) 
(Westerblad et al., 1991). One subjective measure of muscle fatigue is self 
perception, as described previously in Chapter 3; however, predictors of fatigue 
at an earlier state have been proposed (see following sections).  

Measures of Muscle Performance and Indicators of 
Fatigue 

A differential diagnosis between acute damage from muscle injury, fatigue 
due to overuse or overconditioning, exercise until exhaustion, hydration, and 
nutritional status is difficult given the interactions of these factors in the subjec-
tive feeling of fatigue. For heavy lifts and sprint activities, highly available en-
ergy sources are essential, and energy depletion results in fatigue. Aerobic en-
durance depends on glucose and fat for energy and on the adequate delivery of 
oxygen to tissues. The level of these energy nutrients depends on the nutritional 
status of the individual. Undernutrition contributes to fatigue and makes bio-
chemical diagnosis difficult (Barac-Nieto et al., 1980; Lieberman et al., 2002).  

For this report, it is assumed that military training requires high standards 
for high muscle performance and teaches the importance of muscle condition-
ing, including maximized hydration, nutrition, and rest. Tools have been devel-
oped to evaluate the physical fitness of military personnel, including running 
distances in a certain time, lifting weights, and calisthenics (IOM, 1998).  

The most common measure of muscle strength (besides functional perform-
ance) is muscle diameter, which relates to muscle volume or mass (Evans, 2001; 
Roth et al., 2001). Muscle mass is measured by circumference (tape measure) 
(Takahashi et al., 2003) or magnetic resonance imaging (LeBlanc et al., 1992), 
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and by dual-energy X-ray absorptiometry (Ferrando et al., 1996) for lean mass 
in specific regions (Suzuki et al., 1994). Muscle responses to nervous stimuli are 
measured by electromyography (Evans and Cannon, 1991). Decreases in muscle 
performance and muscle volume as determined by magnetic resonance imaging 
(LeBlanc et al., 1992) are related, although a direct linear correlation has not 
been found. Muscle strength is not just due to mass, but is also related to neuro-
logical and cardiovascular factors, with decrements found with deconditioning.  

Heavy muscle performance causes muscle damage with the release of 
creatine kinase, lactic acid dehydrogenases, and glutamic oxaloacetic transami-
nase into the blood (Evans and Cannon, 1991; Manfredi et al., 1991). Circulat-
ing creatine kinase, as a marker of acute damage, is different for trained and 
untrained individuals and does not always correlate with muscle damage 
(Heymsfield et al., 1983; Manfredi et al., 1991). While this parameter may indi-
cate acute muscle damage, it is not a reliable measure of chronic fatigue. Muscle 
soreness may accompany these biochemical changes and is actually a good indi-
cator of the need to rest (see Chapter 3).  

Cortisol 

Stress causes increased muscle protein breakdown that results in loss of 
muscle mass and potentially in muscle atrophy (Wolfe and Børsheim, 2003). 
The most common stress indicator is increased blood or urinary cortisol levels 
(IOM, 1999). Short-term heavy exercise increases plasma cortisol levels, but 
over-training decreases this cortisol response (Wittert, 2000). Physiological in-
creases in plasma cortisol initiate protein breakdown (Darmaun et al., 1988; Gel-
fand et al., 1984). Hypercortisolemia increases whole-body protein turnover 
without the offsetting increase in protein synthesis (Wolfe and Børsheim, 2003). 
Under experimental conditions, 6 days of hypercortisolemia produced a 15 per-
cent decrease in rat soleus muscle mass (Jaspers and Tischler, 1986). This stress-
induced proteolysis may increase the incidence of chronic fatigue in military 
personnel under conditions of continuous stress (Wolfe and Børsheim, 2003). 
However, blood and urinary cortisol have diurnal rhythms, making the use of a 
single measurement difficult to interpret (Braunwald et al., 2001).  

3-Methyl Histidine 

Other indicators of protein catabolism in muscle are urinary 3-methyl his-
tidine (Stein, 2003; Young et al., 1973) and urinary creatinine levels (Afting et 
al., 1981). Urinary creatinine provides a marker for long-term change in lean 
body mass, while increases in urinary 3-methyl histidine levels indicate muscle 
tissue catabolism. Three-methyl histidine is released during muscle protein 
breakdown and is not reutilized for synthesis, but is excreted in the urine. Since 
muscle contains the largest level of 3-methyl histidine in the body, urinary levels 
relate directly to muscle breakdown. However, 3-methyl histidine urinary levels 
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are not always good predictors of muscle performance levels since they are also 
affected by the dietary consumption of muscle meats.  

Protein Turnover 

Protein turnover in muscles may indicate changes in muscle capabilities. In 
general, protein synthesis equals protein breakdown in normally maintained 
muscles. Under stress or chronic fatigue, protein turnover is increased, but ca-
tabolism increases more than synthesis (Wolfe and Børsheim, 2003). In general, 
markers that indicate protein breakdown may overemphasize the changes in 
muscle. Markers of synthesis are also needed to provide insight into the overall 
changes in muscle protein metabolism that relate to changes in muscle perform-
ance. The only methods available to determine the rates of breakdown versus 
synthesis are invasive measures (infusion technologies and muscle biopsies) of 
incorporation and release of labeled amino acids from muscles. These studies 
are important, however, because they provide insight into understanding the 
conditions of muscle metabolism during different forms and levels of metabolic 
stresses (Ferrando et al., 1995, 1996).  

Blood amino acids are incorporated into the muscle and are used for synthe-
sis. Conversely, during breakdown, some amino acids (e.g., branched-chain 
amino acids [BCAAs]) are released from the muscle into the blood. The rate of 
these changes can be measured. Protein synthesis increases during the postpran-
dial period and decreases during the fasting period. However, even with an im-
balance of protein breakdown to synthesis, a 15-percent loss in muscle mass can 
occur without significant effect on muscle performance (Wolfe and Børsheim, 
2003). Studies by Wolfe and Børsheim (2003) demonstrate that changes in 
blood essential amino acids, including plasma alanine and glutamine levels, do 
not always indicate changes in muscle protein turnover. Plasma alanine and 
glutamine levels are related to stress and exercise. Alanine is released after exer-
cise and is probably related to the stimulation of gluconeogenesis (Darmaun et 
al., 1988). Plasma glutamine levels appear to be maintained even when the in-
tramuscular glutamine pool is depleted. Therefore, blood amino acids are not 
considered good markers of muscle changes (Wolfe and Børsheim, 2003). 

Neutrophil Infiltration and Cytokines 

Other markers of muscle damage include neutrophil infiltration into the 
muscle cells and increased concentrations of the cytokines IL-1 and tumor ne-
crosis factor. These become elevated with muscle-damaging exercises. For in-
stance, after endurance downhill skiing at 70 percent of maximum heart rate 
(HR), IL-1β in vastus lateralis biopsy increased 135 percent after 45 minutes and 
250 percent after 5 days. This correlated to accumulation of neutrophils in mus-
cles (Fielding et al., 1993). 
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IGF-1 has an anabolic effect on skeletal muscle cells (Adams and Haddad, 
1996; Adams et al., 1999; Eliakim et al., 2000; Evans, 2001), and due to the 
significant positive correlation between increased muscle overloading and IGF-1 
level, it is a potential marker for muscle overuse. IGF-1 is an insulin-like peptide 
that is primarily secreted in the liver and is stimulated by growth hormone. 
There are paracrine and autocrine forms that are only partially regulated through 
growth hormone. Most of the circulating IGF-1 is bound to proteins, and as 
many as six forms have been identified. In rodent studies, muscle IGF-1 in-
creased after muscle overloading. Adams and Haddad (1996) suggested that this 
muscle-produced IGF-1 might mediate muscle hypertrophy. Additional research 
is needed to determine if IGF-1 (especially the muscle-produced form of the 
peptide) can be a specific biomarker for muscle damage. There is evidence that 
IGF-1 levels are stable during the day (i.e., no diurnal variation) (Eliakim et al., 
2000). However, IGF-1 levels are decreased with malnutrition and change de-
pending on an individual�s level of fitness (training effect) and length and dura-
tion of exercise.  

Some genetic markers, such as myosin heavy chain (Baldwin et al., 2003; 
Giger et al., 2002; Ohira et al., 1992), have been studied. Although these studies 
are important to understand the expression of proteins under different nutritional 
and stress conditions, they have not been useful in predicting changes in the 
functional muscle capacity.  

Near-Infrared Spectroscopy 

Near-infrared spectroscopy (NIRS) and surface electromyography studies 
indicate muscle ischemia and fatigue during isometric contractions (Alfonsi et 
al., 1999). NIRS is a potential tool to determine fatigue (Neary et al., 2002; van 
Beekvelt et al., 2002; Wariar et al., 2000). The military should study the use of 
NIRS to concurrently monitor muscle oxygenation/deoxygenation, intramuscu-
lar pH, and skin hydrations status. With NIRS, muscle function and hydrations 
status can be measured under field conditions with telemetry units.  

Near-infrared light (700�1,000 nm) has the ability to deeply penetrate tissue 
and be bound to oxygenated or deoxygenated hemoglobin that allows the meas-
urement of tissue oxygen and blood flow (Quaresima et al., 2003). It is a rela-
tively low-cost and noninvasive way to measure muscle oxidative metabolism 
that has found wide application in sports medicine (Puente-Maestu et al., 2003; 
Xu et al., 2003). Among the other important variables that would be valuable to 
assess noninvasively would be tissue pH, redox potential, hydration, extracellu-
lar sodium and glucose concentration, osmolality, and evidence of inflammation. 
This technology has already been shown to be feasible for measuring tissue pH 
(Soller et al., 2002), blood pH (Rosen et al., 2002), glucose (Cohen et al., 2003), 
blood flow (Kell and Bhambhani, 2003), and hemoglobin (Rendell et al., 2003) 
or hematocrit (Soller et al., 2002) levels. When used with fluorescent labels, 
tissue imaging is possible (Sevick-Muraca et al., 2002). This technology could 
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also potentially be used for assessing inflammation since superoxide, one of the 
more potent reactive oxygen substances that develop with inflammation, reacts 
with nitric oxide to produce peroxynitrite. Peroxynitrite interacts with tyrosine 
to produce nitrotyrosine, which can be measured by NIRS (Massip et al., 2002). 
Recently it has been shown that the measurement of nitrotyrosine levels is a 
very sensitive measure of inflammation (Shishehbor et al., 2003). There is a 
possibility as well that states of hydration could be assessed (Zhou et al., 2003). 
Finally, in combination with deuterium oxide, NIRS can be used to measure 
total body water to determine body composition (Macías et al., 2002). Argon 
lasers with a shorter wave length might also be useful (Massip et al., 2002) for a 
number of these purposes. 

Central Fatigue and the Tryptophan Hypothesis 

The neurotransmitter serotonin (5-hydroxytryptamine [5-HT]) is a critical 
central modulator of sleep, arousal, mood, and cognitive function (Graeff, 
1997). Plasma free tryptophan (TRP) is the precursor for brain 5-HT. The rate-
limiting step in the synthesis of 5-HT is the transport of free TRP across the 
blood-brain barrier as it competes for a barrier carrier system with other large 
neutral amino acids, especially BCAAs. Thus an increase in free TRP and a re-
duction in BCAAs favors uptake of TRP across the blood-brain barrier and in-
creased 5-HT synthesis. Both exercise and diet can influence the ratio of 
TRP:BCAA, thus altering serotonergic pathways (Blomstrand et al., 1988; Fern-
strom, 1990). 

Newsholme and colleagues (1987) first proposed that prolonged exercise 
increased brain serotonergic activity leading to a loss of physical and mental 
efficiency in athletes, known as �central fatigue.� At rest, the majority of plasma 
TRP is bound to albumin and unavailable for transport across the blood-brain 
barrier. During exercise, free fatty acids displace TRP from albumin leading to 
an increased availability of free TRP in plasma. Concurrently, BCAAs are taken 
up by muscle for oxidative metabolism. The net effect is that the TRP:BCAA 
ratio increases several-fold, and more TRP is taken up into the brain and avail-
able for conversion to 5-HT (Blomstrand et al., 1988). Although considerable 
evidence suggests that endurance exercise alters serotonergic activity, links be-
tween the neuroendocrine changes and alterations in performance and perceived 
exertion have been more difficult to demonstrate. The administration of 5-HT 
reuptake inhibitors (which alter central serotonin transmission) has been shown 
to reliably modify human mental and physical performance (Strüder et al., 1998; 
Wilson and Maughan, 1992). However, a recent review of more than 20 human 
studies concluded that nutritional manipulation of the brain 5-HT system has 
variable effects on reducing fatigue and enhancing performance outcomes (see 
Strüder and Weicker, 2001). Specifically, oral supplementation with 5-HT pre-
cursor, BCAAs, or carbohydrate, either alone or in combination, has generally 
led to contradictory results. 
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There is some evidence that down-regulation of 5-HT receptors or other 
counter-regulatory mechanisms might protect the well-conditioned athlete from 
excessive neurotransmission of 5-HT (Jakeman et al., 1994; Strachan and 
Maughan, 1999). Strüder and Weicker (2001) speculate that prolonged, exhaus-
tive exercise disturbs this physiological balance leading to 5-HT dysregulation 
and the syndrome known as over training. As described earlier in this chapter, 
over training has been related to reduced physical performance, prolonged fa-
tigue, altered mood states, loss of appetite, and sleep disturbances even in highly 
conditioned athletes (Morgan et al., 1988; O'Connor et al., 1991). Thus the 
search for potential markers for the prediction of the onset of fatigue might in-
clude plasma levels of free TRP, BCAAs, albumin, and free fatty acids. How-
ever, it seems unlikely that these parameters would be sufficiently informative to 
predict cognitive state or physical performance of individuals because �normal� 
values were derived using group data. Moreover, there would be difficult tech-
nical challenges to measuring free amino acids in saliva or by sweat patch, 
which would severely limit the practical application of this strategy for military 
field use. 

In summary, increased TRP uptake into the brain and the subsequent in-
crease in 5-HT biosynthesis does not induce excessive neural transmission of 5-
HT or central fatigue. A high TRP:BCAA ratio during exercise would be con-
sidered normal, except when accompanied by evidence of fatigue and exhaus-
tion. Thus, the TRP:BCAA ratio does not appear to be a useful marker since it 
cannot reliably predict performance decrements. Various feedback controls 
regulate central serotonergic transmission. Oral administration of TRP before or 
during exercise has been suggested but not proven as a possible strategy to 
�down regulate� 5-HT receptors and avoid this 5-HT dysregulation. Insufficient 
evidence exists at this time to support this approach. 

BIOMARKERS OF HYDRATION AND RENAL 
FUNCTION 

Water comprises an average 60 percent (range 45�70 percent) of total body 
weight, depending on an individual�s body composition (Sawka and Pandolf, 
1990). Individuals with more muscle mass have a higher percentage of body 
water than individuals with more body fat since water comprises about 72 per-
cent of muscle and organ weight, but only about 20 to 30 percent of fat weight. 
In general, men have a higher percentage of lean body mass and thus a higher 
percentage of their total body weight is comprised of water. For example, the 
average adult man�s body weight is comprised of about 65 percent water, while 
the average adult woman�s body weight is comprised of about 55 percent water 
(Kleinman and Lorenz, 1996).  

As defined by Manore and Thompson (2000), dehydration is a decrease in 
total body water (TBW) that occurs anytime that fluid intake does not keep up 
with fluid loss. During exercise, involuntary dehydration occurs since most ac-
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tive individuals do not voluntarily consume enough water or other fluids to off-
set the water losses that occur from sweating. This means that even if an active 
individual drinks to satisfy thirst, the amount of water or fluid consumed does 
not usually suffice to return this individual to a state of euhydration (normal 
hydration). Thus most individuals end a session of extensive physical exertion 
(e.g., exercise) in a state of dehydration that must be corrected by eating and 
drinking during the postexercise period. Hyponatremia (abnormally low plasma 
sodium concentrations) generally occurs when water intake is high, but sodium 
intake is low. This will occur if the fluid being consumed during exercise does 
not have adequate sodium to replace losses. 

Effects of Dehydration 

The effects of dehydration on exercise performance and physiological func-
tions within the body are well documented. For example, even small levels of 
dehydration (1 percent) can cause obvious signs of heat exhaustion if strenuous 
exercise occurs in hot (41°C or 105°F) environments (Casa and Armstrong, 
2001; Sawka and Montain, 2000) and can lead to decrements in physical work 
capacity and cognitive function (Epstein and Armstrong, 1999; Montain and 
Coyle, 1992). When dehydration exceeds 2 to 2.5 percent of body weight, 
physical work capacity can decrease as much as 35 to 48 percent (Casa et al., 
2000; Shirreffs and Maughan, 2000). Dehydration of greater than 3 percent of 
body weight increases the risk of developing exertional heat illness and of pro-
ducing significant reductions in cardiac output since the reduction in stroke vol-
ume can be greater than the increase in heart rate (ACSM, 1996; Casa et al., 
2000). Table 4-1 provides a general overview of the effect that continued dehy-
dration has on thirst, on the ability to perform work, and on physiological func-
tions. It is important to remember that the impact of a particular degree of dehy-
dration and heat on exercise performance is highly variable within and among 
individuals.  

Dehydration increases hemoconcentration, blood viscosity and osmolality, 
core body temperature, and HR, while causing a decrease in stroke volume 
(Montain and Coyle, 1992; Murray, 1995). It promotes the onset of fatigue and 
makes any given exercise intensity seem harder than it would if the individual 
was well hydrated (Gonzalez-Alonso et al., 1999; Maughan, 1992; Murray, 
1995). In addition, dehydration increases carbohydrate oxidation (Gonzalez-
Alonso et al., 1999), thus increasing the amount of carbohydrate utilized during 
exercise. However, the most serious effect of progressive dehydration is that the 
body decreases its ability to sweat because of decreased blood flow to the skin. 
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TABLE  4-1 Adverse Effects of Dehydration on Work Capacity 
Body Weight 
Lost (%) Symptoms 
0 Well hydrated; no dehydration 
1 Thirst threshold and threshold for impaired exercise thermoregulation 

leading to decrement in physical work capacity; core body tempera-
ture can begin to rise and increased cardiovascular strain; dehydration 
at this level can cause serious problems if moderate-to-strenuous 
exercise occurs in very hot environments 

2 Stronger thirst, vague discomfort, sense of oppression, loss of appetite 
3 Dry mouth, increasing hemoconcentration, reduction in urinary output; 

exercise at high intensity is difficult; decrease in aerobic power 
4 Decrements of 20�30% in physical work capacity, more depending on 

individual 
5 Difficulty in concentrating, headache, impatience, sleepiness 
6 Severe impairment in exercise temperature regulation and increased 

respiratory rate lead to tingling and numbness of extremities 
7 Likely to collapse if combined with heat and exercise; individuals can 

experience dizziness, fatigue, dyspnea, tingling, indistinct speech, 
headache, and spasticity 

SOURCE: Adapted from Casa and Armstrong (2001) and Greenleaf (1992). 
 
 

This in turn decreases the body�s ability to cool itself, which leads to an in-
creased core body temperature and the risk of heat illness and collapse and, in 
rare situations, life-threatening heat stroke (Sutton, 1990). Various types of heat-
related disorders and factors that increase risk for heat illness are outlined in 
Table 4-2.  

Water is lost first from the extracellular space. Next, a proportionately 
greater percentage of water comes from the intracellular spaces. Costill and col-
leagues (1976) found that when subjects lost 6 percent of their body weight due 
to dehydration, approximately 50 percent of the water lost came from 
intracellular water. Thus muscle cells, which are 70 percent water, are depleted 
of the water necessary to maintain metabolic functions. This is one reason why 
dehydration negatively impacts exercise performance. One study showed that 
moderate exercise (50 percent of maximum oxygen uptake) in cool 
environmental temperatures (14.4°C or 60°F) without prior dehydration resulted 
in most of the fluid losses coming from the extracellular interstitial fluid (Maw 
et al., 1998). However, when subjects repeated the same protocol in a hot envi-
ronment (36.2°C or 97°F), 23 percent of the fluid losses came from the 
intracellular environment. Thus progressive dehydration in well-hydrated 
individuals performing moderate exercise primarily depletes extracellular fluid. 
However, when the stress of heat is added, fluid is drawn from the intracellular 
spaces. 
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TABLE 4-2 Signs and Symptoms of Exertional Heat Illnesses 
Heat Illness Signs and Symptoms Reference 
Heat syncope Occurs when unacclimatized people stand for a 

long period of time and the blood pools in the 
vasodilated periphery. Dehydration does not 
need to be a prerequisite for this disorder. It 
generally occurs when individuals stand for 
long periods of time in the heat, stop suddenly 
after a race, or stand suddenly from a lying po-
sition. Symptoms may include dehydration, fa-
tigue, tunnel vision, pale or sweaty skin, de-
creased pulse rate, dizziness, lightheadedness, 
or fainting. 

 

Binkley et al., 
2002; Sutton, 
1990 

Heat cramps Painful cramps involving abdominal and skeletal 
muscles that occur after strenuous exercise 
where sweat losses and fluid intakes were high, 
urine volume low, sodium intake was inade-
quate to replace losses, and there was neuro-
muscular fatigue. Sunstroke, heat cramps, and 
heat exhaustion are possible with prolonged ex-
posure and/or physical activity in temperatures 
between 90°�105°F (~32°�41°C). Symptoms 
include dehydration, thirst, sweating, transient 
muscle cramps, and fatigue. 

 

Binkley et al., 
2002; NWS, 
2003 

Heat exhaustion During exercise, plasma volume decreases, caus-
ing decreased blood flow from the muscles to 
the skin and decreases the body�s ability to dis-
sipate the heat generated during exercise. This 
results in the body�s heat production to exceed 
the body�s ability to dissipate heat and core 
body temperature rises to ≥ 104°F (≥ 40°C). 
Dehydration exacerbates these physiological 
changes and contributes to heat-related prob-
lems. The causes of heat exhaustion may be as-
sociated with a combination of heavy sweating, 
dehydration, sodium losses, and energy deple-
tion. Symptoms include elevated or normal core 
body temperature, dizziness, lightheadedness, 
headache, syncope, nausea, decreased urine 
output, persistent muscle cramps, pallor, pro-
fuse sweating, chills, intestinal cramps, weak-
ness, and hyperventilation. 

Binkley et al., 
2002 

 
  continued 
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TABLE 4-2 Continued 
Heat Illness Signs and Symptoms Reference 
Heat stroke Heat exhaustion can lead to heat stroke, which can 

lead to loss of consciousness and even death. 
Early symptoms of heat injury are excessive 
sweating, headache, nausea, dizziness, and a 
gradual impairment of consciousness and the 
ability to concentrate. Along with an increased 
core body temperature (≥ 104°F or 40oC) and 
hot, dry skin, altered mental status is the uni-
versally accepted sign that distinguishes exer-
tional heat stroke from heat exhaustion. The 
central nervous system neurological changes 
are typically the first signs of heat stroke and 
can include dizziness, drowsiness, irrational 
behavior, confusion, irritability, emotional in-
stability, hysteria, apathy, aggressiveness, sei-
zures, loss of consciousness, and coma. Other 
symptoms include dehydration, weakness, hot 
and wet or dry skin, tachycardia, vomiting, hy-
perventilation, hypotension, and diarrhea. 

Binkley et al., 
2002; Shapiro 
and Seidman, 
1990 

NOTE: Symptoms for each of the above conditions were adapted from Binkley et al. 
(2002). Not all combat service members will present with all the signs and symptoms for 
the suspected condition. 
 
 
Electrolyte Losses 

Electrolytes are also lost in the sweat, but the quantity lost appears to be 
highly variable and dependent on when the sweat sample is taken, on the indi-
vidual�s state of acclimation, and on the physiological differences between indi-
viduals (Manore and Thompson, 2000; Sawka and Montain, 2000). Because the 
methods for collecting sweat and estimating total electrolyte losses are crude 
and cumbersome, values for sweat electrolyte concentrations in the research 
literature vary dramatically. Although a number of minerals are lost in sweat, 
including sodium, chloride, potassium, magnesium, calcium, and iron, the elec-
trolytes lost are primarily sodium and potassium. Typical values for sodium 
concentrations in sweat range from 20 to 80 mmol/L, while potassium values 
range from 4 to 8 mmol/L (Maughan and Shirreffs, 1997). The amount of elec-
trolytes lost in sweat for any one individual depends on many variables, such as 
exercise intensity and duration, acclimation, environmental conditions, and 
clothing. Because direct sweat electrolyte loss is difficult to measure, electrolyte 
losses are generally estimated based on data collected under various laboratory 
environmental conditions in individuals performing a wide range of exercises.  

As mentioned above, it is now known that sweat electrolyte losses vary 
widely among individuals, and research aimed at identifying who is a risk for 
these losses is underway. For example, football players in the National Football 
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League had sweat losses of 1.3 to 5.2 L/h and sodium losses of 22 to 101 
mmol/L (Stofan et al., 2002). These data indicate that sodium loses for some 
individuals can be much higher than the normal range. The players who have 
higher sweat and sodium losses may be at a greater risk of dehydration and of 
adverse health effects due to these losses. This was demonstrated in a study con-
ducted with NCAA Division 1 football players. The sports medicine staff identi-
fied those football players with a history of whole-body muscle cramp during 
practices and competition. During two 2.5-hour training practices, sodium and 
fluid intakes and losses were measured. Sodium losses were twice as high (55 
vs. 26 mmol/L or 5.2 vs. 2.4 g/2 practice sessions) in players who frequently had 
muscle cramps compared with those players who were classified as non-
crampers. The crampers also had significantly higher sweat losses (0.5 L 
more/hr) and significantly higher dehydration rates at the end of practice than 
noncrampers (Stofan et al., 2003), even though both groups consumed the same 
amount and types of fluids. These preliminary research data suggest that there is 
a great deal of variation in sweat and sodium losses among individuals. Thus 
some individuals have a great need to replace sodium and fluids during physical 
activity. Efforts are needed to identify these individuals and train them on the 
importance of increasing fluid and sodium intakes before, during, and after 
physical activity, especially in hot environments. 

Hyponatremia 

Hyponatremia is the development of abnormally low plasma sodium con-
centrations (< 130 mmol/L). This condition usually occurs when excess water 
accumulates, relative to sodium, in the extracellular water compartments of the 
body. The general symptoms of hyponatremia are fatigue and nausea (Arm-
strong et al., 1993), but severe cases can result in grand mal seizures, respiratory 
arrest, acute respiratory distress syndrome, and coma (Armstrong et al., 1993; 
Noakes et al., 1990). The cause of hyponatremia in healthy individuals is not 
known, but it is generally attributed to prolonged endurance exercise in a warm 
environment while drinking excessive amounts of low-sodium fluids. In these 
individuals, the fluid-electrolyte control mechanisms are either defective or are 
overwhelmed by the environmental conditions and the intense exercise (Arm-
strong et al., 1993). When hyponatremia develops in the presence of a modest 
fluid load, the cause may be due to an impaired renal capacity and the inability 
to excrete a fluid load (Speedy et al., 2001).  

Hyponatremia has been document in recreational and endurance runners. 
Noakes and colleagues (1990) reported that in the 1986 and 1987 Comrades 
Marathon in South Africa, 9 percent of collapsed runners had hyponatremia. 
Another case of hyponatremia was reported in an individual hiking all day in the 
heat in the Grand Canyon in Arizona (Richards, 1996). Finally, Flinn and Sherer 
(2000) reported a case study of a 20-year-old male military recruit who suffered 
a generalized tonic-clonic seizure following 9 hours of moderate activity in a 
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hot, humid environment. He consumed at least 5.8 L of plain water before the 
seizure, and his blood sodium level dropped to 113 mmol/L. Although there are 
a number of research papers reporting hyponatremia in individual athletes (Arm-
strong et al., 1993), overall the incidence of hyponatremia in active individuals 
is low. As illustrated in the case study by Flinn and Sherer (2000), combat ser-
vice members exercising in hot environments need to be aware of the impor-
tance of replacing the fluids and electrolytes lost in sweat in order to prevent the 
development of hyponatremia. Under these conditions, consumption of plain or 
bottled water may not provide enough electrolytes to maintain good fluid and 
electrolyte balance. 

Measurement of Total Body Water 

In general, assessment of TBW requires a laboratory setting and uses the di-
lution principle, which states that the volume of the compartment is equal to the 
amount of the tracer added to the compartment divided by the concentration of 
the tracer in the compartment (Schoeller, 1996). Using this principle and some 
basic assumptions about the tracer selected (tritium, deuterium oxygen-18), a 
tracer is administered to an individual and urine samples collected over time to 
determine TBW. 

Deuterium Dilution 

The most common property-based method of measuring TBW is deuterium 
dilution. This method measures the dilution in the body of a known dose of deu-
terium isotope using a body fluid sample.  

Bioelectrical Impedance 

Bioelectrical impedance analysis (BIA) is based on the relationship among 
a conductor�s volume (the body), length (height), and impedance (which reflects 
the resistance to the flow of an electric current). Impedance measurements are 
made with an individual lying flat on a nonconducting surface with electrodes 
attached to specific sites on the wrist and ankle of the right side of the body. A 
low-dose (800 µA), single-frequency (50 KHz) current is passed through the 
individual and the value for resistance is measured. A prediction equation that 
includes the resistance value from the measured impedance plus height-squared 
is then used to estimate fat-free mass. Validity of BIA measurements are signifi-
cantly affected if measurements are not made using standard measurement tech-
niques and appropriate prediction equations (Houtkooper et al., 1996). Standard 
techniques include having the individual recline on a nonconducting surface, 
restriction of the individual�s food intake 3 to 4 hours prior to measurement, and 
the standard placement of electrodes. The accuracy of prediction equations de-
rived from BIA is improved when population-specific equations that have been 
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validated and crossvalidated using multicomponent criterion methods are used 
(Houtkooper et al., 1996; Lohman, 1992).  

Biomarkers of Renal Function  

Identifying potential markers of renal function (see Figure 4-4) deserves at-
tention because of the role of the kidney in maintaining protein status, electro-
lyte balance, and hydration status. Acute renal failure may occur within hours, 
and without proper kidney functioning, death ensues within a few weeks to a 
month (Kopple, 1999).  

Large amounts of protein are not usual constituents of the urine and when 
they are present, they indicate pathology. Perhaps the most common pathologi-
cal state associated with proteinuria is rhambdomyosis, secondary to the break-
down of muscle; but other possible causes, such as fever, infection, and uniden-
tified renal damage from other causes (e.g., diabetes and renal disease), may also 
be involved. It is important to eliminate the possibility of contamination from 
feces (or in females, menstrual blood) in the urine sample. This is often done by 
discarding the early portion of the void. Urinary tract infections may be signaled 
by the presence of leukocyte esterase or nitrites in the urine (Beers and Berkow, 
1999), and although urinary tract infections may not be debilitating, they may 
cause later renal damage (Beers and Berkow, 1999). 

Dipstick strips that test for blood, protein, urobilinogen, glucose, ketones, 
pH, leukocyte esterase, and nitrites are now available on a single-purpose strip 
in 1-oz dispensers that are color coded, permitting the individual to read them 
easily. If a digital camera were available, it could be used to record the calo-
rimetric information as well. Readings are usually on a scale (e.g., protein 1, 2, 
3, 4, etc.) for each indicator; values above 3 or 4 signify significant abnormality. 
A reading of blood hemoglobin or myoglobin greater than 3 or 4 and a high 
urine protein greater than 3 or 4 might signal that the risk of kidney damage is 
elevated. If this is combined with a high specific gravity, there is even greater 
cause for concern. Abnormal nitrates and leukocyte esterase values suggest that 
urinary tract infection may be present. If core temperature is above 38°C 
(~100°F) or below 36°C (~97°F) and/or pulse is over 70 beats/min, the index of 
suspicion for urinary tract infection rises further. 

Protein  

One of the kidney�s functions is to eliminate the products of protein me-
tabolism, and when this does not occur, as in renal failure, metabolism is se-
verely deranged. As mentioned above, having relatively large amounts of pro-
tein in the urine is abnormal and is likely to signal renal damage. Other 
pathological conditions can lead to losses of protein in the urine; these include 
nephrolithiasis (major losses), early renal failure, and glomerulosclerosis 
(Walser, 1999). However, under field conditions among individuals who have  
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FIGURE 4-4 Procedure for renal function assessment. 
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TABLE 4-3 Various Types of Dehydration and Their Effects on Body Fluid 
Spaces 
Status Extracellular Volume Intracellular Volume 
Normal Normal Normal 
Isotonic dehydration  Decreased Normal 
Hypertonic dehydration  Decreased Decreased 
Hypotonic dehydration  Decreased Increased 

 
 

engaged in heavy exertion and exercise, protein in the urine often signals muscle 
damage. If it is extensive, it can lead to acute renal failure. 

Several biochemical indicators, including blood urea nitrogen and serum 
creatinine, have some associations with protein status. However, concentrations 
of these indicators will also be influenced by hydration status. High blood urea 
nitrogen or high serum creatinine suggests that protein intake is very high, pro-
tein catabolism is very high, the individual is very dehydrated, or kidney func-
tion is abnormal. The problem with these measures is that multiple processes 
and factors, not simply hydration status, influence all of them. There are no sim-
ple method to measure these markers. 

Possible urine measures of protein status might include urinary nitrogen, 
urinary creatinine, and 3-methylhistidine. These might signal changes in protein 
status, but they do not appear to be useful under field conditions.  

Electrolytes 

The kidneys also play a vital role in electrolyte homeostasis. Fluid intake 
regulation is influenced by plasma osmolality and volume, both of which are 
affected by kidney function, as well as by other factors (Nose et al., 1994). Exer-
tion and other stresses during field operations affect not only water metabolism, 
but also electrolytes. Water shifts between the intracellular and extracellular 
compartments cause shifts in sodium, potassium, magnesium, and chloride ions. 
Sweating also causes electrolyte loss. In hot environments, ��individuals rou-
tinely have sweat rates of 1 liter per hour. Dehydration from sweat loss increases 
plasma tonicity and decreases blood volume, both of which reduce heat loss and 
result in elevated core temperature levels during exercise heat stress. Addition-
ally, during exercise-heat stress, competing metabolic and thermoregulatory 
demands for blood flow make it difficult to maintain adequate cardiac output� 
(IOM, 1993, P. 71), and with continued stress, may result in renal failure. Pro-
longed moderate- to high-intensity activity, especially in hot environments, will 
lead to a significant loss of electrolytes (sodium, potassium, and magnesium), 
especially in individuals who are not adapted to hot environments.  

The relative amounts of electrolytes versus water that are lost will deter-
mine whether the dehydration is isotonic (net salt and water loss equal), hyper-
tonic (water alone is lost or water in excess of electrolytes is lost) or hypotonic 
(electrolyte loss exceeds water loss; see Table 4-3) (Oh and Uribarri, 1999). 
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Urinary water excretion varies greatly depending on the total amount of solute 
that is excreted, the urine osmolality, and the presence of fever or sweating. 

Isotonic dehydration under field conditions might occur due to gastrointes-
tinal fluid loses, with salt lost with an equal or larger quantity of water lost, and 
depletion of the extracellular volume. The osmolality of the body fluids can be 
adjusted to isotonicity either by urinary excretion of water or by oral salt intake.  

Hypertonic dehydration is due to water deficit that in turn may be due to ei-
ther inadequacy of water intake or excessive water loss. Under field conditions, 
inadequate water intake might be due to defective thirst signals, the lack of wa-
ter, or an inability to drink water. Increased water loss due to sweating, osmotic 
diarrheas, vomiting, and hyperventilation may also occur. The end result of hy-
pertonic dehydration is depletion in both the extracellular volume and the intra-
cellular volume. 

The various forms of dehydration (isotonic, hypotonic, and hypertonic) 
could theoretically be distinguished from each other by the use of �point of 
care� electrolyte kits that are relatively compact (egg size) and assess sodium, 
potassium, carbon dioxide, and chloride. However, from the standpoint of field 
conditions, all forms of dehydration are of concern. Water replacement is impor-
tant for all forms. Although hypotonic salt replacement is most important in hy-
potonic dehydration, isotonic dehydration will not be harmed by the provision of 
modest salt replacement in addition to water, whereas in hypertonic dehydration 
salt replacement should be dilute (< 40 mEq/L water replacement). 

Hydration Status Measures 

The maintenance of proper hydration status is a critical issue facing combat 
military personnel in the field, especially in hot environments (IOM, 1994). 
Fluid deprivation may be due to extracellular volume deficiency, pure water 
deficiency (dehydration), or both (see Table 4-4) (Hoffer, 1999). Both water loss 
and a combination of water and sodium loss may deplete the extracellular fluid 
volume. Changes in weight over a short time (hours) are indicators of hydration 
status. At present, changes in hydration status cannot easily be measured by 
strain gauges or by other techniques in the field. Similarly, hyper- or hypona-
tremic dehydration cannot accurately be measured in the field. In the future, if 
miniaturized and field-usable forms of NIRS become available to measure se-
rum sodium, and measures of weight are feasible in the field, it will be possible 
to refine these measurements (see earlier section, �Biomarkers of Muscle Me-
tabolism and Fatigue�). Carter and colleagues (2003) described various methods 
for measuring hydration (see Appendix A), but only some of these are promising 
at present for use in the field. 
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TABLE 4-4 Various Types of Fluid Deprivation 
Condition Symptoms 
Volume deficiency: combination of sodium 

and water loss deplete extracellular fluid 
volume 

Anorexia  
Nausea 
Thirst either present or absent  
 
 
 

Dehydration (water deficiency) Anorexia with continued deprivation of 
water and hyperosmolality, confusion, 
weakness, lethargy, obtundation, coma 

Dry mouth  
Fatigue  
Headache, but a late symptom that devel-

ops slowly  
Thirst  
 
 
 
 
 
 
 
 
 

Combinations of these  
 
 
Urine Specific Gravity 

The most straightforward method for measuring hydration status is to assess 
urine specific gravity. If this were done at mid-day and at the end of the day, it 
might be most helpful since it would assess hydration status during or afterstress 
experiences that might perturb it. Miniaturized (pen-size) instruments with eye-
pieces are available�a drop of urine is all that is needed�and can be read in 
the field. When available, methods based on measurement of osmolality should 
also be used.  

Although the measurement of first-morning urine specific gravity in the 
field may be feasible, individuals could also be trained to associate a urine spe-
cific gravity that represents dehydration with their urine color (urine color charts 
are available) (Casa et al., 2000). They could then use either color or odor to 
monitor their own level of hydration.  
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Clinical Signs Biochemical Signs 
Diminished sweat 
Dry mucous membranes 
Poor skin turgor  
Postural hypotension 
Weight loss  
 

Hyponatremia (variable)  
Increased serum urea concentration due to 

decreased renal glomerular filtration 
and urea clearance 

 

Diminished sweat  
Dry mucous membranes  
For each 1% loss in body weight, there is 

approximately an increase of 0.4°�
0.5°C in rectal temperature, a 2.5% de-
crease in plasma volume, and a 1% de-
cline in muscle water 

Poor skin turgor 
Postural hypotension  
Renal failure with extreme dehydration 
There is increased strain on the cardiovas-

cular and thermoregulatory systems 
with as little as 2% body-weight loss; at 
4% body-weight loss, muscle strength 
declines 

Weight loss 
 

Hypernatremia 
Increased plasma viscosity with lesser 

increases in serum sodium, albumin, 
and hematocrit; with continuing water 
deprivation, rising serum sodium and 
hyperosmolality and increased blood 
urea and hemoconcentration 

  
 
 
Urine Color and Odor 

Urine color and odor are more subjective methods and therefore are not 
ideal for determining dehydration, but a deep color or strong odor is corrobora-
tive. If the urine has a dark color or strong odor, then the individual is dehy-
drated. Urine color may be a better field indicator of dehydration than urine vol-
ume (Armstrong et al., 1998). Individuals should drink until their urine color     
is either a �very pale yellow� or �pale yellow.� However, this may not be the    
best measure of hydration status within 6 hours of physical activity-caused 
dehydration (Kovacs et al., 1999).  

Urine Volume 

Urine volume is difficult and impractical to track, but it may corroborate 
other measures of dehydration. If urine color cannot be measured, then urine 
volume may be the only field indicator of hydration level available. Active indi-
viduals should drink enough fluids to produce 1 to 2 L of urine per day.  
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Voids per Day 

Voids per day are also difficult to track under field situations, but few or no 
voids are corroborative of dehydration. 

Calculation of Sweat Rate Using Changes in Body Weight  

A decrease in body weight by 1 percent can cause a decrease in exercise 
performance. In order to measure changes in body mass due to physical activity, 
body weight needs to be measured before and after exercise. Sweat rate is calcu-
lated as follows:    

 
Sweat rate = preexercise body weight � postexercise body weight + 

fluid intake � urine volume/exercise time in hours 
 

Although the measurement of sweat rate and changes in body weight may be 
easy in a sport setting where locker rooms are available, this becomes more dif-
ficult in a field setting. It might be easier to determine an individual�s sweat rate 
in a controlled setting and then use this rate to estimate sweat losses in the field. 
For example, an individual�s sweat rate could be determined by measuring 
weight loss after a 1-hour, intense training period under environmental condi-
tions that mimic what is expected to occur in the field. The amount of fluid lost 
in this hour would then represent the amount an individual would need to drink 
in the field for every hour of physical activity. The development of a way for 
combat service members to monitor short-term changes in body weight in the 
field would be a useful method for measuring fluid balance. These same 
measurements, over a longer period, could be used to determine if adequate 
energy is being provided to cover total energy expenditure. 

Thirst  

By the time an individual is thirsty, some level of dehydration has already 
occurred (~1 percent). Individuals can be trained to drink frequently in hot envi-
ronments even when they are not thirsty, thus reducing their risk of dehydration. 
Teaching military personnel how to drink frequently for adequate hydration can 
be easily done through training and by providing military personnel with quanti-
tative camel packs or insulated sport bottles for carrying fluids.  

BIOMARKERS OF STRESS AND IMMUNE FUNCTION 

Evidence revealing bidirectional communications between the neuroendo-
crine and immune systems has been derived from neuroendocrine, behavioral, 
and immunological studies using animals and humans (Ader et al., 1995; Cohen 
and Kinney, 2001; Maier et al., 1994; Sternberg et al., 1992; Webster et al., 
2002). Other studies have shown that a variety of physical and psychosocial 
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stressors can alter immune responsiveness (Biondi, 1991; Esterling et al., 1996; 
Kiecolt-Glaser et al., 1993; Kusnecov et al., 2001). While previous studies as-
sumed that all stress was generally immunosuppressive, recent evidence indi-
cates that different types of stress and different components of the physiological 
stress response have specific effects on different components of the immune 
response. In addition, the duration and timing of the stressor in relation to im-
mune exposures also affect how stress influences immunity and immune-
mediated processes. 

Stress can be defined as a constellation of events that begins with a stimu-
lus, called the stressor, that precipitates a reaction in the brain (stress perception) 
and subsequently activates physiological systems in the body, called the stress 
response (Dhabhar and McEwen, 2001). The stress response results in the re-
lease of neurotransmitters and hormones that serve as the brain�s messengers for 
regulation of the immune and other systems. The consequences of this response 
are generally adaptative in the short run, but can be damaging when stress is 
chronic (Dhabhar and McEwen, 2001).  

Conversely, the immune system produces chemical messengers (cytokines) 
that play a crucial role in mediating inflammatory and immune responses and 
that also serve as mediators between the immune system and the central nervous 
system (Kronfol and Remick, 2000).  

Considering the interactions between these systems, monitoring of bio-
markers of stress and immune function should ideally include monitoring the 
immune system and the neuronal and hormonal arms of the stress response at 
multiple levels. This includes monitoring the expression of immune and nervous 
system genes, receptors, and maturation or activation markers in accessible cells 
and tissues (Wei et al., 2003). Thus categories of molecules that could be moni-
tored include: immune mediators (cytokines including ILs) (Kang et al., 1997; 
Rothermundt et al., 2001; Song et al., 1999), immune-cell activation markers, 
and neuropeptides and neurohormones secreted in bodily fluids, including 
blood, saliva, or sweat (Ahmed et al., 1996; Murphy, 1995; Niess et al., 2002; 
Scott and Dinan 1998; Strickland et al., 1998).  

Intermediate functional measures of neuronal and neuroendocrine respon-
siveness, which should also be monitored, include measures of heart rate vari-
ability (HRV) as an indicator of relative sympathetic and parasympathetic re-
sponsiveness (Brook and Julius, 2000), and hormonal measures of adrenergic 
and hypothalamic-pituitary-adrenal (HPA) axis responsiveness, such as cortisol 
(Biondi et al., 1994; Moynihan, 2003; Niess et al., 2002) and neuropeptide Y 
(Zukowska et al., 2003) secretion, respectively. Functional measures of immune 
responsiveness that can be measured include the production of antibodies to 
vaccine and measures of cellular and innate immunity (Glaser et al., 1992; 
Vedhara et al., 1999). Functional integrity at the organ and system levels may 
include outcome measures of the central nervous system, cognitive function and 
mood, immune outcome measures of susceptibility to infection (Kasl et al., 
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1979; Totman et al., 1980), and speed of wound healing (Kiecolt-Glaser et al., 
1995; Marucha et al., 2001). 

The measures selected to monitor stress and immune function will depend 
on the setting in which the monitoring is performed. While a full battery of bio-
markers and functional measures can be assessed in the clinical laboratory set-
ting (see Appendix A), a more limited battery may be applied in ambulatory or 
field settings. For example, a minimum battery of cytokine measures that is cur-
rently used include IL-10 and IL-4 as markers of T helper type 1 (Th1) response, 
and interferon-gamma (IFNγ) and IL-6 as markers of Th2 response and innate 
immunity response. In addition, cortisol and HRV are currently used as markers 
of neuroendocrine and neuronal responsiveness, respectively  

The rate of change of stress hormones away from and back to baseline in 
response to stressful stimuli is a critical variable in adaptive physiological re-
sponses. An important aspect of monitoring should include measurements at 
baseline (prior to exposure to the stressor), during the stress exposure, and dur-
ing the period of recovery (postexposure to the stressor) (Ader et al., 1995; 
Biondi, 2001). The first two measurement periods, baseline and stress exposure, 
provide insights into individual degrees of stress responsiveness that cannot be 
detected by baseline measures alone. The latter period, poststress exposure, is 
important to gain insight into the pattern and resiliency of the individual�s stress 
responsiveness and the speed and completeness with which the responses return 
to baseline. 

In ambulatory settings, the less invasive the method for obtaining samples, 
the less the measurement itself will perturb the system. It is thus important to 
develop methods to measure and validate intermediate neural and immune 
markers in tissues other than blood. Any electronic monitoring should be rela-
tively noninvasive, and any psychological instruments to measure cognition and 
mood should be relatively noninvasive. 

The Stress Response 

The HPA axis and the sympathetic adrenomedullary system are the primary 
neuroendocrine components of the stress response (Chrousos, 1998; Eskandari 
and Sternberg, 2002; Goldstein, 1995; Sternberg, 1998) and are further de-
scribed below. Release of cortisol from the adrenal cortex, catecholamine from 
the adrenal medulla, and norepinephrine from nerve terminals prepare the indi-
vidual to cope with the demands of metabolic, physical, and psychological 
stressors. These two systems interact in a dynamic fashion in response to chal-
lenge. The stress response must be tightly controlled because an exaggerated 
response can by itself be a source of illness to the individual (Dhabhar and 
McEwen, 2001; Webster et al., 2002)  

After exposure to any stressor, the neuronal response is first activated and 
then elicits the hormonal stress response (Guyton and Hall, 1997). Contrary to 
previous belief, it is now known that the stress response is not nonspecific, but 
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shows specificity in patterns of response depending on the nature of the stimu-
lus. Thus different stressors (physiological, psychological, inflammatory, or 
infectious) differentially activate components of the stress response and activate 
different brain regions (Goldstein, 1995; Sawchenko and Arias, 1995; Saw-
chenko et al., 2000). 

Autonomic Nervous System 

There is growing evidence for a role of the autonomic nervous system 
(ANS) in a wide range of diseases. The ANS is generally conceived to have two 
major branches: the sympathetic system, associated with energy mobilization, 
and the parasympathetic system, associated with vegetative and restorative func-
tions. Normally the activity of these branches is in dynamic balance. For exam-
ple, there is a well-documented circadian rhythm such that sympathetic activity 
is higher during daytime hours and parasympathetic activity increases at night. 
There are other periodicities present, and the activity of the two branches can be 
rapidly modulated in response to changing environmental demands.  

More modern conceptions of organism function that are based on complex-
ity theory hold that organism stability, adaptability, and health are maintained 
through variability in the dynamic relationship among system elements (Fried-
man and Thayer, 1998a, 1998b; Thayer and Friedman, 1997; Thayer and Lane, 
2000). Thus patterns of organized variability, rather than static levels, are pre-
served in the face of constantly changing environmental demands. This concep-
tion, in contrast to homeostasis, posits that the system has multiple points of 
stability, which necessitates a dynamic organization of resources to match spe-
cific situational demands. These demands can be conceived in terms of energy 
regulation such that the points of relative stability represent local energy minima 
required by the situation. For example, in healthy individuals average HR is 
greater during the day than during the night because energy demands are greater 
during the day. Thus the system has a local energy minimum, or attractor, for 
daytime and another for nighttime. Because the system operates �far-from-
equilibrium,� it is always searching for local energy minima to minimize the 
energy requirements of the organism. Consequentially, optimal system function-
ing is achieved via lability and variability in its component processes, and rigid 
regularity is associated with mortality, morbidity, and ill health (Lipsitz and 
Goldberger, 1992; Peng et al., 1994). 

Another corollary of this view is that autonomic imbalance, in which one 
branch of the ANS dominates over the other, is associated with a lack of dy-
namic flexibility and health. Empirically, there is a large body of evidence to 
suggest that autonomic imbalance, in which typically the sympathetic system is 
hyperactive and the parasympathetic system is hypoactive, is associated with 
various pathological conditions (Malliani et al., 1994). In particular, when the 
sympathetic branch dominates for long periods of time, the energy demands on 
the system becomes excessive and ultimately cannot be met, eventually causing 
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death. The prolonged state of alarm associated with negative emotions likewise 
places an excessive energy demand on the system. On the way to death, how-
ever, premature aging and disease characterize a system dominated by negative 
effect and autonomic imbalance. 

Like many organs in the body, the heart is dually innervated. Although a 
wide range of physiologic factors determines HR, the ANS is the most promi-
nent. Importantly, when both cardiac vagal (the primary parasympathetic nerve) 
and sympathetic inputs are blocked pharmacologically (for example, with atro-
pine plus propranolol, the so-called double blockade), intrinsic HR is higher 
than normal resting HR (Jose and Collison, 1970). This fact supports the idea 
that the heart is under tonic inhibitory control by parasympathetic influences. 
Thus, resting cardiac autonomic balance favors energy conservation by way of 
parasympathetic dominance over sympathetic influences. In addition, the HR 
time series is characterized by beat-to-beat variability over a wide range, which 
also implicates vagal dominance. Lowered HRV is associated with increased 
risk of mortality, and HRV has been proposed as a marker for disease (Task 
Force of the European Society of Cardiology the North American Society of 
Pacing Electrophysiology, 1996). 

Resting HR can be used as a rough indicator of autonomic balance, and 
several large studies have shown a largely linear, positive dose-response rela-
tionship between resting HR and all-cause mortality (see Habib, 1999). This 
association was independent of gender and ethnicity and showed a threefold 
increase in mortality in persons with HR over 90 beats/min compared with those 
persons with HRs less than 60 beats/min. It was suggested that this relationship 
is due to the role of HR as a major determinant of myocardial oxygen demand 
and the direct link of HR to the rate of myocardial energy use. 

Brook and Julius (2000) have recently detailed how autonomic imbalance in 
the sympathetic direction is associated with a range of metabolic, hemodynamic, 
trophic, and rheologic abnormalities that contribute to elevated cardiac morbid-
ity and mortality. Although the relationship between HR and cardiovascular 
morbidity and mortality may be assumed, the fact that autonomic imbalance and 
HR are related to other diseases may not be as obvious. However, links do exist. 
For example, HRV has been shown to be associated with diabetes mellitus, and 
decreased HRV has been shown to precede evidence of disease provided by 
standard clinical tests (Ziegler et al., 2001). In addition, immune dysfunction 
and inflammation have been implicated in a wide range of conditions associated 
with aging, including cardiovascular disease, diabetes, osteoporosis, arthritis, 
Alzheimer�s disease, periodontal disease, and certain types of cancers, as well as 
with declines in muscle strength and increased frailty and disability (Ershler and 
Keller, 2000; Kiecolt-Glaser et al., 2002). The common mechanism seems to 
involve excess proinflammatory cytokines, such as IL-1, IL-6, and tumor necro-
sis factor. Importantly, increased parasympathetic tone and acetylcholine (the 
primary parasympathetic neurotransmitter) have been shown to attenuate release 
of these proinflammatory cytokines, and sympathetic hyperactivity is associated 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


PHYSIOLOGICAL BIOMARKERS 119 
 

 

with their increased production (Das, 2000). Thus autonomic imbalance may be 
a final common pathway to increased morbidity and mortality from a host of 
conditions and diseases.  

Although the idea is not new (Sternberg, 1997), several recent reviews have 
provided strong evidence linking negative affective states and dispositions to 
disease and ill health (Friedman and Thayer, 1998a; Kiecolt-Glaser et al., 2002; 
Krantz and McCeney, 2002; Musselman et al., 1998; Rozanski et al., 1999; Ver-
rier and Mittleman, 2000). All of these reviews implicate altered ANS function 
and decreased parasympathetic activity as a possible mediator in this link. 

An additional pathway between psychosocial stressors and ill health is an 
indirect one in which psychosocial factors lead to poor lifestyle choices, includ-
ing a lack of physical activity and the abuse of tobacco, alcohol, and drugs. Both 
sedentary lifestyle and substance abuse are associated with autonomic imbalance 
and decreased parasympathetic tone (Nabors-Oberg et al., 2002; Reed et al., 
1999; Rossy and Thayer, 1998; Weise et al., 1986). In fact, the therapeutic effec-
tiveness of smoking cessation, reduced alcohol consumption, and increased 
physical activity rest in part on their ability to restore autonomic balance and 
increase parasympathetic tone. 

In sum, autonomic imbalance, and decreased parasympathetic tone in par-
ticular, may be the final common pathway linking negative effective states and 
dispositions, including the indirect effects of poor lifestyle, to numerous diseases 
and conditions associated with aging and increased morbidity and mortality. 

Several lines of research point to the significance of HRV in emotions and 
health. Decreased HRV is linked with a number of disease states (e.g., cardio-
vascular disease, diabetes, and obesity), and a lack of physical exercise (Stein 
and Kleiger, 1999). Reduced vagally-mediated HRV is also associated with a 
number of psychological disease states (e.g., anxiety, depression, and hostility). 
For example, low HRV is consistent with the cardiac symptoms of panic anxi-
ety, as well as with its psychological expressions in poor attentional control, 
poor emotion regulation, and behavioral inflexibility (Friedman and Thayer, 
1998a, 1998b). Similar reductions in HRV have been found in depression 
(Thayer et al., 1998), generalized anxiety disorder (Thayer et al., 1996), and 
post-traumatic stress disorder (Cohen et al., 1999). Low levels of vagal cardio-
vascular influence serve to disinhibit sympathoexcitatory influences. Due to 
differences in the temporal kinetics of the autonomic neuroeffectors, sympa-
thetic effects on cardiac control are relatively slow (an order of magnitude of 
seconds) compared with vagal effects (an order of magnitude of milliseconds; 
see Saul, 1990). Thus when this rapid vagal cardiac control is low, HR cannot 
change as quickly in response to environmental changes. In this view, the pre-
frontal cortex modulates subcortical motivational circuits to serve goal-directed 
behavior. When the prefrontal cortex is taken �off-line� for whatever reason, a 
relative sympathetic dominance associated with disinhibited defensive circuits is 
released. 
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The Hypothalamic-Pituitary-Adrenal Axis  

The hormones of the hormonal stress response, which together constitute 
the HPA axis, include corticotropin-releasing hormone (CRH), which is released 
from the hypothalamus; adrenocorticotropin (ACTH), which is released from the 
pituitary gland; and cortisol, which is released from the adrenal glands (Webster 
et al., 2002). CRH, released into the median eminence through the portal circula-
tion from neuronal cells of the paraventricular nucleus in the hypothalamus, acts 
on the anterior pituitary in conjunction with arginine vasopressin to release 
ACTH. Secretion of ACTH signals the adrenal glands to increase the production 
and secretion of cortisol (Chrousos and Gold, 1992; Scott and Dinan, 1998).  

Negative feedback by cortisol is the principal mechanism of regulatory con-
trol of the HPA axis, specifically on the pituitary-adrenal component. In addi-
tion, cortisol may modulate some of the physiological effects of catecholamines 
(Eskandari and Sternberg, 2002; Ligier and Sternberg, 2001). CRH is also nega-
tively regulated by ACTH and itself, as well as by other neuropeptides, such as 
γ-aminobutyric acid/benzodiazepines and opioid peptide systems (Calogero et 
al., 1988b, 1988d). 

The HPA axis is also positively regulated by neurotransmitters, such as se-
rotonin (Bagdy et al., 1989; Calogero et al., 1989, 1990), acetylcholine (Ca-
logero et al., 1988c), and catecholamines (Calogero et al., 1988a).  

Almost immediately after an activation of the HPA axis (e.g., a stressful 
event), the levels of the regulatory hormones ACTH and CRH increase, causing 
a rise in cortisol levels. Once released into the circulation, a primary function of 
cortisol is to make energy stores available for use throughout the body by in-
creasing protein catabolism and gluconeogenesis (Gold et al., 1988). 

Recent studies show that depending on dose or preparation, cortisol may 
enhance or suppress immunological and other physiological parameters. Low 
levels of glucocorticoids are generally stimulatory for a physiological process, 
whereas higher levels are inhibitory (Dhabhar and McEwen, 2001). Also, most 
of the adaptive changes conferred by cortisol are limited to its acute, rather than 
chronic, release (Gold and Chrousos, 2002). Chronic cortisol release is almost 
always deleterious and results in a variety of physical and emotional effects, 
including insulin resistance, visceral fat deposition and its many proatherogenic 
sequelae, osteopenia/osteoporosis, and excessive fear (Gold and Chrousos, 
2002).  

When cortisol is secreted it causes a breakdown of muscle protein, leading 
to release of amino acids into the bloodstream. These amino acids are then used 
by the liver for gluconeogenesis. This process raises the blood sugar level so that 
the brain will have more glucose for energy. At the same time, the other tissues 
of the body decrease their use of glucose as fuel. Cortisol also causes the release 
of fatty acids from adipose tissue for use by the muscles. Taken together, these 
energy-directing processes prepare the individual to deal with stressors and en-
sure that the brain receives adequate energy sources (Gold and Chrousos, 2002). 
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Glucocorticoids regulate a wide variety of immune cell expressions and 
function, including production of cytokines, adhesion molecular expression, 
immune cell trafficking, immune cell maturation and differentiation, expression 
of chemoattractants and cell migration, and production of inflammatory media-
tors and other inflammatory molecules (Webster et al., 2002). Exposure to 
physiological concentrations of stress hormones exerts biphasic effects on im-
mune function, that is, they are immunomodulatory rather than simply immuno-
suppressive. Some important factors that determine the nature of the effects that 
glucocorticoids have on a given immune response include the source (natural vs. 
synthetic), concentration (physiological vs. pharmacological), the effects that 
other factors have (hormone, cytokines, and neurotransmitters), and the state of 
activation of an immune parameter (naive vs. activated leukocyte vs. late acti-
vated) (Dhabhar, 2002).  

Acute administration of physiological doses of endogenous cortisol can sig-
nificantly enhance some immune responses (Dhabhar and McEwen, 1999), 
whereas chronic and acute administration of high doses of endogenous cortisol 
are immunosuppressive (Dhabhar and McEwen, 1999). This dose-response rela-
tionship has been described for the biphasic effects of cortisol on several immu-
nological parameters, including the skin delayed-type hypersensitivity response 
in vivo (Dhabhar, 1998; Dhabhar and McEwen, 1999), synthesis and secretion 
of immunoglobulin (Levo et al., 1985), T-cell mitogenesis (Stanulis et al., 1997; 
Wiegers et al., 1994), and macrophage phagocytosis (Forner et al., 1995). The 
immunomodulatory actions of glucocorticoids may be related to a shift of cyto-
kine production from a primarily proinflammatory to an anti-inflammatory pat-
tern (Elenkov et al., 2000; Sternberg, 2001), also categorized as Th1 or Th2. A 
Th1 pattern of cytokines is characterized by production of largely proinflamma-
tory IL-2 and IFNγ and generally mediates cellular immune reactions. A Th2 
pattern of immunity is characterized by production of IL-4 and IL-10 and is as-
sociated with a primarily humoral or antibody response (Sternberg, 2001). At 
physiological concentrations, glucocorticoids inhibit Th1 and enhance Th2 cy-
tokine production, thus causing a shift in immune responses from a cellular im-
mune to a humoral pattern of response. Such glucocorticoid-induced shifts may 
protect against some forms of autoimmune disease (Sternberg, 2001), but exac-
erbate others (Elenkov et al., 2000). 

Psychological Stress and Immunity 

Psychological stimuli exert profound effects on the HPA axis, generally 
causing cortisol elevations. However, in some circumstances, the stimuli cause 
the suppression of cortisol (Biondi, 2001). 

Some important parameters that should be considered in determining the 
HPA responses to a stress situation and these HPA response effects on immune 
responses include stress characteristics (magnitude, psychological, physical, and 
avoidable or not), immunological outcome measure (cellular or humoral), bio-
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logical characteristics of the individual under study, and the individual�s 
perception, interpretation, and evaluation of the stress situation and specific 
stress-coping strategies (Ader et al., 1995; Olff, 1999). 

Thus to assess the consequences of stress on immune responses, it is impor-
tant to first identify the specific characteristics of the stress and to quantify its 
magnitude, which can be regarded as a combination of its intensity, duration, 
and frequency (Dhabhar and McEwen, 2001). The intensity of a stress can be 
measured by peak levels of stress hormones and neurotransmitters, and by 
physiological changes, such as increases in HR and blood pressure. The duration 
of stress can be classified as acute (for a period of minutes to hours), or chronic 
(for a period of several hours to a number of months) (Dhabhar and McEwen, 
2001).  

Another important point to address in such studies is the individual�s per-
ception of the stressful situation and the availability and effectiveness of the 
individual�s ways of coping with the situation. A situation may be perceived as 
threatening if the individual does not have control and appraises his or her re-
sources as less than effective in dealing with the situation. In general, distressing 
situations (e.g., those characterized by threat, lack of control, uncertainty, nov-
elty, and anticipation of aversive events) are associated with an increase in corti-
sol release (Olff, 1999). In addition to these psychological measures, changes in 
cortisol secretion can be used as a measure of the reactivity of the stress re-
sponse system. Chronic hypersecretion of cortisol has been associated with the 
melancholic form of depression, while hyposecretion of cortisol has been asso-
ciated with atypical depression, emotional numbing, withdrawal, and avoidance 
in post-traumatic stress disorder and in normal populations (Holsboer et al., 
1984; Yehuda et al., 1996, 2000).  

Immunological Alterations After Acute and Chronic 
Psychological Stress 

Under normal conditions, acute stress may serve a protective role by en-
hancing immune responses directed toward a wound, infection, or cancer. How-
ever, such immune enhancement can be deleterious for autoimmune and in-
flammatory disorders (Dhabhar and McEwen, 2001). Immunological changes 
that have been reported in association with acute psychological stress include 
enhanced delayed-type hypersensitivity and immune cell trafficking into tissues 
(Dhabhar and McEwen, 1999), transient increases in the number and activity of 
natural killer (NK) cells (van der Pompe et al., 1998), and transient increases in 
leukocyte count (Mills et al., 1995).  

During chronic stress, high levels of glucocorticoids suppress most aspects 
of the immune responses, including humoral, cellular, and innate immunity; 
immune cell trafficking out of the blood and into tissues (Dhabhar and McEwen, 
1997); and the ability to fight infection and mount an antibody response (Dhab-
har, 2002). Thus chronic or subacute stress is consistently associated with de-
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creased immune cell function and maturation, decreased mitogen responses 
(Weiss et al., 1996), reduced numbers of NK cells and NK-cell activity (Irwin et 
al., 1988), reduced antibody production in response to vaccine (Kiecolt-Glaser et 
al., 1988, 1993), suppressed delayed-type hypersensitivity response (Dhabhar 
and McEwen, 1997), and suppressed and prolonged wound healing (Kiecolt-
Glaser et al., 1995). Also during stress, patterns of immune responses are shifted 
from a Th1 (mainly cellular) to a Th2 (mainly humoral) pattern of response. 
Thus levels of proinflammatory cytokines are suppressed by glucocorticoids, 
and anti-inflammatory cytokines are increased, leading to overall immuno-
suppression. 

Both the sympathetic and neuroendocrine arms of the stress response are 
involved in these effects of stress on immunity, as evidenced by the fact that in 
animal models pharmacological interruption with both beta adrenergic and glu-
cocorticoid antagonists is required to completely abrogate these effects (Webster 
et al., 2002).  

Interruption of the neuroendocrine stress response (HPA axis) is associated 
with enhanced mortality and incidence of septic shock in rodent animal models. 
Thus interruption of the HPA axis at the level of the pituitary with hypophysec-
tomy, at the level of the adrenal with adrenalectomy, and through pharmacologi-
cal interruption at the level of the glucocorticoid receptor, have all been shown 
to be associated with increased mortality from septic shock after exposure to 
salmonella, streptococcal bacterial cell walls, bacterial lipopolysaccharide 
(Webster et al., 2002), murine cytomegalovirus (Ruzek et al., 1999), and toxicity 
related to Shiga toxin (Gomez et al., 2003). Furthermore, a blunted HPA-axis 
hormone response has been associated with susceptibility to a variety of auto-
immune and inflammatory diseases across species and in chicken, mice, rats, 
and humans (Bonneau et al., 1993; Mason et al., 1990; Sternberg et al., 1992; 
Wick et al., 1987).  

Thus systemically, an over-reactive immune response, through activation of 
the stress system, stimulates an important negative feedback mechanism that 
protects the organism from �overshoot� of proinflammatory cytokines and other 
products of activated macrophages with tissue damaging potential. Conversely, 
a blunted hormonal stress response may enhance immune responses and suscep-
tibility to autoimmune disease as a consequence of inadequate responsiveness of 
this negative feedback loop.  

Immunological Alterations After Physical Stress: 
Overtraining Syndrome and Excessive Exercise 

Immunological alterations can also appear in the Overtraining Syndrome 
(OTS). This is a condition that occurs when an athlete is training intensely but, 
instead of showing improvement, shows deterioration in performance, even after 
an appropriate rest period (MacKinnon, 2000).  
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Classic symptoms of overtraining include profound mood changes (feelings 
of depression and emotional instability), extreme fatigue (apathy), and frequent 
illnesses (flu-like illness, bacterial infection, allergies). Others symptoms, such 
as deficits in concentration, fear of competition, prolonged recovery, decreased 
muscular strength, loss of coordination, insomnia, and loss of appetite, may also 
occur. Biochemical alterations, such as negative nitrogen balance, depressed 
muscle glycogen concentration, elevated cortisol, and a low level of free testos-
terone, are also seen (Fry et al., 1991). The condition should be distinguished 
from overreaching, which is a temporary deterioration in athletic performance 
with recovery and improvement after sufficient rest (Fry and Kraemer, 1997).  

Evidence in a few empirical studies of OTS and in excessive exercise 
showed immune alterations manifested as increased susceptibility to infectious 
illnesses, such as upper respiratory tract infections, usually with a viral etiology 
(MacKinnon, 2000; Nieman, 2000; Sevier, 1994; Shephard and Shek, 2001). 
Other infections may occur in the ear and skin (Sevier, 1994). Intestinal upset, 
slow wound healing, and increased sensitivity to environmental and food aller-
gens have also been reported (Sevier, 1994). Laboratory measures show sup-
pressed neutrophil function, suppressed lymphocyte count and proliferation, 
suppressed NK cell count and activity, changes in polymorphonuclear cell prim-
ing potential, and decreased serum, nasal, and salivary immunoglobulins 
(MacKinnon, 2000; Müns, 1994; Pedersen et al., 1999; Suzuki et al., 2000). Al-
terations in others measures, such as cytokine levels and stress hormones, were 
found in some studies (Müns, 1994; Suzuki et al., 2000). 

Some theories have attempted to explain the relationship among immune 
suppression, OTS, and excessive exercise. Some studies have found lower se-
rum glutamine levels in athletes during seasonal periods of intense training, 
which may interfere with optimal immune function (MacKinnon, 2000; 
Newsholme, 1994). Other theories focus on the �open window� model, which is 
a similar situation where immunosuppression is seen after exhaustive aerobic 
exercise, such as marathon running. Pedersen and colleagues (1999) have sug-
gested that the time period between 3 and 72 hours after exercise represents an 
open window that is associated with an increased risk of developing subclinical 
and clinical infections. Some researchers have proposed that the athlete who 
trains excessively without sufficient recovery time shows a cumulative effect of 
the vulnerable open window period, which leads to a more chronic form of 
immunosuppression (Lakier Smith, 2003). 

It has also been proposed that in OTS, excessive exercise, and marathon 
running, athletes may develop trauma in muscle and connective tissues, which 
activates local cells to produce cytokines that stimulate a Th2 humoral profile 
(Lakier Smith, 2003). As described above, when Th2 responses are up-regulated 
(humoral immunity), there is a suppression of Th1 responses (cellular immunity) 
(Abbas et al., 2000). Evidence for this hypothesis has been shown in studies of 
athletes after a marathon, where higher levels of tumor necrosis factor-α and 
Th2 cytokines, including IL-6 and IL-10 (Lakier Smith, 2003; Suzuki et al., 
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2000), and lower levels of IL-12 and IFNγ (Lakier Smith, 2003) are seen. This 
pattern of immune responses�an up-regulation of the Th2 humoral response 
and suppressed Th1 cellular responses�would be consistent with reported 
higher levels of stress hormones (cortisol and catecholamine) in athletes postex-
ercise (Steensberg et al., 2001) and in OTS (MacKinnon, 2000). It should be 
pointed out that higher levels of stress hormones also occur in response to psy-
chological stress. Thus in OTS and excessive exercise, the stress of high-
intensity training may be superimposed with psychological stressors, leading to 
further increases in an athlete�s susceptibility to infection (Lakier Smith, 2003). 
For studies in this field, it may be important to measure immunological parame-
ters in the open window period, as it seems to be a particularly vulnerable period 
(Nieman, 2000; Smith, 2000). 

Monitoring Stress and Immune Function 

This section outlines general categories of biomarkers that are currently 
used to measure both physiological stress responses and immune responses, but 
they are neither comprehensive nor exhaustive. Monitoring biomarkers of the 
stress response should include molecular and functional measures of the HPA 
axis, the adrenergic response systems, and the immune system at multiple levels. 
The HPA axis can be monitored by measuring CRH, ACTH, and cortisol in 
plasma, cerebral-spinal fluid, urine, saliva, or sweat. HRV is an accurate, sensi-
tive, and noninvasive way to measure the relative activity of the sympathetic and 
parasympathetic nervous systems. Monitoring the parasympathetic system 
(which generally acts as a brake to oppose sympathetic nervous system re-
sponses) also provides insights for the action of the ANS. Acetylcholine (the 
main neurotransmitter of the parasympathetic nervous system) and other neuro-
transmitters and neurohormones can be measured in the serum, urine, saliva, or 
sweat.  

Immunological evaluation may include measures of the numbers, maturity, 
activation, and function of immune cells, including such measures as macro-
phage phagocytosis, lymphocyte proliferation in stimulation test, NK activity, 
cytokine production patterns, expression of genes and receptors, antibody pro-
duction, skin delayed-type hypersensitivity, antibody response to vaccine, 
wound healing, and infection rate. The precise combination of measures chosen 
will depend on the flexibility of the collection of these measures in the labora-
tory or field setting. 

A full evaluation of the effects of activation of stress response systems on 
immune function requires measures of multiple functional and molecular bio-
markers at multiple time points prior to, during, and after the stress exposure. 
The precise measures selected should be determined by the specific conditions 
and setting of the study. In the field setting, a minimum battery of biomarkers 
may be selected as compared with a more extensive battery applied in the labo-
ratory setting. 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


126 MONITORING METABOLIC STATUS 
 

HUMAN ODORS AS BIOMARKERS 

Chemical signals that are present in body odors provide information about 
many characteristics of an organism and are involved in the coordination and 
regulation of all aspects of behavior and physiology. Also known as phero-
mones, these chemical signals elicit a broad range of behavioral and physiologi-
cal responses within members of a species. Several classes of pheromones have 
been defined (McClintock, 2000; Wysocki and Preti, 2000):  

 
• Releaser pheromones generate immediate behavioral responses, such as 

aggression, sexual attraction, and copulation.  
• Primer pheromones elicit slower physiological, endocrine, and neuro-

endocrine responses, such as estrus synchrony and sexual maturation.  
• Signaler pheromones include chemical signals that convey information 

such as individual identity, age, or health status. No obvious primer or releaser 
effect has been established for this class. 

• Recently, an additional group, modulator pheromones, has been intro-
duced. This group has the potential to affect the psychological state or mood of 
the receiver (Jacob and McClintock, 2000). 
 

Body odors have a number of inherent characteristics that should make 
them particularly useful for monitoring organic states of individual humans. 
First, many body odors evolved to communicate messages between individuals. 
As a consequence, these messages ought to be relatively unambiguous and diffi-
cult to falsify. Second, as mentioned above, body odors often directly reflect 
physiological processes. For example, odors associated with stress have been 
suggested to arise from the action of stress hormones (e.g., cortisol) on odor-
producing body structures (e.g., underarm axillae). Third, odors can be detected 
from a distance, hence they can be monitored noninvasively. Finally, in princi-
ple, it should be possible to identify the odorous materials in human emanations 
with the long-range goals of developing sensors that could recognize individuals 
by their characteristic body odors and of developing devices that could detect 
and recognize specific chemical signatures indicative of particular physiological 
states. In practice, however, this has remained a challenge, as described below.  

Messages in Body Odor 

Individual Identity 

Many species rely on chemical signals to recognize the individual identity 
of other members of the same species. The individual identity of a mouse, for 
example, is coded in part by the genes of the major histocompatability complex 
(MHC), the same genes involved in activation of immunological defenses and 
self/nonself recognition (Penn and Potts, 1998a; Yamazaki et al., 1999). MHC 
genes are highly polymorphic. Conservation of this extreme allelic variation 
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may help the organism recognize and evade a greater array of pathogens, lead-
ing to increased resistance to infection and parasites (Apanius et al., 1997). In 
one study, congenic mice strains were coinfected with Salmonella enterica and a 
murine encephalomyelitis virus where one haplotype was resistant to Salmonella 
and the other was resistant to the encephalomyelitis virus. MHC heterozygotes 
had lower susceptibility profiles to the two pathogens than did homozygotes 
(McClelland et al., 2003). This finding provides evidence that MHC diversity 
provides superior protection against multiple pathogens and might explain the 
persistence of alleles conferring lower susceptibility to disease. 

This protection extends to subsequent generations as well. In a study in 
which male and female mice were randomly infected with mouse hepatitis virus 
prior to mating, virus-infected mice produced more heterozygous embryos than 
sham-infected mice. Thus the presence of a viral infection during fertilization 
could influence the MHC-genotype of the progeny (Rülicke et al., 1998). 

MHC genes also influence characteristic body odors and mating prefer-
ences. Female mice prefer to mate with male mice expressing MHC genes dif-
ferent from their own (Penn and Potts, 1998b). Thus preference for MHC-
dissimilar mates may have evolved as a strategy to increase genetic diversity of 
the individual�s offspring in order to preserve immunocompetence and enhance 
survival fitness.  

Female mice can be trained to distinguish the odor of mice that vary geneti-
cally from themselves (Yamaguchi et al., 1981; Yamazaki et al., 1979). This 
discrimination has also been demonstrated in untrained MHC-mutant mouse 
strains differing in only five amino acids (Carroll et al., 2002).  

In humans the influence of MHC odor types on odor preferences and mate 
selection is controversial (Hedrick and Black, 1997; Ober et al., 1997; Wedekind 
et al., 1995). Ober and colleagues (1997) studied 411 couples from the Hutter-
ites, an isolated community that expresses a limited number of MHC-derived, 
human leucocyte antigen (HLA) alleles. Fewer matches in HLA genotypes were 
found between spouses than expected by chance. Among couples that did match, 
the matched genotype was more often inherited from the father. These results 
are consistent with the hypothesis that mate choice is influenced by HLA genes, 
with an avoidance of spouses with genotypes that are the same as one�s own. 
Hedrick and Black (1997), on the other hand, found no mate choice effect in 194 
couples from 11 South Amerindian tribes who were characterized by two HLA 
variants.  

McClintock�s group (Jacob et al., 2002) recently studied the odor prefer-
ences of females exposed to male axillary odors. Forty-nine women were re-
cruited from an isolated community in which a limited number of HLA types 
were expressed. Six males from diverse ethnic backgrounds were selected as 
odor donors. The men carried HLA alleles that were common in the women�s 
community, as well as completely foreign alleles. Each man wore a T-shirt for 
two consecutive nights to capture body odors. In a double-blind study design, 
the women sniffed and rated each T-shirt for familiarity, intensity, pleasantness, 
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and spiciness. Each woman�s most-preferred odors were from male donors 
whose number of HLA matches differed on average by 1 allele from her own 
HLA alleles. The least-preferred odors were from donors with few matches (0 or 
1 HLA matches) or more matches (up to 7 HLA matches were possible). None 
of the odor donors in this study shared identical or near-identical MHC with the 
women, thus avoidance of haplotypes identical to one�s own was not an option. 
Nevertheless, the findings of this study are consistent with a small, intermediate 
number of matches being preferred over either zero matches or identical MHC 
as suggested by previous studies (Ober et al., 1997; Wedekind et al., 1995). 

Jacob and colleagues (2002) also showed that a woman�s odor choices were 
strongly associated with matches to the alleles inherited from her father, but not 
her mother, similar to the earlier finding of Ober and colleagues (1997) for mate 
choices. Preferred odor donors had an average of 1.4 allele matches, and the 
least-preferred odor donors had an average of 0.6 allele matches to a woman�s 
paternally inherited haplotype. These provocative findings suggest that pater-
nally inherited HLA-associated odors influence women�s odor preferences and 
may serve as social cues. 

Disease Recognition  

Throughout history physicians have used body odor to diagnose metabolic 
diseases (e.g., diabetes, scurvy, and gout) and infectious diseases (e.g., small-
pox, typhoid, and yellow fever) (see Penn and Potts, 1998a). There are also an-
ecdotal accounts of dogs� abilities to detect human skin cancers before overt 
symptoms of the disease were present (Church and Williams, 2001). These ob-
servations need to be confirmed with rigorous experimental study.  

Nevertheless, female mice could discriminate between parasitized males 
and healthy males (Kavaliers and Colwell, 1992) and showed less attraction to 
the odor of male mice infected with intestinal parasites than they did to healthy 
controls (Kavaliers and Colwell, 1995). In another experiment, female mice 
were less attracted to male mice infected with a respiratory virus than they were 
either before or after the infection (Penn et al., 1998).  

Yamazaki and colleagues (2002) studied the ability of mice to discriminate 
the urine odors of other mice experimentally infected with mouse mammary 
tumor virus (MMTV), a B-type retrovirus that is tightly linked to immune re-
sponses. MMTV can be acquired either through infection (when newborn pups 
suckle on infected mothers that shed the virus into milk) or genetically (when 
the virus is transmitted as an endogenous provirus). Trained mice discriminated 
male and female mice or their urine odors based on the presence or absence of 
MMTV, regardless of how the virus was acquired. These odor differences were 
observed in the absence of overt symptoms of infection. These findings may 
have relevance for human disease since MMTV-like genes may play a role in 
human breast cancers (Etkind et al., 2000). There is also a wide variety of other 
viruses (e.g., human immunodeficiency virus) for which obvious symptoms are 
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slow to develop and could give rise to unique odor profiles. Further investiga-
tion of the volatile profiles that give rise to these odor differences could be im-
portant for the early diagnosis of human disease. 

Psychological State  

There has been very little empirical research on the ability of humans to 
communicate emotions such as fear, anger, and happiness through body odors. 
Nevertheless, a large body of work has shown that stressed animals communi-
cate fear and alarm through changes in body odor (Agosta, 1992). For example, 
in one study rats distinguished the odor from stressed and unstressed rats 
(Valenta and Rigby, 1968). Odors from stressed rats lowered the immune re-
sponses of unstressed rats (Cocke et al., 1993), and they induced avoidance be-
havior (Rottman and Snowdon, 1972).  

Only two studies have investigated the ability of humans to communicate 
emotions through body odor. Chen and Haviland-Jones (2000) collected under-
arm odors from young men and women under two different conditions: when 
viewing a �scary� movie or viewing a �funny� movie. A panel of 40 women and 
37 men were asked to sniff bottles containing odor pads collected from odor 
donors during the two viewing conditions. When asked to select which bottles 
contained the odors of people who were happy (or frightened), women chose the 
correct bottle more often than chance would suggest. Interestingly, neither men 
nor women correctly identified fearful odors from women donors. This negative 
finding could reflect the fact that odor donors reported their fear to be only mod-
erate, and that underarm odors are generally less intense and more pleasant in 
young women than in young men (Chen and Haviland-Jones, 1999; Doty et al., 
1978).  

A similar study was conducted by Ackerl and colleagues (2002) in which 
female donors wore odor pads during a �fear� film or a �neutral� film. Salivary 
cortisol was measured before and after the films as a measure of stress. Female 
observers were able to discriminate between fear and nonfear odor pads in a 
forced-choice test significantly better than chance. However, cortisol levels were 
unrelated to the level of induced fear or to the odor ratings. These findings im-
plied that cortisol was not the inducer of these odors, and that other mechanisms 
need to be investigated.  

Although the results of these studies should be interpreted cautiously, they 
suggest that there may be information in human body odors that communicate 
emotional state. These experiments need to be repeated with stimuli that arouse 
more intense emotions, although ethical considerations may limit the conduct of 
some extreme study designs.  
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Recognition and Detection of Human Odor Profiles 

Studies reviewed here suggest there is a rich potential for monitoring human 
physical and psychological states using body odors. For this potential to be real-
ized, however, three critical issues need to be addressed: (1) ascertainment of 
what specific information human body odors convey, (2) identification of which 
compounds of the odor profile to measure, and (3) development of convenient 
and reliable devices to monitor odor profiles in individuals under various physi-
cal and psychological states. Currently there is a lack of definitive studies in all 
three areas, but future work is likely to fill many gaps in our understanding of 
these issues. It is encouraging that the Defense Advanced Research Projects 
Agency has an interest in funding studies to identify individuals based on their 
body odors.  

Information Conveyed in Human Body Odors 

Current evidence suggests that genetically based odor profiles play a role in 
individual identity and immune and stress responses and may be useful for 
monitoring a variety of physical and emotional states in humans. These signals 
may be mediated by MHC genes, whereas others may not (Beauchamp and Ya-
mazaki, 2003).  

Whether these signals can be reliably discriminated against background 
variation in such factors as diet, perfume use, and odors associated with home 
and work place remains a major question. Apparently dogs can discern the indi-
vidual signature of a person in spite of these potential distracters indicating that, 
at least in principle, it should be possible for a device to do this as well.  

Studies should be encouraged to investigate further how odors reflect emo-
tional states. Based on animal studies, it is highly likely that human stress in-
duces specific odor changes, but this must be rigorously demonstrated before 
programs that try to identify specific odorants and that try to develop sensors are 
instituted. No studies have examined odor profiles that might be associated with 
fatigue; this remains a novel area for future investigation. 

It is also important to recognize that for volatile signals indicative of emo-
tional states to be useful for monitoring emotion, it is not necessary that human 
noses be able to detect these substances. More discriminative devices, be they 
other biological ones, such as rats or dogs, or specialized nonbiological sensors 
(see below), may be able to detect these volatile signals and thereby serve as 
monitors, even if humans find these discriminations difficult or impossible.  

A major problem with using human odors as biomarkers is identifying 
which odorants to monitor. The olfactory system is exquisitely sensitive to a 
large repertoire of molecules. Recently much progress has been made in our 
understanding of this system, although many mysteries remain. Briefly, it is now 
thought that mammals have about 1,000 different genes that express receptors 
for odorants (in humans, however, two-thirds of these are not functional). Each 
receptor (located on an individual receptor cell that is actually a primary sensory 
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neuron) is responsive to a variety of structurally similar odorants (Zhang and 
Firestein, 2002). It is thus the pattern of receptor activity that is monitored and 
that determines odor quality and intensity. Processing and fine-tuning this pat-
tern begins at the first synapse in the olfactory bulbs, but how further central 
nervous system processing occurs remains mostly unknown.  

It is clear that the olfactory system is capable of decoding MHC-derived 
body odors (Schaefer et al., 2001). How MHC genes alter odors is largely un-
known, although recent studies have shown that they influence the concentration 
of volatile acids that serve as sexual attractants (Singer et al., 1997). It has also 
been proposed that MHC odor types may result from a linkage between MHC 
loci and olfactory receptor genes (Amadou et al., 1999; Fan et al., 1996). MHC-
specific odors may be soluble MHC proteins, odor molecules selectively bound 
to MHC proteins, or by-products of MHC-specific bacteria localized to skin or 
axillae (Pearse-Pratt et al., 1999; Yamazaki et al., 1999). Further identification 
of MHC-derived and non-MHC-derived odors is an important prerequisite for 
developing a viable monitoring system based on odor profiles. 

Odor Sensors 

One strategy to designing odor sensors is to develop devices that mimic or 
even use biological principles to detect specific body odors. Particularly attrac-
tive is the idea that one might be able to express olfactory receptors in a device 
that monitors receptor activity using, for example, fluorescence to express over-
all patterned activity. This is a promising approach, but its development is 
clearly quite far in the future.  

A very active research area involves using a variety of nonbiological sen-
sors (called electronic noses, or e-noses) as artificial odor-sensing devices. In 
principle, an e-nose consists of an array of chemophysical detectors that change 
frequency or conductivity in a characteristic pattern upon binding of an odorant. 
The e-nose does not identify the specific chemical structure of the odorant, 
rather it detects differences in the molecular composition of odors by comparing 
signal patterns among samples (Gardner and Bartlett, 1999; Persaud and 
Travers, 1996). Such devices have been employed in the food industry to distin-
guish among different types of olive oils, tomatoes, and cheeses (Concepción 
Cerrato Oliverosa et al., 2002; Maul et al., 2000; Pillonel et al., 2003).  

Recently Montag and colleagues (2001) utilized e-nose technology in a 
comprehensive study of MHC-derived individual odor types of mice and hu-
mans. The output from the sensors was analyzed using principal component 
analysis, an algorithm used to find the optimum representation of a given data 
set in n-dimensional space. In this case, the data were visualized in two-
dimensional spaces where each odor type was represented by a primary and sec-
ondary component. The e-nose reliably distinguished urine and serum odor 
types among MHC congenic and mutant mice strains and also detected the dif-
ference between male and female mouse urine. Human serum from eight HLA-
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homozygous males was also distinguished by the e-nose. The human serum was 
also represented by two odor components: one influenced by MHC genes and 
the other by non-MHC genes. The authors speculated that differences in food 
intake might have influenced the non-MHC odor component. Other environ-
mental variables, such as perfumes and soaps, could have contributed to these 
differences as well.  

Gas chromatography/mass spectrometry headspace analysis was also used 
to detect and identify individual volatile odors from mouse urine. Preliminary 
evidence suggested that the ratio of some common volatile compounds varied 
with HLA expression. For example, the peaks for 3-methylbutanal and 2-
pentanone occurred in markedly different ratios in H-2 congenic mouse strains. 
Moreover, one partially identified substance was present in HLA-A2 transgenic 
mice, but was absent from their nontransgenic counterparts, suggesting that the 
presence of this substance depended on the expression of a single gene (Montag 
et al., 2001). Compounds of low volatility, such as organic acids, also contribute 
to the odor profile (Singer et al., 1997) and need to be considered as well. Fur-
ther identification of these odor substances�both in absolute as well as relative 
quantity�may eventually lead to objective, on-line detection of individual odor 
profiles. 

E-nose technology has also been used in clinical applications. Mohamed 
and colleagues (2002) used an e-nose to qualitatively classify urine samples 
from type 2 diabetic patients and healthy controls. Data were analyzed by prin-
cipal component analysis, artificial neural network, and logistic regression. Cor-
rect clinical classification ranged from 88 to 96 percent across methods and was 
highest with principal component analysis. Others (Hay et al., 2003; Lai et al., 
2002; Pavlou et al., 2002) have used the e-nose to diagnose urogenital and upper 
respiratory infections, with different degrees of success. As e-nose technology 
continues to develop (Harper, 2001), it represents a promising technology for 
the early detection of a variety of medical conditions.  

Over the next 5 to 10 years, major strides are likely to be made in under-
standing the molecular mechanisms of olfaction and the relationship between 
gene expression and individual odor profiles and their links with emotion and 
cognitive states.  Development of sensor technology are ongoing and are likely 
to yield smaller, more automated devices that reduce analysis time and increase 
reliability�two factors critical for field applications. These advances will go 
hand-in-hand with the development of sweat patches that can be uniquely de-
signed to capture the substances of interest (Cizza et al., 2003). The military is 
encouraged to promote innovative research in chemical signaling that will accel-
erate these advances.  

Two final caveats need to be mentioned. First, to be truly valuable as a 
monitoring technology, odor profiling must be reproducible at the individual 
level. That is, an individual�s odor profile during rest must be easily distin-
guished from that same individual�s odor profile during stress. Furthermore, 
information contained in an individual�s odor profile must be capable of        
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predicting decrements in cognitive performance or changes in health           
status under different environmental and physiological conditions. Future study          
of these parameters will determine if odor profiles possess these performance            
characteristics. 

HUMAN TEARS AS BIOMARKERS 

Bodily excretions and secretions that are noninvasively accessible and that 
reflect the current internal concentrations of substances within physiologically 
relevant systems represent possible targets of metabolic monitoring technology. 
Saliva and sweat have been discussed elsewhere. An often overlooked external 
secretion is lachrymal fluid, or tears. 

Although there appears to be little currently accepted clinical analytic use of 
tears as indicants of nonophthalmic internal status, a number of disparate studies 
suggest that there may be merit in examining tears as a possible medium for 
monitoring relevant aspects of metabolic status.  

It has been reported that tear glucose concentrations are related to blood 
glucose levels (Das et al., 1995). Also, insulin concentrations in tears of subjects 
who were fasted for 12 hours were lower than those in tears of fed subjects (Ro-
cha et al., 2002). 

Among marginally nourished Thai children, tear levels of retinol increased 
2 months after a single dose of vitamin A supplementation, whereas they were 
unchanged among an unsupplemented group (van Agtmaal et al., 1988). In 
adults administered varying doses of aspirin, salicylic acid levels in tears were 
dose-dependent and proportional to plasma levels (Valentic et al., 1980). Fluo-
ride concentrations in tears have been found to be in constant proportion to 
plasma concentrations in the face of twofold increases in plasma levels induced 
by acute fluoride ingestion (Chan et al., 1990). 

Several studies have shown that tear concentrations of certain anticonvul-
sant drugs are closely related to both plasma and cerebrospinal fluid drug levels. 
Tear concentrations of valproic acid were directly correlated to cerebrospinal 
fluid concentrations as strongly as were plasma concentrations, and more so than 
were salivary concentrations (Monaco et al., 1982). Further, tear concentrations 
of valproic acid were correlated with plasma concentrations among adults      
and among children under 3 years of age (Nakajima et al., 2000; Monaco          
et al., 1982, 1984). Tear levels of diphenylhydantoin, phenobarbital, and car-
bamazepine correlated more strongly than salivary levels with their respective 
plasma and cerebrospinal fluid concentrations (Monaco et al., 1979, 1981).  

Research is needed to determine which physiological and pharmacological 
variables may be reliably assessed from tear concentrations. It may be possible 
to identify potential exogenously administered tracers that in their tear concen-
trations indicate the status of certain physiological variables. It will also be nec-
essary to delineate the conditions that affect the validity of tear levels as indi-
cants. For example, it has been suggested that the tear:plasma ratio of levels of 
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certain drugs is affected by the pH of the tears and plasma and by the drug�s 
lipid solubility and degree of ionization (van Haeringen, 1985). Environmental 
agents may also influence the tear concentrations of certain analytes that might 
have physiological significance. Among subjects with indoor air complaints, 
exposures to two concentrations of a mixture of organic gases and vapors asso-
ciated with new homes led, in a dose- and time-dependent manner, to dilution of 
tear levels of serum albumin, sodium, and potassium (Thygesen et al., 1987). 
While this may limit the extent to which tear concentrations of some substances 
accurately represent internal levels, it also suggests that analysis of tears may 
indicate exposure to some environmental toxins in subperceptible concentra-
tions. Thus tears may also provide a medium for obtaining early indications of 
exposure to toxins. 

SUMMARY 

This chapter presents the current monitoring methods for specific metabolic 
systems of particular concern to the military, which are bone and muscle me-
tabolism, kidney function and hydration, and stress and immune function. The 
development of sensors and applicability in the field remains at different stages; 
some of them, such as the monitoring of renal function by dipstick strips, are 
ready for field use, while others, such monitoring methods for bone health or 
muscle fatigue, still need validation in the field.   

Maintaining a healthy bone to minimize the incidence of fracture is pre-
dicted by measuring bone mineral density. However, the low level of precision 
of this method limits its use; therefore, for short-term changes, intermediate bio-
logical markers of bone remodeling (i.e., the balance between resorption and 
formation) may be better indicators of potential fractures. There are a variety of 
compounds that can be used as markers of bone resorption, including collagen 
break-down products, specific gene products, and hormonal markers. For an 
accurate evaluation, however, biomarkers of bone formation also need to be 
monitored, but they have been difficult to elucidate. In addition to bone remod-
eling, stress is related to changes in bone health. Although cortisol appears to be 
a promising indicator of bone health, validation in the field is still needed.  

Heavy physical exertion, inadequate energy intake, and psychological stress 
can all influence muscle metabolism, causing muscle damage and muscle pro-
tein breakdown. Single blood and urinary markers of these processes are diffi-
cult to interpret because their levels may be confounded by diurnal patterns or 
dietary consumption of muscle meats; also, other markers of turnover exist but 
their measure involves invasive procedures unsuitable for field monitoring. 
More advanced technology for minimally invasive sampling of muscle tissue is 
needed before this monitoring application is field-ready. Subjective measures, 
such as muscle soreness and ratings of self-assessment, may be of great value as 
predictors of performance and indicators of the need for rest.  
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Monitoring renal function is important because of the role of the kidneys in 
maintaining proper hydration, fluid homeostasis, and electrolyte balance, all of 
which are critical to sustain both physical and cognitive functions. In the field, 
monitoring urinary output, color, odor, and specific gravity would all provide 
important information relative to hydration, electrolyte balance, muscle break-
down, and protein and energy status, as well as to the presence of infection. Be-
ing able to field-monitor fluctuations in body weight would also be an excellent 
indicator of hydration status, since short-term changes in body weight are di-
rectly attributable to changes in body water volume. Changes in body weight, 
when coupled with knowledge of serum osmolality and/or serum sodium, would 
assist greatly in defining the presence and severity of disturbances in body vol-
ume status.  

In addition to muscle, bone, and renal function, stress and immune re-
sponses need to be monitored because they affect both physical and cognitive 
performance through a variety of mechanisms. The stress response to an stressor 
results in the release of neurotransmitters and hormones that serve as the brain�s 
messengers for regulation of the immune and other systems. The consequences 
of this response are generally adaptive in the short run, but can be damaging 
when stress is chronic. Indicators of stress and immune responses that are cur-
rently in use or development include cortisol levels and heart-rate variability. 
Self-report (and peer-report) inventories could be adapted to offer valuable in-
formation about individual stress levels. 

Over the next several years, major strides are likely to be made in under-
standing the molecular mechanisms of olfaction and the relationship between 
individual odor profiles and emotion and cognitive states.  Development of sen-
sor technology suitable for field applications, along with the development of 
sweat patches designed to capture substances of interest, are ongoing. Future 
studies on their reproducibility and the ability to predict decrements in perform-
ance under different environmental and physiological conditions will be critical. 

A number of studies suggest the possibility of using tears as a possible me-
dium for monitoring relevant aspects of metabolic status. For example, the 
analysis of tears may indicate exposure to some environmental toxins in 
subperceptible concentrations and its use merits future research. 
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5 
 

Strategies for Monitoring Cognitive 
Performance 

Up to this point the central focus of this report has been on the assessment 
or monitoring of the combat service member�s capacity to perform physical 
tasks. In this regard, the importance of factors that influence bone and muscle 
health, as well as other processes that underlie and optimize physical endurance 
and resistance to physical injury, have been highlighted, and for good reason. 
Clearly it is necessary to ensure that operational personnel are as physically fit 
as possible because success on the battlefield is to a great extent dependent on 
the ability of combat service members to carry and operate weapons, overcome 
physical obstacles, traverse distances in harsh environments, and endure a host 
of physical stresses and strains that could easily overwhelm unfit individuals. 
However, optimal performance in today�s military also is increasingly depend-
ent on a high level of cognitive fitness. The widespread use of computerized 
weapon systems; complicated communications and targeting devices; high-
performance aircraft, tanks, and maritime vessels; and the technologically ad-
vanced diagnostic systems used in the maintenance of military equipment de-
mands the highest levels of cognitive readiness.  

In the following sections, operator cognitive fatigue, one of the principal 
threats to military readiness, is discussed. Also included is an overview of the 
primary operational causes of fatigue, followed by a brief synopsis of strategies 
that should be considered for monitoring the cognitive status of servicemembers. 

The fact that the focus here is on the fatigue that results from sleep depriva-
tion should in no way imply that this is the only stressor of concern in the opera-
tional environment. As noted earlier in this report, combat service members are 
routinely exposed to a wide variety of physical and environmental stresses that, 
if ignored, will ultimately degrade operational performance. Heat stress and de-
hydration pose major threats to the cognitive readiness of ground combat service 
members, and these factors can be expected to exacerbate the fatigue from sleep 
loss and strenuous work. In the aviation arena, uncomfortable levels of noise, 
heat, vibration, and mental workload must be dealt with by pilots on a day-to-
day basis, and these stresses likewise can be expected to compromise cognitive 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


160 MONITORING METABOLIC STATUS 
 

 

capacity. However, since a detailed discussion of each of these areas is beyond 
the scope of this report, it is hoped that the reader can generalize many of the 
concepts from the forthcoming discussion of the most common cause of opera-
tor fatigue (sleep deprivation) to the fatigue stemming from other operational 
stressors. 

THE PROBLEM OF SLEEPINESS AND COGNITIVE 
DEGRADATION IN MILITARY SETTINGS 

Current military doctrine requires that units operate around the clock during 
times of conflict because the success of battlefield operations depends, at least in 
part, on maintaining the momentum of continuous day-night operations (U.S. 
Army, 1997). Technological advances, such as night vision devices, have en-
hanced the night-fighting capabilities of both ground and air combat military 
personnel, making around-the-clock missions a highly feasible component of the 
modern military strategy. Combining efficient day and night fighting capabilities 
across successive 24-hour periods places a significant strain on enemy resources 
and presents a clear tactical advantage for U.S. forces. In fact, the Air Force 
Chief of Staff recently noted that persistent and sustained operations �24 hours a 
day, seven days a week� are essential to attaining U.S. victory in today�s battle 
space (Elliott, 2001).  

However, there are difficulties inherent in maintaining effective around-the-
clock operations. For example, aircraft can function for extended periods with-
out adverse effects, but human operators need periodic sleep for the restoration 
of both body and cognitive function (Horne, 1978). Depriving humans of proper 
restorative sleep produces attention lapses and slower reaction times, which are 
associated with poor performance (Krueger, 1991). It has been determined that 
sleep-deprived personnel lose approximately 25 percent of their ability to per-
form useful mental work with each 24-hour period of sleep loss (Belenky et al., 
1994). Thus by the end of 3 days without sleep, combat service members may be 
considered totally ineffective in the operational setting, especially if they are 
performing complex tasks, such as operating computerized command-and-
control centers or flying an aircraft. This is a significant problem given that an 
Army manual makes it clear that �Soldiers in continuous operations can expect 
to be deprived of extended regular sleep, possibly any sleep, for as long as three 
to five days� (U.S. Army, 1991, P. 3-10). 

Over the past several years the problem of sleep loss and fatigue has esca-
lated because of increased requirements on military forces due to reductions in 
manpower and other resources. Over the past 10 to 15 years Army funding has 
been cut 38 percent and the number of personnel has been cut 35 percent, while 
missions have increased 300 percent (U.S. Army, 1996). A similar problem ex-
ists in the Air Force, where there has been a 37.7 percent reduction in military 
personnel and about a 50 percent reduction in the number of active Air Force 
tactical wings (Daggett and Belasco, 2002), while the operational tempo has 
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increased by as much as 400 percent (Correll, 1998). U.S. military capabilities 
are increasingly strained as understaffed units strive to accomplish more work 
with fewer resources. The ultimate result has been diminished military combat 
readiness (Spencer, 2000), in part because of increased levels of physical and 
cognitive fatigue. 

Although reductions in available resources do not guarantee that sleep dep-
rivation will be a problem in the operational environment, they create a situation 
in which the available personnel are more likely to work prolonged shifts with-
out the benefit of sufficient rest. Krueger (1991) reported that the efficiency of 
combatants in sustained operations can be significantly compromised by inade-
quate sleep. Vigilance and attention suffer, reaction time is impaired, mood de-
clines, and some personnel begin to experience perceptual disturbances. Naitoh 
and Kelly (1992) warned that poor sleep management in extended operations 
quickly leads to motivational decrements, impaired attention, short-term mem-
ory loss, carelessness, reduced physical endurance, degraded verbal communica-
tion skills, and impaired judgment. Angus and Heslegrave (1985) noted that 
cognitive abilities suffer 30 percent reductions after only 1 night without sleep, 
and 60 percent reductions after a second night.  

Although all types of performance are not affected to the same degree by 
sleep loss, the fatigue from prolonged duty periods clearly is a threat to unit 
readiness in the operational context. This is especially the case for tasks that are 
lengthy, devoid of performance feedback, and boring. Caldwell and Ramspott 
(1998), Wilkinson (1969), and Wilkinson and colleagues (1966) found that 
when task durations extend beyond 15 to 20 minutes, performance deteriorations 
from fatigue become far more pronounced than when the task durations are 
shorter. Wilkinson (1961) found that knowledge of results alone can signifi-
cantly attenuate the effects of sleep deprivation on some types of vigilance tasks. 
In addition, Wilkinson (1964) reported that while reaction-time tasks and vigi-
lance tasks are most degraded by sleep loss, more interesting learning tasks and 
performance tasks often are less affected, presumably because the subject�s level 
of interest provides greater motivation and ability to resist attention lapses or 
outright sleep episodes (although, as warned by Dinges and Kribbs [1991], this 
works only up to a point).  

In addition to the impact of task characteristics, it should be noted that there 
are individual differences in resiliency to sleep loss. Although this is an area that 
has not been sufficiently researched at this point, Van Dongen and colleagues 
(2003) found that there are basic interindividual differences in vulnerability to 
sleep debt that cannot be explained on the basis of differences in sleep need (i.e., 
short vs. long sleepers). This source of variability no doubt contributes to find-
ings that there are wide differences in the accuracy with which several currently 
available methods can predict performance decrements. As the reader later re-
views the strategies proposed to monitor alertness in the field, a recent U.S. 
Highway Traffic Safety report should be kept in mind (Dinges et al., 1998). In 
that report, even the eye-closure measure PERCLOS, which was found to be one 
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of the most predictive indicators of fatigue-related performance lapses under 
laboratory conditions (r = 0.7), sometimes correlated with performance only at 
about r = 0.3 in some individuals. Two electroencephalographic (EEG) algo-
rithms showed a median predictive capability of only 0.3 to 0.4, and one type of 
eye-blink monitoring device correlated with minute-to-minute lapse frequency at 
a median level of 0.17. Thus despite the known dangers of fatigue and the estab-
lished need to accurately measure it in some contexts, it is clear that much work 
remains to be done on monitoring technologies that can accurately predict mo-
ment-to-moment performance fluctuations. Clearly sleep loss from prolonged 
duty periods is a major threat to unit readiness in the operational environment. In 
addition, factors related to the requirement for shift work or night operations 
also pose difficulties. 

During military operations a number of personnel are rotated from the day 
shift to the night shift so that operations can be continuous. Night-shift work in 
and of itself presents problems associated with insufficient sleep, increased fa-
tigue, and sleepiness on the job because people are working at times when their 
bodies are programmed for sleep (Åkerstedt, 1988; Åkerstedt and Gillberg, 
1982; Härmä, 1995; Penn and Bootzin, 1990). These same people are trying to 
sleep at times when their bodies are accustomed to being awake. Studies have 
shown that even small amounts of shift-work-related sleep disruption can de-
crease sleep length by 2 or more hours per night, and even this small amount of 
sleep loss can lead to significant performance and alertness decrements (Gill-
berg, 1995; Rosenthal et al., 1993; Taub and Berger, 1973). The initial period of 
adjustment from days to nights is particularly problematic since work must still 
be accomplished despite the fact that the human body is incapable of changing 
its internal sleep/wake rhythms quickly. Thus, personnel are faced with the 
problem of performing during their circadian low points until their internal 
rhythms adapt to the new schedule. In addition, impaired alertness and perform-
ance can result from the requirement for personnel to awaken at inopportune 
times. For example, early-morning report times require personnel to rise while 
their core body temperatures are still low, leading to difficulties in awakening 
and feelings of being inadequately rested (Åkerstedt et al., 1991). 

Clearly, one of the greatest threats to military readiness is the insufficient 
sleep that results from prolonged duty periods, shift work, and a related phe-
nomenon, jet lag. Dinges (1995) summarized the impact of sleepiness/fatigue by 
pointing out that people who work when overly tired must expend increased 
energy simply to remain awake while suffering from poor, inefficient, and vari-
able performance; impaired attention, information processing, and reaction time; 
reduced short-term memory capacity; and increased involuntary lapses into 
varying durations of actual sleep episodes. Momentary episodes of sleep and the 
periods of drowsiness preceding these �sleep attacks� are thought to underlie 
many serious accidents and incidents that are typically attributed to �insufficient 
operator attention.�  
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USEFUL APPROACHES FOR PREDICTING 
OPERATOR ALERTNESS 

Sleep 

As indicated previously, sleep quality and quantity are important determi-
nants of operator cognitive status. Frequent sleep disturbances can adversely 
affect next-day mood and performance as much as severely truncated sleep peri-
ods can.  

Sleep Quality  

Examination of the structure and sequence of an individual�s sleep cycles 
offers crucial information about the restorative value of the sleep period. Al-
though adequate sleep duration exerts a substantial impact on subsequent cogni-
tive function, it is also important that the sleep be of high quality. The precise 
impact of changes in sleep content (i.e., distribution and amount of the sleep 
stages described below) remains a matter of some debate, since some investiga-
tors have shown that the loss of slow-wave sleep adversely impacts alertness 
(Walsh et al., 1994), whereas others have reported that neither slow-wave sleep 
restriction nor rapid-eye-movement (REM) sleep restriction lead to performance 
decrements (Agnew et al., 1967). Nonetheless, it is clear that sleep fragmenta-
tion (one aspect of sleep quality) exerts an important influence on next-day 
alertness (Roehrs et al., 2000). Many clinical sleep disorders are characterized 
by frequent sleep disruptions (Roehrs et al., 2000), and experimentally induced 
sleep fragmentation has been shown to degrade the recuperative value of sleep 
(Gillberg, 1995). 

The usual sleep cycle is characterized by a series of stages that can be dis-
tinguished using polygraphic techniques. Attenuation of alpha activity (8�12 
Hz) is the first sign of a transition from wakefulness to sleep. This is followed 
by increased theta (3�7 Hz) and vertex sharp waves accompanied by slow eye 
movements and loss of facial muscle tone. Next, during stage 2 sleep, there are 
bursts of K-complexes (a special type of delta wave) and 12 to 14 Hz activity 
(sleep spindles) in the virtual absence of typical delta waves (0.5�2 Hz). After 
stage 2 sleep, there is a progression into slow-wave sleep (stages 3 and 4) that is 
characterized by increasing amounts of delta activity (0.5�2 Hz). Stages 1 
through 4 sleep are all generally considered to be non-REM sleep. These stages 
are interspersed with REM periods, which consist of a desynchronized, low-
amplitude EEG with no K-complexes or spindles, sporadic rapid eye move-
ments, and the virtual absence of muscle activity. As the night progresses, the 
REM periods typically become more numerous, whereas the amount of very 
deep (slow-wave) sleep decreases. Adults typically cycle through non-REM and 
REM sleep approximately every 90 minutes during an 8-hour sleep period. 

Disruptions to normal sleep architecture have been correlated with daytime 
sleepiness. Frequent transitions into a very light stage of sleep during the night 
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clearly impact the restorative value of the sleep period. Several studies in which 
subjects have been aroused (but not necessarily awakened) by auditory stimuli 
have shown that next-day performance deteriorates and both subjective and ob-
jective measures of sleepiness increase (Roehrs et al., 1994; Thiessen, 1988). It 
is important to note that these are sleep disturbances that may not produce be-
havioral arousals, so the affected individuals are often unaware that their sleep is 
being disrupted. In a military field environment there are obviously many factors 
that can produce such disruptions. Although a discussion of each of these is 
beyond the scope of this report, the presence of high levels of ambient light, 
excessive environmental noise, temperature extremes, and uncomfortable sleep 
surfaces rank high on the list. Often these problems create outright sleep frag-
mentation (which produces shortened sleep periods) but, in many cases, they 
produce their deleterious effects by simply degrading sleep quality. Unfortu-
nately it is unlikely that in the near future it will be possible to precisely monitor 
sleep-quality decrements in the field. Thus more attention has been aimed at 
monitoring sleep quantity, another major contributor to on-the-job alertness. 

Sleep Quantity  

As noted earlier, sleep restriction and sleep deprivation impair mood and 
performance. Balkin and colleagues (2000) found that chronic sleep reductions 
of even 2 hours per night result in performance decrements on vigilance tasks, 
and that even after 7 consecutive days of shortened sleep, there is no evidence of 
an adaptive response. Furthermore, these authors reported that severe sleep re-
striction not only hampered a wide variety of functions during the deprivation 
period itself (including the ability to accurately drive through a simulated 
course), but it continued to adversely affect performance capabilities for several 
days after full 8-hour sleep periods were once again permitted. Bonnet (1994) 
found that total sleep deprivation exerted especially noticeable effects on tasks 
that were lengthy, tasks that did not offer immediate performance feedback, and 
tasks that were externally paced. Sleep loss had a greater effect on newly learned 
skills as opposed to well-established skills, and it degraded complex tasks more 
than simple ones and those that had short-term memory requirements. Subjec-
tive feelings of sleepiness and fatigue often begin to appear before actual per-
formance decrements, as do EEG indications of increased slow-wave activity, 
and thus may have value as predictors of performance decrements.  

Circadian Effects 

Regardless of the exact nature of the effects of insufficient sleep on differ-
ent types of activities or physiological processes, it is clear that insufficient sleep 
quality or quantity degrades performance. In addition, working at times that are 
incompatible with circadian rhythms can produce problems that are separate 
from those associated with simply being awake or being on the job for a long 
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period of time. Performance on the night shift is often less optimal than per-
formance on the day shift regardless of the nature of the work. The probability 
of accidents on the highways, in industry, and in aviation is higher at night in 
part because of increased sleepiness (Åkerstedt, 1995). Monk and Folkard 
(1985) have shown that nighttime work impairs even the simplest tasks. Night 
workers are slower to handle a telephone switchboard, more error prone when 
reading meters, more sluggish at the task of spinning thread, less able to remain 
alert while driving, and less vigilant at operating freight trains. Dinges (1995) 
has shown that nontraditional work hours, in combination with increased auto-
mation, have substantially increased the risk of fatigue-related problems 
throughout the industrialized world. Furthermore, there is evidence that a num-
ber of high-profile catastrophes (i.e., the grounding of the Exxon Valdez, the 
Space Shuttle Challenger accident, the crash of Korean Air flight 801, and the 
near meltdown at Three Mile Island) were at least partially attributable to the 
fatigue associated with night work (Mitler et al., 1988; NTSB, 1990, 2000). 

Of particular concern to the military aviation community is the considerable 
evidence that night flights are especially vulnerable to cognitive lapses, or �mi-
cro sleeps� (i.e., brief periods during which sleep uncontrollably intrudes into 
wakefulness). Moore-Ede (1993) found that while micro sleeps occurred in the 
cockpits of flight simulators regardless of the time of day, there was a tenfold 
increase between the hours of 0400 and 0600; pilots made the greatest number 
of errors during this time. Wright and McGown (2001) found that long-haul 
pilots were especially compromised by sleepiness on flights that departed late in 
the night compared with those that departed earlier. Furthermore, many of the 
micro sleeps experienced by these pilots were so short (less than 20 seconds) 
that the crewmembers may not have been aware that they had fallen asleep. 
Rosekind and colleagues (1994) also found a substantial increase in microevents 
(slow-wave EEG activity and slow eye movements) on long-haul flights, with 
night flights being particularly affected compared with day flights. Vigilance 
performance and subjective alertness ratings were degraded more at night as 
well. Caldwell and colleagues (2002) found that the combination of sleep loss 
and night flying significantly accentuated the type of slow-wave EEG activity 
that has been associated with insufficient alertness, while concurrently causing 
the types of mood and cognitive deteriorations that impair crew coordination 
and responses to system deviations or failures. 

Because of findings like these it has become clear that both sleep and cir-
cadian effects must be considered in any attempt to estimate the impact of work 
and sleep schedules on performance. Circadian cycles can be fairly well tracked 
by continuously measuring core body temperature, and sleep quantity and qual-
ity can be assessed by EEG techniques (see below). However, besides utilizing 
direct measures of physiological indices to help predict performance, predictive 
computerized models have been developed to estimate fatigue and cognitive 
performance capacity based on what is generally known about sleep and cir-
cadian influences. 
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Computerized Cognitive Performance Prediction Models 

Several organizations and individual scientists in the United States and 
abroad have developed computerized models (and scheduling tools based on 
these models) that predict cognitive performance decrements using known in-
formation about sleep and circadian rhythms. Such tools do not actually monitor 
any aspect of individual physiology, but they make predictions via keyboard or 
actigraphic inputs about work and sleep schedules. 

Two related prediction models are the Sleep Performance Model and the 
Sleep, Activity, Fatigue and Task Effectiveness (SAFTE) model, both of which 
were developed by Dr. Hursh of Science Applications International Corporation 
under Army and Air Force sponsorship (Eddy and Hursh, 2001). An additional 
model is the System for Aircrew Fatigue Evaluation (SAFE), which was devel-
oped at QinetiQ Centre for Human Sciences in the United Kingdom (Belyavin 
and Spencer, 2004). The Sleep Performance Model is an early version of the 
SAFTE model that was designed to be used in conjunction with wrist actigra-
phy. Both the SAFTE and SAFE versions are models that are applied to pro-
posed work/sleep schedules (based on operator input provided via a computer 
keyboard) in order to identify the changes in cognitive readiness that would be 
expected to occur in personnel at various times during select work cycles. 
(SAFTE can also take �after-the-fact� scheduling input from actigraphic 
recordings.)  

Although other models and implementations are available, a complete re-
view is beyond the scope of this report. However, this subject is treated in detail 
in a special edition of Aviation, Space, and Environmental Medicine (2004, Vol 
75, Sup 3). The present state of the art permits only general predictions about the 
impact of specific work/rest schedules on the cognitive alertness of personnel, 
and additional work will be needed before such models can accurately predict 
the performance of any specific individual. This is because the models do not 
account for individual differences and because they do not monitor any physio-
logical parameter to make their predictions. Since, for instance, the models do 
not actually monitor body temperature, they must rely on averaged data to pre-
dict circadian phase. In addition, since they do not examin physiological sleep 
quality, they can only make assumptions about the restorative value and amount 
of sleep that is being obtained. Thus, even if all of the prediction equations are 
perfect, guesswork remains due to the absence of direct physiological inputs, 
especially with regard to sleep quality and quantity. 

SAFTE  

A schematic of the SAFTE model appears in Figure 5-1. Note that SAFTE 
is based on the concept of a sleep reservoir that quantifies the impact of sleep-
related processes on cognitive readiness, or �cognitive effectiveness.� Sufficient 
sleep time fills the sleep reservoir, and hours of wakefulness deplete the reser-
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FIGURE 5-1 A schematic of the Sleep, Activity, Fatigue, and Task Effectiveness 
(SAFTE) model.  
SOURCE: Eddy and Hursh (2001). Figure reprinted with permission of Biodynamics and 
Protection Division, Human Effectiveness Directorate. 
 
 
voir. The sleep accumulation process is affected by sleep intensity (which is 
modulated by existing sleep debt and circadian factors) and quality of sleep 
(which is affected by sleep continuity). Cognitive readiness or effectiveness is 
predicted based on the level of the sleep reservoir and the time of day (circadian 
phase), as well as on the potential influence of short-term, postsleep grogginess 
(referred to as �sleep inertia�). 

This model has been implemented through the Fatigue Avoidance Schedul-
ing Tool. This tool is useful for identifying times at which performance might be 
compromised within a given work/sleep schedule, and it is useful for optimizing 
schedule development because it allows an operator/planner to ask a series of 
�what if� questions. For example, as shown in Figure 5-2, a planner can view 
the predicted effects of 2 days without sleep, and then ask �What if we placed a 
4-hour nap during this 40-hour period of otherwise continuous wakefulness?� 
As the figure indicates, such a napping strategy could offer a 20 percent 
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FIGURE 5-2 An example of output from a Fatigue Avoidance Scheduling Tool 
(FAST) to help predict cognitive effectiveness (%). Example: 2 days with no 
sleep compared with 2 days with 4 hours of sleep. 
 
 
improvement in cognitive effectiveness over what would be expected with no 
sleep at all. 

The predictive capability of the SAFTE model has been established by 
comparing the model�s output with laboratory data collected during various 
sleep-deprivation studies. For example, model predictions accounted for 89 per-
cent of the variance (degradations) in throughput on serial addition-subtraction 
across 72 hours of sleep loss in one study, and 98 percent of the variance in 
throughput on a variety of cognitive tests across 54 hours of sleep deprivation in 
another (Hursh et al., 2004). Throughput is a combined speed/accuracy measure 
that on many basic cognitive tests is presumed to reflect the individual�s capac-
ity to perform mental discriminations, react to incoming stimuli, think logically, 
process information, and comprehend language. Although the tasks on which 
SAFTE was validated are not typical military tasks, it is assumed that anything 
that degrades such basic mental facilities would also degrade operationally rele-
vant performance. Future studies will validate the relationship between SAFTE 
model predictions and decrements in a variety of �real-world� performances. 

SAFE  

The SAFE model (Belyavin and Spencer, 2004) is similar to SAFTE in that 
it takes keyboard input about specific work/rest schedules and estimates per-

Performance is 
predicted to fall to 

50% of normal when 
no sleep is allowed. 

Performance is 
preserved at 70% of 
normal when 4 hours 
of sleep is allowed.

Day 1       Day 2 Day 1       Day 2 
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formance risk based on what is known about the impact of the body�s clock and 
time since sleep on alertness. In addition, the model accounts for the effects of 
sleep inertia. SAFE predictions were initially validated via comparisons with 
laboratory data collected during several studies of sleep deprivation and shift 
work. Select variables were used from tests of visual vigilance, continuous 
memory recall, psychomotor tracking, and the Multi-Attribute Task Battery. The 
results indicated that the basic model effectively predicted group performance 
on most aspects of these basic tasks.  

Later, SAFE predictions were compared with the subjective alertness rat-
ings of a sample of commercial airline pilots across 72 flights (comprised of 
long-haul international trips). On some schedules, the model predicted mean 
alertness levels moderately well, with the exception of a sudden increased 
arousal that occurred at the end of some of the return flights. On other schedules, 
although the model tracked fatigue-related changes fairly well from the begin-
ning to the end of each flight segment, the model underestimated alertness on 
outbound flights and overestimated alertness on return flights. Because of these 
discrepancies, the designers of SAFE performed additional studies and ulti-
mately included prediction modifiers that considered not only the three basic 
alertness processes (time since sleep, circadian rhythms, and sleep inertia), but 
added the effects of: (a) multiple flight legs, (b) duration of time on duty, (c) the 
effects of consecutive and/or long tours of duty, (d) the impact of early report 
times, (e) the impact of daytime vs. nighttime sleep, and (f) the effects of sleep 
degradations during on-board rest periods. The addition of these factors substan-
tially increased the predictive accuracy of the model. 

Sleep Monitoring  

There are two basic approaches for monitoring human sleep. The first, and 
most accurate, consists of electrophysiological recordings (polysomnograms). 
The second, and most practical for nonlaboratory settings, consists of activity-
based recording (actigraphy). 

Polysomnography  

Polysomnographic recordings involving the collection of EEG, electromy-
ographic (EMG), and electrooculographic (EOG) data from skin-mounted elec-
trodes represent the most accurate way to monitor sleep parameters. For clinical 
and research purposes, sleep recordings are usually made in a sleep laboratory 
because of the available level of environmental control and the instrumentation 
required. EEG data are acquired with silver-silver chloride or gold electrodes 
attached to the scalp with collodion before the person retires for the night. A 
minimum of one or two EEG electrodes are attached, along with a mastoid (or 
ear-lobe) reference, two EOG electrodes, and two EMG electrodes placed un-
derneath the subject�s chin. Amplification of the signals is accomplished via 
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highly sensitive polygraph amplifiers. The signals are recorded on paper, usually 
at a speed of 10 mm/sec, or by a computerized system configured for sleep po-
lygraphy. Using standard guidelines, the stages of sleep (stages 1 through 4, 
REM, awake, and movement) are determined by scoring each epoch (20�30 
second period) throughout the record. Most data are scored visually following 
standardized criteria set forth by Rechtschaffen and Kales (1968). New com-
puter systems have been developed to score the data using mathematical func-
tions but, at present, there is no widely accepted automatic scoring procedure 
that can take the place of a human sleep scorer. 

Polysomnographic sleep evaluation is the �gold standard� in sleep science. 
These standard recordings have been used for years to document and understand 
�normal sleep,� as well as to investigate a wide array of clinical complaints, 
including excessive daytime sleepiness, insomnia, and a number of sleep disor-
ders (Carskadon and Dement, 1994; Dement, 1976; Hauri and Orr, 1982; 
Roffwarg, 1979). The polysomnographic approach avoids the pitfall of making 
potentially erroneous assumptions that behaviorally quiescent people are asleep 
when, in fact, they may simply be lying still. This approach also offers a wealth 
of information about the depth (or quality) of sleep than cannot easily be deter-
mined by other means. However, these advantages are offset by recording and 
instrumentation requirements that make in-the-field sleep recordings at best, 
impractical, and at worst, impossible. Although various types of ambulatory 
physiological recorders are available for nonstandard recording applications, it is 
unlikely that these will be used on a widespread basis (for large groups of per-
sonnel) any time in the near future. First of all, there is significant overhead in-
volved in the attachment and maintenance of suites of recording electrodes and, 
second, the necessity of downloading and processing the data recorded from 
large numbers of people on a daily basis is impractical. These are the reasons 
that actigraphic approaches to estimations of sleep quantity have received in-
creased attention. 

Actigraphy 

Actigraphs are battery-powered, wristwatch-like units that are programmed 
via a microcomputer interface. The wristwatch contains a three-axis accelerome-
ter sensor with a preamplifier and filter that are interfaced to a microprocessor 
by a multiplexed analog-digital converter. The microprocessor uses storage 
memory to record the collected data. The actigraph is programmed by a micro-
computer to start and end data collection at specific time points; the same mi-
crocomputer interface is used for periodic data retrieval. Once downloaded, the 
activity data are processed by analysis software that permits sleep-state scoring, 
basic statistics, and several forms of visual presentation. Raw graphic depictions 
of data show different levels of activity using a series of discrete vertical lines of 
different amplitudes. Typically these graphs are scored by both computer algo-
rithms and a human observer (who checks the computer scoring). 
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Recent investigations have shown that actigraphy is a fruitful approach to 
the study of sleep in nonlaboratory settings. Pollak and colleagues (2001) com-
pared actigraphically measured sleep/wakefulness with standard polysomno-
graphic measures and found that actigraphs could correctly identify periods of 
sleep versus wakefulness. Furthermore, the actigraphs offered a general indica-
tion of sleep quality in that lower actigraphic counts corresponded to deeper 
sleep stages. Monk and colleagues (1999) found that actigraphic recordings 
were useful for determining the sleep onset and offset of four astronauts engaged 
in 17-day Space Shuttle missions. There was a high correlation between high 
activity counts and polygraphically identified light stages of sleep. Wrist acti-
graphy is a promising monitoring strategy for military field applications�it may 
be used in numerous operational contexts since the required equipment is small, 
and it is a measure that can be obtained without disturbing the ongoing mission.  

Actigraphy in Combination with Performance Prediction Models  

In addition to using actigraphy to record sleep/wake cycles and to estimate 
sleep quality and quantity, efforts are underway to integrate these data with 
computerized performance prediction algorithms. One of the best developed of 
these applications is the Walter Reed Army Institute of Research Sleep Watch 
Actigraph (Balkin et al., 2000). The Sleep Watch is a wrist-worn device that 
predicts the wearer�s cognitive performance status based on the level of sleep 
debt and the phase of the circadian cycle (as calculated via actigraph activity 
counts). The actigraphically determined sleep/circadian information is fed into 
an on-board computer model that includes a �charging function� for recupera-
tive sleep, a �discharging function� for the amount of time awake, and a �cir-
cadian function� for the specific phase of the wearer�s estimated circadian 
rhythm. (This is the Sleep Performance Model that was mentioned earlier.) The 
face of the Sleep Watch contains a �fuel gauge� that displays a performance 
prediction ranging from 0 to 100 percent of well-rested levels and a simple red-
yellow-green analog scale that can alert the wearer of the need to acquire addi-
tional sleep. The Sleep Watch is still under development to include individual 
differences in sleep needs and performance capabilities and the effects of time-
zone transitions and variations in light exposure levels (which influence cir-
cadian adaptation). The Sleep Watch predictions have been validated to some 
extent on numerous tasks collected during sleep-deprivation and sleep-
restriction studies in the laboratory, and further work along these lines is cur-
rently underway. There are plans to employ the Sleep Watch in upcoming field 
exercises so that Watch-based alertness measures can be correlated with aspects 
of real-world performance. Once this tool is optimized, it will offer a field-
useable method for monitoring operator fatigue levels and for warning wearers 
of impending cognitive performance failures associated with insufficient sleep. 
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Spontaneous Electroencephalography 

Operational personnel are required to perform even if they are fatigued. In 
these situations it is desirable to have the capability to continuously monitor the 
cognitive status of combat service members without interfering with the accom-
plishment of their primary mission. Although there are cognitive tests that are 
exquisitely sensitive to the presence of fatigue stemming from sleep loss, cir-
cadian disruptions, and a host of other factors, it is difficult to continuously ad-
minister such tests on an hourly or daily basis without disrupting job perform-
ance. Thus a more unobtrusive monitoring strategy is required. One possibility 
is to take advantage of the spontaneous EEG because the data can be obtained 
and to some extent, examined, in real time, and the results are considered to be 
objective, valid, and related to operational readiness (Caldwell et al., 1994, 
1997, 2002). As mentioned earlier, one of the key advantages of the EEG is that 
it is a psychophysiological measure that can be collected without interfering 
with the primary task. 

EEG Measures 

EEG signals are detectable from a variety of scalp locations using small 
electrodes (8 mm) that are attached with tape, collodion, or paste and are filled 
with an electrolyte solution. Electrical activity is then recorded with two or more 
electrodes (depending on how much of the brain�s surface activity is of interest) 
by amplifiers capable of amplifying 5- to 100-µV signals that oscillate at 0.5 to 
100 Hz. Amplified data are usually stored on an ambulatory or laboratory re-
cording device and/or displayed on an ink-writing polygraph or a computer 
cathode-ray tube. Recorded data may be scored via visual inspection or by com-
puterized procedures, such as power spectral analysis. In either case, the re-
cording is usually reduced to a table of values that represents the relative amount 
of EEG falling within each of four distinct bands: delta (1�3.9 Hz), theta (4�7.9 
Hz), alpha (8�13 Hz), and beta (>13�20 or 30 Hz). Also, the dominant or peak 
frequency observed during specified time frames can be determined. The normal 
adult waking EEG contains each of these different rhythms, but the most easily 
recognizable one is the alpha rhythm that is blocked by opening the eyes, cogni-
tive activation, sudden arousal, and sleep. Beta waves also contribute substan-
tially to the normal awake EEG, but slower activity (below 8 Hz) is usually pre-
dominant only during sleep (Cooper et al., 1980) or under conditions of severe 
drowsiness. 

Numerous studies have established the sensitivity of EEG activity to work-
related stressors (e.g., sleep deprivation). For instance, Caldwell and colleagues 
(1996), Comperatore and colleagues (1992), Lorenzo and colleagues (1995), and 
Pigeau and colleagues (1987) have all shown that slow-wave EEG activity (i.e., 
delta and theta) is significantly elevated by even moderate sleep loss (i.e., sleep 
loss resulting from 18�20 hours of continuous wakefulness), and research has 
repeatedly established that the fatigue from insufficient sleep affects both EEG 
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activity and nonconcurrently measured flight performance (Caldwell et al., 
2000a, 2000b, 2003; LeDuc et al., 2000). Based on these findings, it is reason-
able to suspect that EEG data should show a predictive relationship to opera-
tionally relevant cognitive performance. However, while several investigators 
have offered evidence that EEG is useful for describing an operator�s general 
status during tasks such as flights (Blanc et al., 1966; Caldwell et al., 2002; 
Howitt et al., 1978; Maulsby, 1966) and driving simulations (Balkin et al., 
2000), correlations with actual task performance are often weaker than desired 
except in cases of extreme drowsiness. 

It should also be noted that while a strong link between EEG and drowsi-
ness has been demonstrated, there have been a host of problems related to real-
time EEG monitoring in operational environments. These include the necessity 
of highly trained technicians, cumbersome and fragile instrumentation, and a 
rather time-consuming preparation period for EEG recordings. Additionally, the 
acquired data is susceptible to contamination by physiological and instrumental 
artifacts, such as movements, muscle activity, eye blinks, or heartbeats. Also, 
while much progress has been made in overcoming these obstacles, there is no 
general consensus on what aspects of EEG are sufficiently sensitive and reliable 
to serve as general indicators of fatigue (Gevins et al., 1995).  

Nonetheless, the utility of EEG continues to be explored because of a logi-
cal association between brain electrical activation and brain function. New 
analysis routines, better equipment, automated artifact-correction algorithms, 
and new types of high-impedance electrodes will ultimately make widespread 
real-time monitoring of cognitive readiness (via measures of brain activity) fea-
sible in field settings. As Gevins and colleagues (1995) have pointed out, �the 
EEG has one or more advantages over other [central-nervous system monitor-
ing] approaches, including millisecond temporal resolution, complete harmless-
ness and noninvasiveness�and [the fact that] EEG is the only brain imaging 
modality suitable for use in operational environments or from ambulatory 
subjects.� 

A SMART HELMET, designed to provide inputs for 32 channels of low-
level electrophysiological signals, including EEG, EOG, EMG, and heart activ-
ity (electrocardiogram [ECG]) (Gevins et al., 1995) was once available. Addi-
tional channels offered the capability to record measures such as respiration, 
blood volume, skin conductance, and head and body movements. In conjunction 
with preamplifier circuits and electrically driven shielding built directly into a 
flight helmet, a stretchable fabric hat was used for rapidly positioning EEG, 
EOG, and EMG electrodes on the head and face for recording data. The 
SMART HELMET successfully collected data from subjects in a centrifuge, 
airplane, and car with the use of ruggedized laptop personal computers (Gevins 
et al., 1995). However, the requirement for low-impedance sensors (e.g., skin 
preparation, electrolyte solution) limited the usefulness of such a technique, and 
at present, the SMART HELMET is no longer available (although it may pave 
the way for similar, more modern technology). In all probability, newer devices 
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will strive to actually embed EEG (and possibly EOG) sensors into an integrated 
helmet configuration (as opposed to using a stretchable hat worn under the hel-
met liner). In this way, physiological data reflecting pilot alertness may soon be 
available every time a pilot dons his or her flight gear. A small Ohio-based 
company (SRICO) is currently working to overcome one of the major obstacles 
to using such an embedded-sensor approach by developing a high-impedance, 
dry-contact EEG sensor (the Photrode) (Kingsley et al., 2003) that can be 
mounted inside of a flight helmet or a duty uniform. Photrode is still under re-
finement, but it should be widely available within 2 to 3 years. Once this tech-
nology can be coupled with high-capacity recording devices equipped with 
software routines that can remove contaminating artifacts from movements, 
muscle tension, eye blinks, and heart beats, the feasibility of continuous real-
time EEG monitoring in the field will improve. Ultimately these data could be 
used to feed performance prediction models, such as the one currently used for 
Sleep Watch. This should be an available option in 5 to 7 years. 

EEG Measures Combined with Performance Measures 

Sleep-watch measures, EEG assessments, or other physiological parameters 
may be the ultimate strategy to monitor the cognitive states of ground combat 
service members, but combined physiological and performance measures may 
be a better alternative for vehicle operators. Caldwell and Roberts (2000) have 
shown that objective, integrated flight-performance assessments are sensitive to 
the impact of fatigue and specific types of antifatigue medications, and others 
have noted the sensitivity of EEG measures to the effects of fatigue in a variety 
of situations (Balkin et al., 2000; Hossain et al., 2003; Miller, 1997). However, 
little work has been done to develop status predictors that rely on the integrated 
combination of continuous performance assessments and concurrent evaluations 
of physiological status. Petit and colleagues (1990) have shown that steering 
wheel functions and EEG alpha power correlate, and de Waard and Brookhuis 
(1991) found that the standard deviation of steering wheel movements increased 
and the number of steering wheel reversals per minute decreased in conjunction 
with a gradual decrease in relative EEG energy. Brookhuis and de Waard (1993) 
identified the co-occurrence of changes in physiology and in behavior and dem-
onstrated the feasibility of monitoring a vehicle operator�s status by monitoring 
driving performance. In part, this led Brookhuis (1995) to contend, �Measuring 
physiological parameters could be considered from the point of view of validat-
ing non-obtrusive in-vehicle measures that might be used to monitor driver state 
continuously through vehicle parameters.� However, it may be unwise to rely on 
either type of measure (physiological vs. performance) alone in situations where 
both could be integrated to predict impending cognitive decrements. Integrated 
monitoring of both categories of measures appears to be a more fruitful ap-
proach for future monitoring efforts. 
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Electrooculographic and Other Eye-Movement Measures 

The sensitivity of the oculomotor control system to fatigue, boredom, and 
lapses in attention has also been noted. The process of monitoring eye move-
ments, EOG, is concerned with measuring fluctuations in electrical potentials 
during movement of the eyes. EOG measurements have been used in a wide 
range of applications, such as the recording of REM during sleep research (An-
dreassi, 1989). It has also been found that long-duration eye closures during 
blinking are related to reduced alertness (Stern, 1980). 

General Ocular Measures 

Stern and Ranney (1999) identified a series of oculomotor measures that 
may be potentially useful for detecting lapses in attention. The first of these is 
saccadic eye movements. These are the types of eye movements that quickly 
transition the eyes from one point of focus to another, such as when reading text. 
Surrounding the occurrence of the saccade is a brief period during which infor-
mation intake is inhibited. The latency between stimulus presentation and the 
saccade, the saccade duration, and the distance of the saccade have been sug-
gested as indicators of fatigue. Although saccades are initiated under voluntary 
control, once they are underway their speed is not within the individual�s con-
trol. Fatigued conditions can cause a longer latency period, reduce the velocity 
of the saccade, or result in saccades that either undershoot or overshoot the tar-
get. Russo and colleagues (2003) found that saccadic velocity is particularly 
sensitive to an increase in sleepiness in response to prolonged periods of partial 
sleep deprivation. 

Another type of oculomotor measure is blinks. Eye blinks can be measured 
in terms of blink frequency, timing in respect to stimulus presentation, and dura-
tion of the closing and reopening movement of the eyelid. It has been found that 
fatigue can cause smaller-amplitude eye blinks. Similarly, the frequency of eye-
lid closures has been shown to increase under fatiguing conditions.  

A third type of oculomotor measure is pupil diameter. Stern and Ranney 
(1999) point out that a decrease in pupil diameter or a slow fluctuation in pupil 
diameter coincides with feelings of fatigue. Similarly, Russo and colleagues 
(1999) found that decreases in saccadic velocity and increases in pupil constric-
tion latency correlated with an increase in the rate of crashes seen in simulated 
driving conditions during periods of sleep deprivation.  

PERCLOS 

Research in the area of slow eye closures has given rise to PERCLOS, a 
measure defined as the �percentage of time that the eyes are 80% to 100% 
closed over a defined time interval� (Wierwille, 1999). This type of measure-
ment has the advantage of being physiologically based, and it has a great deal of 
face validity since drooping or slow eyelid closures are not usually seen in alert 
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individuals. Furthermore, performance decrements on a variety of tasks are vir-
tually certain to occur when slow eye closures impair an individual�s ability to 
gather visual information. Early research developed algorithms that combined 
estimations of ocular measures (PERCLOS) with a direct measurement of per-
formance (Wierwille, 1999). Dinges and colleagues (1998) have determined that 
there is a high degree of coherence between PERCLOS and performance lapses 
on the psychomotor vigilance test (an accepted test of fatigue). At present, 
PERCLOS is a labor-intensive monitoring technology that involves the human 
scoring of eye closures from video footage of volunteers� faces. However, a 
direct on-line PERCLOS system that uses infrared illumination to compare reti-
nal reflections against a dark background and automatically calculates a real-
time PERCLOS value is being developed. This has led to a dash-mounted Copi-
lot, a �low-cost drowsiness monitor intended for use in commercial operations 
involving nighttime driving� and �designed for robust operation in a heavy truck 
environment� (Grace and Steward, 2001). This is a technique that may one day 
be useful for monitoring vehicle operators in field environments, but the equip-
ment involved makes it unlikely that PERCLOS can be employed to assess the 
operational readiness of ground combat service members. 

Other Ocular Measures 

There are a number of commercial products available that measure fatigue. 
One such device is the FIT Fatigue Analyzer (PMI, Inc., Rockville, Maryland). 
This particular device can assess the degree of fatigue by analyzing involuntary 
pupillary responses to brief flashes of light and by analyzing eye movements in 
response to moving light targets. Measures of pupil size, constriction latency, 
constriction amplitude, and saccadic velocity are combined into a weighted 
score that purportedly assesses fatigue levels. There are efforts underway to 
miniaturize this device for operational use.  

Similarly, MTI Research Inc. has developed a device designed to detect and 
track fatigue using eye-blink analysis. Using optical electronics, the Alertness 
Monitor determines the level of alertness or drowsiness by measuring the ratio 
of eyelid closures to eyelid openness. Mounted unobtrusively on safety glasses, 
the research models emit an infrared beam along the axis of the eye blink where 
the beam cannot be broken by the eyelashes during an eye blink and will not 
shine directly into the operator�s eye (Dinges et al., 1998). Meanwhile, IM Sys-
tems, Inc. has developed the Blinkometer, an ambulatory device that records eye 
blinks using an algorithm reported to be sensitive to drowsiness. The Blinkome-
ter can record in one of two modes: either blinks per minute or the intervals be-
tween blinks. The device detects blinks using a sensor attached to the outer can-
thus of one eye with a double-sided adhesive disk and a small recording device 
clipped to the operator�s person. IM Systems reports that by using a fairly 
straightforward algorithm (the fewer the number of blinks, the greater the level 
of drowsiness), the Blinkometer detects a decreased alertness within 20 to 30 
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seconds (Dinges et al., 1998). Both the Alertness Monitor and the Blinkometer 
were tested for validation, alongside PERCLOS, by comparison with lapses in a 
psychomotor vigilance task. While the �result for PERCLOS was uniformly 
high coherence� to these attention lapses as seen in the psychomotor vigilance 
task, the result for the Alertness Monitor was �at the other end of the spectrum, 
averaging the lowest bout-to-bout coherence for lapse frequency� (Dinges et al., 
1998). The Blinkometer had a moderate bout-to-bout coherence for lapse fre-
quency, but was problematic due to difficulties with the unit�s data storage and 
retrievability functions (Dinges et al., 1998). While most of these technologies 
have potential, Dinges and colleagues (1998) pointed out that �more validation 
studies of this type are needed to sort out from the wide variety of biobehavioral 
fatigue monitors those that have the highest validity and reliability for predicting 
actual hypo-vigilance performance.�  

Another device, originally developed as a home sleep-monitoring system, 
also shows promise in this area. The Nightcap, developed by Healthdyne Tech-
nologies, detects eyelid movements through a small, piezoelectric film sensor, 
which is attached to the upper eyelid. This method allows the detection of both 
active movements of the eyelid and passive movements caused by movement of 
the eyeball. The Nightcap detects decreases in vigilance as lowered levels of 
eyelid movements (Stickgold et al., 1995). Using the Nightcap, Stickgold found 
decreased eyelid movements during periods of decreased vigilance resulting 
from inadequate sleep on the previous night. Stickgold and colleagues (1995) 
concluded that �the Nightcap would appear to be potentially useful for the real-
time monitoring of vigilance in a variety of work environments.�  

A similar method for measuring eyelid movements originally developed by 
Evinger and colleagues (1991), in which a very small piece of insulated wire 
coil is taped to the upper eyelid while the operator sits in a 3-D magnetic field, 
has been used by Leder and colleagues (1996) to study the relationship between 
eyelid activity and alertness/vigilance. They report that the magnetic sensor fol-
lowed the wire coil well and responded to every blink. Additionally, this method 
was able to distinguish spontaneous blinks from vertical lid saccades and hori-
zontal eye saccades. As a result, Leder and colleagues (1996) �...expect to be 
able to unobtrusively collect spontaneous eyelid activity in ambulatory subjects 
engaged in their routine activities,� including �changes in blink rate associated 
with fatigue and loss of alertness or vigilance.� 

OTHER CENTRAL NERVOUS SYSTEM 
MONITORING TECHNOLOGIES 

In addition to the technologies described above, there are other methods of 
studying central nervous system changes that may offer information about cog-
nitive status. However, none of these are suitable for field applications in which 
continuous, real-time assessment is the goal. 
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Positron Emission Tomography 

Wu and colleagues (1991), with the use of positron emission tomography 
(PET), found that about 32 hours of total sleep deprivation decreased metabo-
lism in the thalamus, basal ganglia, white matter, and cerebellum. Sleep depriva-
tion further reorganized regional cerebral metabolic activity by decreasing tem-
poral lobe activation and increasing activity in the visual cortex. As a result, 
visual vigilance on a continuous performance test was degraded. Thomas and 
colleagues (2000) reported that 24 hours of sleep deprivation produced signifi-
cant decreases in relative regional glucose metabolism in the thalamus and pre-
frontal and posterior-parietal cortices of the brains of 17 volunteers. Once again, 
both alertness and cognitive performance declined in conjunction with changes 
in brain activity. Although not within the context of sleep deprivation, Pietrini 
and colleagues (2000) have asserted that PET is also useful for tracking the 
changes in neural activity that accompany the cognitive declines associated with 
Alzheimer�s disease. Scans of patients revealed a progressive decline in the 
magnitude of brain response to audiovisual stimulation with progressive worsen-
ing of cognitive dementia. Thus PET offers important information about the 
levels of brain activation that underlie cognitive performance; however, the in-
strumentation and testing requirements for this method cannot be met in an 
operational context. 

Functional Magnetic Resonance Imaging  

Downing and coworkers (2001) have used neuroimaging techniques, such 
as functional magnetic resonance imaging (fMRI) and magneto-EEG, to identify 
the neural substrates of visual attention. The results indicated that these tech-
niques are able to identify markers of face processing and place processing. 
Likewise, Rees (2001) has addressed the relationship among selective attention, 
neural activity, and visual awareness through fMRI research. Portas and co-
workers (1998) have used fMRI to help delineate the role of specific brain areas 
in attention and arousal (both of which are important for cognitive performance). 
The authors identified differences associated with the performance of an atten-
tion task as a function of arousal decrements. Sleep deprivation produced an 
increase in attention-related thalamic activity compared with what was observed 
after administration of caffeine to improve arousal. Drummond and colleagues 
(2000) observed that while sleep deprivation increased subjective sleepiness, 
prefrontal cortex activation was actually more responsive after 1 night of sleep 
deprivation than after normal sleep. Sleep deprivation also impaired perform-
ance on a free-recall task, but it was observed that free-recall was improved in 
subjects with greater parietal lobe activation. The prefrontal cortex results from 
this study appear to partially agree with a later finding that sleep deprivation was 
associated with greater activation in the bilateral prefrontal cortex and parietal 
lobes during the performance of verbal learning and divided attention tasks 
(Drummond and Brown, 2001). However, the fact that sleep deprivation led to 
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decreased activity in these same areas during the performance of an arithmetic 
task suggested that the brain�s response patterns are dependent on the type of 
cognitive processing required. Clearly, fMRI can offer useful information about 
the brain areas involved in specific types of task processing, as well as about the 
effects of fatigue on basic central nervous system functioning. However, as is 
the case with PET, fMRI is not suitable for field applications. 

Transcranial Doppler Sonography 

Transcranial doppler (TCD) sonography is a method for noninvasively 
monitoring cerebral blood flow levels that can serve as an indicator of metabolic 
activation in the brain. TCD has been used in the study of vigilance, as well as to 
understand the cerebral processes underlying various cognitive tasks (Hollander 
et al., 2002). For instance, Hitchcock and colleagues (2003) found that there 
were performance-related changes in right hemisphere blood flow as a result of 
manipulations that increased or decreased the demands of a 40-minute, simu-
lated air traffic control task. Other investigations have demonstrated the poten-
tial utility of TCD in understanding the cerebral organization of cognition. How-
ever, Stroobant and Vingerhoets (2000) indicated that additional standardization 
of procedural methodologies will be required before the full utility of TCD can 
be realized. In any event, it remains unlikely that such a technique will ever be 
feasible for monitoring foot-soldier status in the field. 

HEART-RATE MEASURES 

Although heart-rate measures typically have not been used to assess aspects 
of cognitive readiness associated with fatigue or sleepiness, heart rate has often 
been employed to assess other aspects of operator state. The heart is innervated 
by both the sympathetic and the parasympathetic nervous systems and, as such, 
it is influenced by higher cortical centers. The sympathetic nervous system in-
creases the firing rate of the heart�s pacemaker and also modulates the constric-
tion and dilation of the blood vessels. The parasympathetic nervous system in-
hibits the firing rate of the pacemaker cells via the vagal nerve, and this reduces 
heart rate. Of course heart rate has long been used as an indicator of physical 
effort, but it has also been proven useful for studying mental effort and other 
aspects of psychological and cognitive status. Thus the monitoring of heart rate 
as an indicator of cognitive stress may be useful for optimizing task demands 
with the aim of avoiding levels of cognitive fatigue that could lead to a break-
down in alertness or performance capacity.  

As described by Caldwell and coworkers (1994), numerous studies have 
found systematic relations between cognitive demands and heart rate in both 
laboratory and real-world environments (for reviews, see Kramer, 1991; Roscoe, 
1992; and Wilson and Eggemeier, 1991). In addition, the operational relevance 
of heart-rate measures has been well established in demanding performance con-
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texts, such as flying combat missions (Lewis et al., 1967), flying surface-attack 
training missions (Comens et al., 1987; Wilson, 1993), flying aircraft test mis-
sions (Roscoe, 1980), and landing at different airports (Nicholson et al., 1970; 
Ruffell-Smith, 1967). Heart-rate changes have been shown to discriminate be-
tween pilot vs. copilot flying (Hart and Hauser, 1987; Kakimoto et al., 1988; 
Roscoe, 1978) and flying in the lead versus the wing position (Wilson et al., 
1987). Simulated flight studies have also reported increases in heart rate associ-
ated with increases in task difficulty (Lindholm et al., 1984; Opmeer and Krol, 
1973; Wierwille and Connor, 1983).  

Heart-rate variability (HRV) is also a sensitive indicator of task demands. 
Several studies have reported decreases in HRV with increasing cognitive work-
load. Specifically, it has been found that after performing a spectral analysis on 
the ECG signal, an examination of the midfrequency band (the 0.10 Hz compo-
nent) offers information about the amount of mental effort that has to be in-
vested to meet the task demands (Mulder, 1992; Mulder and Mulder, 1980). The 
tasks evaluated have included simulated and actual flight (Lindholm et al., 1984; 
Lindqvist et al., 1983; Opmeer and Krol, 1973; Sekiguchi et al., 1979; Wilson, 
1993). Opmeer and Krol (1973) reported that HRV and respiration were sensi-
tive to simulated flight task demands. Itoh and coworkers (1989) found HRV in 
the 0.10 band to decrease during take off and landing (high workload) when 
compared with cruise segments (low workload).  

Recently, researchers have also found that HRV in the high-frequency band 
(0.15�0.40 Hz) can be used to predict cognitive performance. Tasks that have 
been examined include the Stoop color-word conflict task, continuous perform-
ance tasks, and working memory tasks. Johnsen and coworkers (2003) found 
that dental phobics with higher HRV had faster reaction times to incongruent 
color and threat-related words than did dental phobics with lower HRV. Impor-
tantly, Hansen and colleagues (2003) recently reported the results of a study in a 
military sample. Naval cadets in the Royal Norwegian Navy were divided in to 
high- and low-HRV groups based on their resting HRV. These researchers re-
ported that those individuals with high HRV performed better on tasks that    
used executive functions, such as working memory, compared with those with 
low HRV. 

Since monitoring ECG is in many ways easier than monitoring EEG (due to 
greater signal strength and subsequent improvement in signal-to-noise ratio), the 
collection and analysis of heart rate and HRV is actually quite feasible at this 
point. With the introduction of high-impedance sensors that can be mounted in 
standard clothing, it is likely that these cardiac variables will soon be routinely 
monitored, at least in some specialized training environments. After all, com-
mercially available systems consisting of chest straps and wrist-worn receivers 
(such as the Polar systems) are already widely used by athletes. 
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OTHER MEASURES 

It should be noted that there are several other types of psychophysiological 
measures besides EEG, EOG, and ECG that hold promise for assessing aspects 
of operator cognitive status. For instance, changes in body temperature not only 
reflect different levels of physical energy expenditure and changing environ-
mental conditions, but also fluctuations in psychological arousal. Differences in 
muscle activation measured by EMG recordings can indicate increased or de-
creased physical activity or elevations or reductions in psychological tension. 
Fluctuations in respiration rate can suggest either changes in physical energy 
expenditure or changes in mental stress. These and other psychophysiological 
measures are not widely used for the assessment of cognitive readiness per se, 
but they can provide insight into psychological or work-related factors that ulti-
mately can influence operator status. Since all of them can be assessed via non-
intrusive, skin-mounted sensors, their potential utility for future applications 
should not be dismissed; however, each measure poses different challenges in 
terms of both recording and analysis. A complete discussion of all of the avail-
able psychophysiological measures is beyond the scope of this report, but inter-
ested readers may wish to consult one of more of the authoritative texts that 
have already compiled and synthesized detailed information on this topic, such 
as Andreassi (1989), Cacioppo and Tassinary (1990), and Coles and colleagues 
(1986). 

Head-Position Monitoring 

Head-position monitoring, although not considered psychophysiological, is 
another method that has been thought to hold promise as a measure of fatigue. 
One of the self-assessment indicators of fatigue that many operators watch for is 
increased head bobs or other involuntary movements that occur due to loss of 
neck muscle tone. Stern and Ranney (1999) suggest that an increase in the 
amount of reactive head movements (as opposed to eye movements) when at-
tempting to react to some event may be a sign of fatigue. This is thought to indi-
cate an increase in passive responding. Some research suggests that there may in 
fact be a relationship between micromotion of the head and fatigue and, because 
of this, Advanced Safety Concepts, Inc. has developed the Proximity Array 
Sensing System (PASS). This apparatus records the x, y, and z coordinates of 
the head, using an array of three capacitive sensors that are mounted overhead in 
a vehicle or other fixed location. The position of the head is triangulated by de-
termining the proximity of the head to each capacitive sensor through partial 
blocking of the sensing fields. It is hypothesized that changes in head-movement 
patterns may indicate fatigue onset. It has been reported that in laboratory tests, 
�the PASS system has detected changes in head position as little as 0.01,� while 
providing absolute x-y-z resolution of head position to about 0.1� (Dinges et al., 
1998). �Beta� systems that can be used in simulator research and in real-world 
trials are under development (Kithil et al., 2001). 
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Voice Analysis as a Monitoring Approach  

For some time the law enforcement community has utilized methods of 
speech examination as a source of information on intoxication from alcohol and 
drugs. In the highly publicized Exxon Valdez accident, speech analysis was used 
to help determine that the responsible individual�s judgment was impaired by 
alcohol (Brenner and Cash, 1991). Brenner and Cash (1991) note that alcohol 
ingestion produces slowed speech, speech errors, misarticulation of difficult 
sounds, and changes in vocal quality. It is possible that speech analysis might 
also be useful during fatigued conditions, as presumably many aspects of fa-
tigued speech would be similar to speech under the influence of alcohol (a de-
pressant of the central nervous system). 

Brenner and colleagues (1994) have suggested that analyzing an operator�s 
physiological state with speech-based analyses would be useful in the aerospace 
environment since speech analysis, unlike many other measures, is unobtrusive 
and does not require the pilot to be attached to any equipment. Speech meas-
urements can be obtained through preexisting, on-board communications 
equipment (Brenner et al., 1994). These authors have identified six aspects of 
speech that may be applicable for determining psychological state (at least stress 
and possibly fatigue): (a) speaking fundamental frequency (pitch), which in-
creases under stress; (b) speaking rate, which increases under stress; (c) vocal 
intensity (loudness), which increases in decibels as a function of the increased 
thoracic air pressure that occurs under stress; (d) vocal jitter, a subtle measure of 
the minute changes in the period of successive fundamental frequency cycles, 
which decreases in response to stress; (e) vocal shimmer, which is analogous to 
jitter and reflects the cycle-by-cycle differences in vocal intensity; and (f) de-
rived speech measure, which combines properties of several speech measures 
and may provide a more sensitive indicator of stress. It was found by Brenner 
and coworkers (1994) that speaking fundamental frequency, vocal intensity, and 
speaking rate all increased in response to changing workload demands.  

Johannes and coworkers (2000) point out that vocal pitch is affected by 
changes in autonomic nervous system arousal and that, in general, an increase in 
fundamental pitch is associated with emotional excitation. However, these au-
thors go on to point out that useful voice-based state predictions are hampered 
by considerable individual differences in fundamental pitch, as well as by differ-
ing reactions to stressful events. In addition, some type of initial state calibration 
is required to differentiate the effects of stress versus fatigue. Whitmore and 
Fisher (1996) found that speech signals (word duration and fundamental fre-
quency) recorded from aircrews in B-1B long-range bomber simulators tended 
to fluctuate parallel to the circadian cycle, like subjective and cognitive per-
formance, during sleep deprivation. Word duration lengthened and fundamental 
frequency decreased as a function of fatigue. Griffin and Williams (1987) de-
termined that an increase in peak amplitude and a decrease in word duration 
during conditions of increased workload were indicative of task complexity.  
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Additional research on the manner in which speech degrades under fatigued 
conditions may enable the development of new strategies to monitor both cogni-
tive load and fatigue. However, it remains to be seen whether this technology 
will ever be applicable to military or other operational settings. In fact, a 1990 
review of 50 years of research on voice analysis techniques indicated that while 
this is a promising area of research, the results have not shown voice analyses to 
be reliable techniques for determining the type or degree of reaction to stress or 
workload in operational settings (Ruiz et al., 1990). Studies on the utility of 
voice analysis for the prediction of changes in cognitive readiness are virtually 
nonexistent. 

Self-Assessment 

Standardized assessments of basic cognitive skills and periodic self-ratings 
of alertness and performance capabilities can provide valuable insight into the 
functional status of personnel as long as basic standardization (and a few other 
criteria) are met. With regard to cognitive assessments, Santucci and colleagues 
(1989) point out that cognitive tests are useful for monitoring the impact of envi-
ronmental stressors and for evaluating the information-processing capabilities of 
individuals. However, these authors also caution that it is difficult to interpret 
the results of mental performance tests in uncontrolled, rapidly changing envi-
ronments, across individuals who may show wide (and unknown) individual 
differences, and in circumstances in which the effects of practice cannot be con-
trolled. Also, deciding which tests are best for each military job specialty may 
be difficult. Psychomotor tasks may seem optimal for monitoring the perform-
ance status of vehicle operators, whereas visual-attention tasks may appear to be 
a better choice for predicting decrements in radar, sonar, and radio operators. 
However, validation procedures must substantiate such assumptions, and there 
are no doubt extensive interactions among test requirements and test characteris-
tics that will complicate the selection of the most appropriate choice for each 
occupational specialty. Subjective self-ratings appear more straightforward as 
long as their implementation is feasible and there is little chance that the person-
nel being assessed will be motivated to over-report or under-report the subjec-
tive symptoms of interest. For instance, Dorrian and coworkers (2000) have re-
ported that research subjects were globally able to self-assess neurobehavioral 
performance decrements attributable to increases in fatigue with a high degree 
of accuracy. Gillberg and colleagues (1994) likewise found that three different 
subjective sleepiness scales were highly correlated with performance on a visual 
vigilance and a reaction-time task over the course of a night shift. More relevant 
to the military operational context, Caldwell and coworkers (2003) reported that 
preflight self-ratings of fatigue (from the Profile of Mood States) correlated 
highly (�0.72) with pilots� abilities to accurately complete simulator flight ma-
neuvers during a 37-hour period of continuous wakefulness. In addition, as de-
scribed in Chapter 3, self-assessments have proven useful for predicting the lev-
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els of optimal physical performance and the extent of performance deteriorations 
that would be of concern to combat service members engaged in demanding 
physical tasks. Thus self-ratings of operational status deserve serious considera-
tion for their potential usefulness in status monitoring. 

SUMMARY 

No doubt there are strategies under development (and under refinement) 
that may contribute significantly to a further understanding of the basis of cogni-
tive processing, as well as to the effects of fatigue, workload, and other factors 
that influence human performance. In all probability most will be useful only in 
laboratory environments or in fixed-based operational facilities (such as posts in 
which radar and sonar equipment are monitored or stations from which remote-
controlled vehicles are piloted) where complex equipment can be housed, 
lengthy recording procedures can be conducted, and rigid controls can be main-
tained. Only a small subset of the strategies will likely be suitable for opera-
tional settings.  

Based on a general review of the literature, it appears that the most promis-
ing techniques for accomplishing real-time, continuous assessments of foot-
soldier cognitive readiness in military field settings are: (1) actigraphy based, or 
(2) EEG based, although neither technique is currently ready for widespread 
application. As noted, the Walter Reed Army Institute of Research has made 
substantial progress in the development and validation of an actigraph-based, 
sleep/fatigue monitor that could be worn like a wristwatch in almost any envi-
ronment. This device may be available by 2005. Concurrent work with high-
impedance EEG and ECG electrodes will soon make it possible to continuously 
record brain activity, heart-rate data, and other electrophysiological parameters 
and, as noted above, both the EEG and ECG offer useful information about op-
erator status. However, once these new sensors are sufficiently refined, work 
will remain in terms of mounting them in combat helmets or integrating them 
into combat clothing. Speech-pattern analysis at one time seemed to hold prom-
ise for the future since there is a fair amount of verbal radio communication in 
the modern operational environment, but the work on this particular measure has 
not been particularly encouraging. 

The most promising techniques for accomplishing real-time, continuous 
evaluations of the operators of military vehicles; the personnel responsible for 
manning radar, sonar, or other monitoring equipment; and those whose jobs 
consist of interfacing with computers and communications devices are: (1) EEG 
based, or (2) eye-movement based. The recording and evaluation of EEG activ-
ity becomes much more straightforward in settings in which operators are physi-
cally stationary and quiet because muscle and movement artifacts are attenuated. 
Furthermore, military aviators are required to wear flight helmets in which 
newly developed, high-impedance sensors could be mounted. Eye movement 
parameters (i.e., PERCLOS) have already proven feasible for the detection of 
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changes in truck driver alertness, and efforts are underway to establish an auto-
mated PERCLOS that could be used in aviation settings. Since many eye moni-
toring systems require the use of cameras that are aimed at the faces of the op-
erators, this is a technology that is clearly more applicable for stationary 
operators who are already staring straight ahead (at least most of the time) in 
order to complete some type of monitoring or computer-based task.  

Questions about where these new monitoring approaches will be imple-
mented are best considered first by assessing the feasibility of using them in 
specific environments (as noted above), and second by performing an analysis of 
the cost of the technology versus the cost of the mishap that the technology 
would be expected to prevent. Obviously, it is likely to be quite expensive to put 
some of the newest and most complicated monitoring devices in the hands of 
every foot soldier or to mount them in every military vehicle, and this in and of 
itself will pose a substantial barrier to widespread implementation. Thus a jeep 
driver or a member of a rifle platoon probably will not see the common use of 
operational alertness monitors for several years after such monitors first become 
available because of the initial expenses. Furthermore, a performance failure on 
the part of such individuals is unlikely to be a multimillion dollar catastrophe, so 
it would ultimately take the military years to reap sufficient savings from the 
technology to justify implementation in these segments of the overall force 
structure.  

The pilot of a B-2 bomber, however, or those operating other highly com-
plex modern aircraft may be among the first to benefit from newly developed 
status-monitoring approaches because there are relatively few of these aircraft, 
and the cost of losing even one would be significant by any standard. Each B-2 
aircraft costs more than $1 billion, and the expenses likely to result from a single 
B-2 air mishap would no doubt be far greater depending on what type of muni-
tions were on board and what the aircraft crashed into during the mishap. On top 
of these considerations is the fact that B-2s are long-range, two-crew bombers in 
which aircrew fatigue is known to be an operational hazard (some missions ex-
tend well beyond 33 hours of continuous flight time). In light of these facts, 
automated, onboard alertness monitors would be an obvious choice for fulfilling 
a much-needed fatigue countermeasure role. Therefore, the costs associated with 
instrumentation of such a platform are easily justifiable based on the aircraft�s 
mission and the savings that would result from the prevention of even a single 
mishap. Such considerations and calculations will no doubt be applied to every 
potential site for future monitoring applications, at least until a relatively 
inexpensive and easy solution to the general status monitoring problem is found. 

While the search is underway, individuals and their commanders will be 
forced to rely upon the same types of general alertness predictions (based on 
group data) and the same subjective impressions about �go� and �no-go� status 
that have been used for years. A great deal of progress has been made toward 
helping the armed forces address fatigue-related cognitive decrements once they 
have been identified. However, highly reliable, efficient, and cost-effective 
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technological means of initially detecting and predicting those decrements re-
main to be developed.  
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Conclusions and Recommendations 

Trends in the conduct of military operations will continue toward the use of 
smaller operational units deployed more frequently and equipped with advanced 
technology, weaponry, and communications. Monitoring metabolic status is a 
way of optimizing the functioning of the individual service member and mini-
mizing risk of fatigue and illness through the observation, interpretation, and 
transmission of physiological data both to the individual and to the command 
unit. The use of an array of sensors to monitor both the biomarkers of the indi-
vidual�s physiological and cognitive status and the ambient environment can 
allow metabolic irregularities to be anticipated in a manner that will permit 
timely feedback and initiation of corrective actions. These same systems can 
continue to monitor the individual for compliance with recommendations and 
provide information on the efficacy of the corrective action taken. 

It is important to look forward a decade or two to imagine what might be 
possible with the evolution of new technologies in regard to metabolic monitor-
ing. It is quite certain that sensors will get smaller, faster, more mobile, more 
versatile, and perhaps more affordable. However, this forecasting is hampered 
when only the technological tools available today are considered. One needs to 
stretch the imagination to make predictions in two major areas: (1) What will be 
the new biomarkers that will enhance monitoring of individual health and per-
formance? and (2) What will be the new sensor technologies that will facilitate 
rapid assessment of individual status? Clearly, improvement in monitoring 
metabolic status requires significant research investments in the identification 
and validation of new biomarkers, the field validation of existing sensor tech-
nologies, the development of new sensor devices, and the enhancement of bioin-
formatics to evaluate the data.  

For example, in the last two decades biotechnology has provided great 
benefits to medicine, agriculture, criminology, and environmental sciences and 
holds great promise for future advancements in these fields. Biotechnology can 
be defined as using living material or molecular components of living material, 
to interact with small amounts of environmental substances, resulting in a physi-
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cal or chemical change that can be measured by a detection system. A recent 
report (NRC, 2001) extensively reviewed the state of the art of biochips that 
might use proteins, nucleic acids, deoxyribonucleic acid, or even living cells to 
detect a wide array of chemical toxins in the environment, biochemical sub-
stances excreted by the body in response to stress, or exposure to toxins or 
pathogenic organisms. Although this technology is in its infancy and now is 
only reliable in the laboratory, some embedded sensors, such as glucose moni-
tors, are already available and the committee envisions that externally worn sen-
sors can be developed in the near future. 

Finally, the integration of self- (or peer-) reported and objective measures 
through a single wrist-worn device should be a priority in the military. Software 
and hardware are available to create such a device that would integrate infor-
mation from ratings of perceived exertion, muscle soreness, fatigue scores, 
weight changes, urine specific gravity, as well as physical activity data from an 
accelerometer or pedometer. 

The implementation of any new approaches, however, should first be evalu-
ated for feasibility of using them in specific environments and for the cost of the 
technology versus the cost of the mishap that the technology would be expected 
to prevent.  

Also, the effectiveness of monitoring, including physiological and self- (and 
peer-) assessments, depends largely on the standardized use of methodology and 
on taking appropriate decisions; therefore, it is important that military personnel 
be educated in basic physiology and psychology and monitoring methods. 

This chapter provides suggestions on which research efforts for monitoring 
metabolic status should take priority, along with the committee�s answers to the 
five questions posed by the military.  

QUESTION 1 

What are the most promising biomarkers for the prediction of: (a) excessive 
rates of bone loss and muscle turnover, (b) reduced glucose and energy me-
tabolism (e.g., bioelectrical indicators of muscle and mental fatigue), (c) dehy-
dration, and (d) decrements in cognitive function?  

Irrespective of the biological or cognitive markers selected, there is a need 
for baseline measurements of individual combat service members so that it can 
be determined, on an individual basis, if a marker is significantly altered under 
stress. The committee recommends that, initially, simple protocol data of nor-
mal/abnormal ranges may be used. However, these ranges may be sufficiently 
imprecise to make individual-based predictions dubious. By evaluating a 
marker�s deviation from the individual�s baseline, rather than by comparing it 
with a population-based norm, an individual�s condition can be much more ac-
curately described. 
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Biomarkers for Bone and Muscle Metabolism 

Bone 

There are no groups of intermediate markers of bone health that can provide 
a one-time identification of risk of fractures, including stress fracture. Bone re-
modeling is a relatively slow biological process and thus not amenable to moni-
toring in field situations. Prediction of bone changes that increase fracture risk 
may be of greater importance in initial entry training, when individuals are tran-
sitioning to a greater state of fitness, than in combat.  

Markers should be used both pre- and post-training and should include bone 
density (as measured by dual-energy X-ray absorptiometry), sensation of bone 
pain, menstrual status, and mental state as related to cortisol responsiveness. 
Bone turnover can be assessed by increases in 24-hour urinary n-telopeptide 
excretion over baseline. The role of cortisol in bone health during military exer-
cises, however, may be transient and may not have long-term effects on bone 
health. 

Bone mineral density (BMD) is the most predictive measure of risk of frac-
tures; this measure should be used in determining medical suitability for training 
and combat-related activities. Strategies should be developed to determine the 
BMD levels that are required to meet medical standards, and approaches should 
be identified to prevent significant loss of bone mass. In this sense, adequate 
countermeasures for preventing bone loss and fractures should be implemented 
prior, during, and after intensive physical training. 

Muscle 

Muscle fatigue is related to decreases in oxygen availability to muscle cells. 
This decrease in oxygen availability may result from, for example, decreases in 
cardiovascular function, decreased hemoglobin concentrations, or inadequate 
intravascular volume due to excessive water loss (dehydration). There are a 
number of biomarkers that may be indicative of muscle fatigue or increased ca-
tabolism (see Appendix A). Some of these include protein turnover and 24-hour 
urinary 3-methylhistidine. Protein turnover measures use stable or radioisotopes 
when amino acids, such as N15 glycine or C13 leucine, are infused and appear-
ance and disappearance rates are measured. Twenty-four-hour urinary 3-
methylhistidine, which is not metabolized, indicates rates of muscle protein ca-
tabolism. This speaks to the importance of renal function (see discussion below). 
However, there is insufficient evidence that can specifically correlate these bio-
markers with actual decrements in muscle performance during activities such as 
weight lifting, timed running trials, and endurance running. In general, markers 
of muscle catabolism will overemphasize negative changes in muscle and must 
be coupled with markers of muscle protein synthesis. However, even with an 
imbalance of protein breakdown to synthesis, a loss of as much as 15 percent of 
muscle mass may occur without significant effects on muscle performance.  
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There is substantial evidence in the sports medicine literature that self- (or 
peer-) reported measures, such as perceived exertion, muscle soreness, muscle 
pain, ratings of sleep quality, and mood states, possess efficacy in predicting 
both physical performance and deterioration in performance and, in fact, have 
often been found to be superior to any physiological measures. Validation of 
these measurements in the field is necessary. 

Renal Function  

Potential markers of renal function deserve attention due to the essential 
role of the kidneys in maintaining protein status, hydration status, and electro-
lyte balance. Also, the loss of large amounts of nitrogen end products through 
the kidneys would be indicative of a negative protein balance. There are a num-
ber of markers and technologies now available that could be adapted for self- (or 
peer) monitoring during training or field operations. In order to assess renal 
function, it is suggested that the field measures presented in Figure 4-4 be taken 
at mid-day and in the evening after the day�s exertion. 

The military should consider providing and training personnel in the use of 
simple urine dipstick-type test strips that would provide information on levels of 
urine protein (a marker for potential kidney damage), ketones and glucose (po-
tential markers for energy metabolism), and leukocyte esterase and nitrates (in-
dicators of urinary tract infections) as indicators of muscle damage and hydra-
tion status. 

Biomarkers for Reduced Glucose Metabolism  

The development of specific biomedical markers under other situations, 
such as chemical exposures or psychological threats, would require an under-
standing of the metabolic processes resulting from such circumstances. The po-
tential biomarkers for anaerobic glucose metabolism are: Borg�s 6�20 scale of 
perceived exertion (local, central, and overall); muscle soreness; tissue levels of 
lactate measured by near-infrared spectroscopy (NIRS); muscle biopsy for gly-
cogen, cytokines, and enzymes; actigraphy; electroencephalography (EEG); 
heart-rate variability; profile of mood state; and visual analog scale. The use of 
these biomarkers for this purpose needs to be validated in the field. 

Biomarkers of Dehydration 

Heightened physical activity under adverse environmental conditions causes 
dehydration, which impacts exercise performance and other physiological func-
tions. Even 1 percent dehydration can cause obvious signs of heat exhaustion if 
strenuous exercise occurs in hot (41oC or 105°F) environments. Dehydration 
increases hemoconcentration, blood viscosity and osmolality, core body tem-
perature, and heart rate, while causing a decrease in stroke volume. Dehydration 
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also increases the onset of fatigue and makes any given exercise intensity appear 
harder than it would be if the individual was well hydrated. However, the most 
serious effect of progressive dehydration is that due to a lower cardiac output, 
the body decreases its ability to sweat via decreased blood flow to the skin. This 
in turn decreases the body�s ability to cool itself, which leads to an increased 
core body temperature and the risk of heat illness and collapse and, in rare situa-
tions, life-threatening heat stroke.  

In the military setting, changes in water and osmotic balance are usually 
synergistic with increases in water loss (dehydration reflected by reductions in 
body volume and increases in osmolality). One of the most sensitive indicators 
of hydration status is short-term changes in body weight since most day-to-day 
variation in body weight is due to hydration status. The assessment of weight 
loss or loss of body mass, plasma sodium or plasma osmolality, urinary specific 
gravity, fluid balance, and the recovery of weight 24 hours after dehydration can 
be used for the identification of extent and type of dehydration. In the military 
setting, where dehydration is the most common condition, weight changes over 
a short period of time reflect fluid changes and loss of body water coupled with 
measures of serum sodium or serum osmolality can define the degree of con-
comitant salt loss. Renal function is also a good indicator of hydration status. 

Biomarkers of Cognitive Function 

The most promising techniques for accomplishing continuous assessments 
of ground combat service member cognitive readiness in field settings are acti-
graphy, EEG, and heart-rate variability. Actigraphy is useful because it offers a 
field-practical way of monitoring the sleep of combat service members, and in-
sufficient sleep is the primary cause of cognitive degradations in operational 
environments. EEG is useful because it offers a relatively noninvasive assess-
ment of the brain activity that underlies all types of performance, including vigi-
lance and judgment. Heart-rate variability is a peripheral nervous system meas-
ure that also reflects the brain activity that underlies performance attention and 
mood. In vehicle operators or in radar or other fixed-based system operators, 
eye-movement monitoring is also promising. Saccadic velocity and percentage-
of-eye-closure measures have been shown to reflect the status of the central 
nervous system. In all probability, most of these measures will be useful only in 
laboratory environments or in fixed-based operational facilities (such as posts in 
which radar or sonar equipment is monitored or stations from which remote-
controlled vehicles are piloted) where complex equipment can be housed, 
lengthy recording procedures can be conducted, and rigid controls can be main-
tained. Only a small subset of these methods will likely be suitable for op-
erational settings.  

Besides these objective measures, subjective ratings of alertness and fatigue 
should be considered for use in the field since these have been shown to corre-
late with performance changes in some situations. However, it should be recog-
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nized that self-report data can be influenced by peer pressure (or supervisor 
pressure); also, there is evidence that self-reports may lose a degree of sensitiv-
ity when the stress or fatigue becomes so chronic that the individual has diffi-
culty referencing his or her present feelings to more normal past experiences. 

QUESTION 2 

What monitoring technologies would be required (that may not currently ex-
ist) to predict these intermediate targets in critical metabolic pathways? 

New biomarkers are likely to be identified in the future; still, the greater 
need lies in: (1) the development of easier systems to measure and transmit data, 
and (2) the development of new mathematical models to provide enhanced data 
integration and analysis by using nonlinear discriminant algorithms. Future 
monitoring technologies should consist of an integrated system that incorporates 
noninvasive or minimally invasive sensor technology, communication interface 
and integration, data analysis tools, and local area networks. This infrastructure 
should be both redundant and noncentralized. A �black box� or �medical hub� is 
needed to gather data from multiple sensors or devices, standardize the outputs, 
and submit these data to a data reduction system or decision-making tool for the 
creation of both prioritized alarm signals and recommended interventions.  

In summary, the major obstacles likely to be encountered in the implemen-
tation of future monitoring technologies will be the selection of variables and the 
building of models that truly predict health performance status. 

QUESTION 3 

What tools currently exist for monitoring metabolic status that could be useful 
in the field? 

Metabolic status can be defined in part by energy metabolism, intermediary 
fuels (glucose, fatty acids, and amino acids), acid/base and hydration status, and 
psychophysiological data. One methodology that can examine many different 
biomarkers of metabolism and shows great promised in the field is NIRS. NIRS 
can concurrently monitor muscle oxygenation and deoxygenation, intramuscular 
pH, lactate, and skin hydration status. With NIRS, muscle function and hydra-
tion status can be measured under field conditions with telemetry units.  

Muscle Fatigue 

Individuals experience fatigue when muscle energy sources are inadequate 
or when faced with inadequate energy substrates when oxygen delivery falls 
below the point for lactate accumulation. One measure that could be useful in 
the field, after validation in military settings, is self-perception, as described in 
Chapter 3. Predictors of fatigue at an earlier state have also been proposed. The 
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challenge remains to differentiate diagnosis between acute damage from muscle 
injury, fatigue due to overuse or overconditioning, exercise until exhaustion, 
hydration, and nutritional status given the interactions of these factors in the 
subjective feeling of fatigue.  

Renal Function and Hydration 

Simple methods that measure renal function and hydration already exist. As 
mentioned previously, the military should train personnel in the use of simple 
urine dipstick-type test strips that would provide information on levels of urine 
protein, ketones and glucose, and leukocyte esterase and nitrates as indicators of 
muscle damage and hydration status. Also, a practical method of monitoring 
weight changes in the field would be of value for monitoring hydration. 

Energy Expenditure 

An individual is said to be in energy balance if energy input (calories con-
sumed) matches energy expenditure and weight is maintained. Research has 
focused on measuring the energy expenditure side of the energy balance equa-
tion as a measurement of total energy needs since these methods may not rely on 
individual data recording. If energy balance is not maintained, weight is lost and 
available energy is decreased. This situation can dramatically impair physical 
performance and cognitive ability in high-stress situations. 

Several field methods have been tested for predicting total daily energy ex-
penditure, including heart-rate monitors, pedometers, and accelerometers. Ac-
celerometer- and pedometer-based monitors provide valid indicators of overall 
physical activity, but they are less accurate at predicting energy expenditure. In 
addition, single-axis accelerometers or pedometers and most multidimensional 
accelerometers are not useful in detecting the increased energy costs of high-
intensity exercise, upper-body exercise, carrying a load, or changes in surface or 
terrain.  

The combination of doubly labeled water, as a measure of total energy ex-
penditure, and hand-held indirect calorimetry to assess resting energy expendi-
ture could be used to monitor metabolic status and assess energy metabolism 
over periods of up to 2 weeks. Self-selected pace, foot-strike devices, and activ-
ity monitors that integrate pulse, temperature, and movement can estimate activ-
ity and total energy expenditure and may be useful in the field. 

If predicting total energy expenditure is the goal of monitoring the activity 
of the combat service member, then more sophisticated devices must be devel-
oped (multidimensional devices that include multiple types of metabolic 
measurements). Accurate measurement of total daily energy expenditure in 
military personnel will require the development of motion sensors that are 
inexpensive, but more convenient and reliable than current pedometers or 
accelerometers. 
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Stress and Immune Function 

The precise combination of measures chosen to monitor stress and immune 
function depends on the flexibility of the collection of the measures in the field 
setting. There is a substantial body of research that conclusively links both 
physical and psychological stress to derangements in immune function. In both 
military and civilian populations, immunosuppression has been reported after 
exhaustive aerobic exercise. It is hypothesized that trauma in muscle and con-
nective tissue stimulates the production of cytokines that suppress cellular im-
mune responses consistent with reported higher levels of stress hormones. 
Higher levels of stress hormones also occur in response to psychological stress. 
A full evaluation of the effects of activation of stress response systems on im-
mune function requires measures of multiple functional and molecular bio-
markers at multiple time points prior to, during, and after the stress exposure. 
Monitoring biomarkers of the stress response should include molecular and 
functional measures of the hypothalamic-pituitary-adrenal (HPA) axis, the 
adrenergic response systems, and the immune system at multiple levels. The 
HPA axis can be monitored by measuring levels of the corticotropin-releasing 
hormone adrenocorticotropin and cortisol in plasma, cerebrospinal fluid, urine, 
saliva, and sweat.  

Measuring heart-rate variability should be considered as an accurate, sensi-
tive, and noninvasive way to measure the relative activity of the sympathetic and 
parasympathetic nervous systems.  

Immunological evaluation could include measuring the numbers, maturity, 
activation, and function of immune cells, including such measures as macro-
phage phagocytosis, lymphocyte proliferation in stimulation test, natural killer-
cell activity, cytokine production patterns, expression of genes and receptors, 
antibody production, skin delayed-type hypersensitivity, antibody response to 
vaccine, wound healing, and infection rate.  

Indicators of stress and immune responses that are currently in use and in 
development include cortisol levels (measured from saliva, sweat, or urine), and 
heart-rate variability as measured with high-impedance electrocardiogram 
(ECG) electrodes that are currently available and are being further developed. 

Sleep 

Several companies currently offer wrist-worn actigraphs that are capable of 
estimating the quantity and quality of sleep in a variety of environments. These 
devices can collect data for periods ranging from a few hours to several weeks. 
Associated software can present sleep/wake histories in a number of user-
friendly formats.  

Electrophysiological measures (EEG and ECG) are more difficult to collect 
in field settings because of the requirement to attach sensors to the body and to 
maintain low sensor impedance. However, significant progress has already been 
made in developing and validating high-impedance sensors that could soon be 
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mounted in helmets or clothing. The technology for field-portable, individual-
worn systems for amplifying, recording, and to some extent analyzing these data 
already exist. 

Assessment of eye movements and eye closures will only be possible in 
limited situations in which monitoring equipment can be mounted and aimed at 
the combat service member. A substantial amount of literature has already 
shown that a subset of oculomotor measures is sensitive to cognitive fatigue, but 
further work is necessary to validate the utility of these measures for predicting 
performance.  

Self-assessments, on the other hand, are quite easy to collect. Question-
naires can be administered via paper and pencil or hand-held computer. As 
noted above, there are a variety of self-assessments available, and many have 
been shown to be sensitive to operational stressors, such as mental and physical 
fatigue. However, readers are cautioned that self-assessments can be signifi-
cantly confounded by motivational factors or peer pressure or in chronic-
demand conditions (e.g., people who are very tired for several days at a time 
may lose their subjective ability to determine how tired they actually are).  

As with other measurements, when deciding where new objective, physio-
logically based cognitive monitoring approaches (e.g., EEG-based or             
eye-movement based strategies) will be implemented, an assessment of the   
feasibility of using these approaches in specific environments and an analysis   
of the cost of the technology versus the cost of the prevented mishap should     
be performed.  

QUESTION 4 

What algorithms are available that might provide useful predictions from 
combined sensor signals? What additional measurements would improve 
specificity of the predictions? 

Simple algorithms that are already in use include wet bulb globe tempera-
ture and cold strain-wind chill index. Other models, such as the Acute Physiol-
ogic and Chronic Health Evaluation Scores and the simpler Simplified Applied 
Physiological Score, also use physiological variables to predict health outcomes. 
Although these tools have worked quite well in the intensive care unit setting 
where pathological changes in physiological parameters are the rule, there is 
little compelling evidence that similar algorithms would be equally effective in 
the military setting where such parameters vary over a narrower range. NASA 
(National Aeronautics and Space Administration) also has undertaken a major 
research effort in this area (see Appendix B), the design of which may be quite 
compatible with the military environment. Although it would be reasonable to 
explore whether new variables made possible by new field technologies, such as 
serum osmolality, sodium concentration, or tissue pH, would be predictive using 
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simpler algorithms, a parallel initiative to explore presently available physio-
logical measurements with more complex models seems appropriate.  

The future development of algorithms must include the development of 
nonlinear models that allow discrimination of more complex decision surfaces 
(e.g., a graphical representation of a problem space). Given the enormous num-
ber of variables present, nonlinear models may permit improved optimization of 
the solution. Generally, univariate analysis is overly simplistic and thus imprac-
tical for such situations because it fails to capture significant interactions among 
the numerous variables. For example, more complex models involving artificial 
neural networks are needed. 

Although it is often thought that additional measures enhance the validity to 
discriminate between metabolic status, depending on the desired purpose of the 
algorithms, different or additional measurements may not be needed. However, 
additional work is clearly required to create models that comprise variables in 
nonlinear ways, utilizing modeling such as neural networks. For example, more 
complex algorithms can be developed that result in more accurate predictions to 
prescribe actions (e.g., rest, hydration, or active cooling) and prevent the unwel-
come result. In this case, additional research will be needed to better understand 
the nature and mechanism of the outcome so that interventions can be targeted. 

In addition, as described in the responses to questions 2 and 5, the technol-
ogy must evolve to permit the integration of data in multiple forms from differ-
ent devices. Like in all analysis programs, the value of complex, multivariate, 
nonlinear analysis relies upon the data provided. Until all available information 
from multiple sensors can be utilized by the algorithms, the system will remain 
constrained.  

Last, it is crucial to develop baseline data for each individual (combat ser-
vice member) in order to implement effective field strategies for monitoring 
metabolic status. Repeated measures of individuals to determine and validate 
individual normal response patterns are essential.  

QUESTION 5 

What is the committee�s �blue sky� forecast for useful metabolic monitoring 
approaches (i.e., 10- to 20-year projection)? What are the current research 
investments that may lead to revolutionary advances? 

Evolution of New Cognitive Measurement Approaches 

Stress and fatigue can be induced by high physical and cognitive workloads, 
such as exercise, extreme environmental temperature, dehydration, heat exhaus-
tion, constant battlefield threats to personal safety, sleep deprivation, circadian-
rhythm disruptions, and other common operational demands. The prediction of 
cognitive responses to stress and fatigue needs to be improved. In addition to 
performing more research on the utility of traditional approaches that use self-
reported data, a significant focus should be placed on further developing and 
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implementing new psychophysiological methods for monitoring brain activity, 
heart-rate variability, eye movements, and metabolites and validating these 
techniques as predictors of cognitive responses to stress and fatigue. New 
performance-assessment methodologies may soon be available for computerized 
tasks in which cognitive probes can be unobtrusively introduced during the 
completion of primary operational demands. In addition, the use of hand-held 
computers to record ecological momentary assessments of cognitive function 
should be further developed.  

In addition to developing new psychophysiological methods, more work 
needs to be undertaken on the mathematical integration of these data and the 
computer models that will synthesize numerous inputs into a field-useable status 
assessment.  

Optimization of Markers to Monitor Stress and Immune 
Function 

A limited battery of selected stress-response and immune markers should be 
validated to monitor physiological adaptations to changes in the environment 
and to evaluate the readiness of individuals for impending deployment.  

Odors as Biomarkers 

Since odors evolved to communicate distinct information about individuals, 
it would seem to be an ideal system for monitoring organic states of individual 
combat service members in the field. Further studies on the role of human odors 
as a future source of biomarkers should be performed. These studies should as-
sess the role of the major histocompatability complex and other gene expres-
sions on odor profiles. Studies should also identify the specific information that 
human odor profiles convey, and should determine their predictive value in as-
sessing individual identity, stress, cognitive performance, and health status. Fur-
ther development of sensor technologies, such as the e-nose or other methodolo-
gies, for monitoring in the field should also be pursued.  

Studies linking human perception of odors with emotion and cognitive 
states are currently in their infancy and need to be encouraged in order to ascer-
tain the full range of information that human odors might convey. The military 
should promote innovative research in chemical signaling that will accelerate 
these advances. Also, research in the development of sensor technology is likely 
to yield smaller, more automated devices that reduce analysis time and increase 
reliability�two factors that are critical for field applications. These advances 
will go hand-in-hand with the development of sweat patches that can be 
uniquely designed to capture the substances of interest. It seems highly plausible 
that new insights from these diverse areas will converge in 5 to 10 years, making 
odor biomarkers a viable technology for military field applications.  
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Human Tears as Sources of Biomarkers 

Bodily excretions and secretions that are noninvasively accessible and that 
reflect actual internal concentrations of substances within physiologically rele-
vant systems represent possible targets of metabolic monitoring technology. An 
often overlooked external secretion is lachrymal fluid, or tears. Although there 
appears to be little currently accepted clinical analytic use of tears as indicators 
of nonophthalmic internal status, a number of disparate studies suggest that there 
may be merit in examining tears as a possible medium for monitoring relevant 
aspects of metabolic status. For example, it has been reported that tear glucose 
concentrations are related to blood glucose levels. This is an area where little 
research has been done, but one that may have significant potential as a nonin-
vasive monitoring technology for a variety of physiological biomarkers. 

New Algorithms to Integrate Complex Biological 
Information 

The use of technology and �smart systems� are required to bridge the cogni-
tive gap created by the lack of skilled clinicians in the field to provide individu-
alized recommendations to support end users. Predictive medical algorithms can 
be utilized to generate specific recommendations and interventions from com-
plex biological information gathered by metabolic monitoring systems. Further 
research is needed to develop and validate these models, with a particular em-
phasis on identifying prognostic factors in asymptomatic subjects.  

The Impact of Biological and Chemical Hazards on 
Traditional Biomarkers of Health  

It is largely unknown how hazards and toxins encountered during deploy-
ment will affect the biomarkers used by the military for monitoring. For exam-
ple, low chronic exposure to a bacterial toxin or a heavy metal may alter serum 
electrolytes, glucose, or enzymes and confound usual interpretation of these 
values. In contrast, other biomarkers might serve as critical indicators for bio-
logical or chemical toxin exposure; for example, pulse rate alterations may be 
used as an indication of (sublethal) nerve toxin exposure. 

Metabolomics/Nutrigenomics 

The human genome has essentially been sequenced and is estimated to con-
tain about 35,000 genes. It is the differential expression of genes that creates 
individual differences or phenotypes. Gene arrays show differences in the ex-
pression of genes under various conditions. The long-term goal is to understand 
how the expression of groups of genes and the production of proteins affect per-
formance. It is known that the single nucleotide polymorphisms can affect the 
way individuals respond to drugs, can affect individuals� vulnerability to micro-
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biological infections, and can have the potential to cause long-term degenerative 
diseases in individuals. Such knowledge is envisioned to enhance a combat ser-
vice member�s performance and lower the risk of life-threatening injury. Fur-
ther, it is possible that such determinations would allow for prophylactic vacci-
nations, prescription of preventative pharmaceuticals, and the possible use of 
special monitoring sensors. Although it may be a number of years before it be-
comes possible, it would be ideal to be able to predict how a single combat ser-
vice member will perform under a variety of different dietary and other envi-
ronmental conditions based upon his or her phenotype. In this manner, the 
identification of differences among individuals by the use of genomic and me-
tabolomic information collected on each combat service member is the ultimate 
�blue sky.�  

RESEARCH RECOMMENDATIONS 

• To develop new algorithms that employ currently measurable bio-
markers and nonlinear modeling techniques. In circumstances where average 
group data may not appropriately correlate with the performance of an individ-
ual, prediction models will need to be based on data from repeated measures 
from individuals. 

• To develop patterns of rates of changes and resiliency. For example, re-
search is needed to elucidate individual patterns of rates of change of stress 
hormones and to determine the resiliency of these stress responses in returning 
to baseline after the stressors have been removed. 

• To conduct research to evaluate and validate available technology in 
the field. For example, technology related to self-assessment of perceived      
exertion, preferred exertion, and mood states that have been tested extensively         
in sports settings but needs to be evaluated and validated in military              
settings. Optimal combinations for use with physiological markers need to                     
be determined. 

• To further perform research activities in areas with the greatest long-
range benefits, such as genomics/metabolomics, odors as biomarkers, tears as a 
new media for potential biomarkers, new cognitive measurements approaches, 
optimization of monitoring stress and immune function markers, the develop-
ment of new algorithms to integrate complex biological information, and the 
impact of biological and chemical hazards on traditional biomarkers of health.  

• To continue military activities in bone research. These should include 
studies of markers of bone loss, especially related to fracture risk and the pre-
vention of lost duty time during initial entry training, advanced training, and 
combat operations.  

• To continue to study cortisol levels during training and operations to 
ensure that its elevation is not a contributor to bone loss.  
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• To develop non- and minimally invasive technologies, particularly for 
the determination of muscle metabolism, hydration status, and cognitive 
function. 

• To develop motion sensors that are inexpensive but more convenient 
and reliable than current pedometers and accelerometers. 

• To conduct research to validate the use of self- (and peer-) assessment 
tools (e.g., the Borg 6�20 rating scale of perceived exertion) in the field as indi-
cators of fatigue and cognitive ability. 

• To continue research on the use of NIRS to monitor muscle oxygena-
tion and deoxygenation, intramuscular pH, and skin hydration status concur-
rently. This particular technology also has the potential for detecting the occur-
rence of inflammation. 

• To develop simple field-friendly tests for urine specific gravity as an 
indicator of hydration status. 

• To develop a practical method of monitoring body-weight change in 
the field.  

• To conduct research to be able to mount or integrate high impedance 
EEG and ECG electrodes in helmets or into combat clothing. Although this 
technology will soon make it possible to continuously record brain activity, 
heart-rate data, and other electrophysiological parameters, some remaining chal-
lenges limit its use in the field. 
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TABLE A-1 Examples of Metabolic Markers  
Tissue, Organ, Function Intermediate Marker Source 
Body temperature Cold strain index 

Esophageal telemetry device  
Galvanic skin response  
Heart rate 
Heat flux  
Oral temperature 
Reaction time  
Skin temperature  
Physiological strain index 
 

 

Hydration Aldosterone 
Arginine 
Blood pressure  
Heart rate  
Hydration status from 

bioelectrical impedance 
Sodium  
Total body water 
Vasopressin  
 

Blood  
Saliva 
Urine 
 

Physical activity/energy 
expenditure 

Accelerometers 
Activity logs 
Activity monitors (integrated, i.e., body 

movement, heart rate, and core 
temperature) 

Dietary questionnaires 
Doubly labeled water 
Foot-ground contact/body weight 
Glucose  
Heart rate monitors 
Insulin  
Insulin-like growth factor-1  
Lactate  

Blood  
 

NOTE: Metabolic monitoring biomarkers can be categorized according to outcome 
function or intermediate measure that can be quantified to reflect the outcome function. 
This table summarizes outcome functions of various organs/systems/physiological/ 
psychological states and some intermediate biomarkers that might be used to predict or 
quantify these outcome functions and optimal performance. In general, it was felt that  
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Performance, Outcome Measure 
Heat stress 
Hypo- and hyperthermia 
 
 
 
 
 
 
 
 

Core temperature 

Cognitive performance 
De- and overhydration 
Fatigue 
Heat exhaustion 
Heat tolerance 
Muscular endurance 
 

Body-weight change 
Eye pressure 
Plasma volume, osmolarity 
Saliva flow 
Skin turgor 
Urine color  
Urine specific gravity, osmolarity 
Urine volume 
 
 

Cognition 
Hypo- and hyperglycemia  
Heat cramps 
Heat exhaustion 
Sunstroke 
 
 
 
 
 
 
 
 

Body weight 
Calorimetry (direct and indirect) 
Lean body mass 
 

no single intermediate biomarker accurately predicts outcome function. Accurate 
measures of outcome function are often invasive and not applicable to field situations. 
More emphasis should be placed on developing noninvasive measures that accurately 
predict peak performance or catastrophic failure of a given organ/system or 
physiological/psychological state. 
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TABLE A-2 Examples of Brain Function Markers  
Tissue, Organ, Function Intermediate Marker Source 
Cognitive Blood flow 

Electrocardiogram  
Functional magnetic resonance imaging  
Imaging  
Magneto-electroencephalography 
Metabolism 
Positron emission tomography  
Spectroscopy 
 

 

Mood Odor profiles 
 
 
 
 

 

Sleep Ambulatory sleep monitor 
Electrocardiogram pattern 
 
 

 

Stress response 
 

Autonomic nervous system 
Cortisol  
Dehydroepiandrosterone 
Growth hormones  
Heart rate variability  
Impedance 
Insulin-like growth factor-1 
Neuropeptide Y 
Neurotransmitters 
Norepinephrine 
Other hormones 
Prolactin 
Stress hormones 
Testosterone 

Blood 
Salivaa 
Urineb 
 

NOTE: Metabolic monitoring biomarkers can be categorized according to outcome 
function or intermediate measure that can be quantified to reflect the outcome function. 
This table summarizes outcome functions of various organs/systems/ 
physiological/psychological states and some intermediate biomarkers that might be used 
to predict or quantify these outcome functions and optimal performance. In general, it 
was felt that no single intermediate biomarker accurately predicts outcome function. 
Accurate measures of outcome function are often invasive and not applicable to field 
situations. More emphasis should be placed on developing noninvasive  
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Performance, Outcome Measure 
Focused attention 
Memory 
Problem solving 

 
 
 
 
 
 

Ratings of perceived exertion 
Self-assessment scales 
 

Appropriate relative to situation 
Fear 

Modified STROOP  
Profile mood 
Self-assessment scales  
Visual analog 
 

Reaction time 
Sleepiness/alertness 
Task performance 

 

Self-assessment scales 

Appropriate activation relative to situation Self-assessment scales 
 
 
 
 
 
 
 
 
 
 
 
 
 

measures that accurately predict peak performance or catastrophic failure of a given 
organ/system or physiological/psychological state. 
a Salivary cortisol is an accurate measure of single plasma-free cortisol at the time point 
collected. 
b Urinary cortisol measured in 24-hour urine reflects average cortisol secretion over 24 
hours. 
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TABLE A-3 Examples of Bone Markers 
Tissue, Organ, Function Intermediate Marker Source 
Bone Collagen breakdown products 

Carboxy-terminal telepeptide 
Deoxypridinoline 
Hydroproline 
N-telepeptide 
Pyridinoline 

Cytokines 
Interleukin-1 and -6 
Tumor necrosis factor 
Transforming growth factor 

Endocrine markers 
Calcitonin 
Growth hormone 
Insulin-like growth factor-1 
Osteocalcin 
Parathyroid hormone 
Thyroid hormones 

Enzymes  
Alkaline phosphatase 
Bone-specific alkaline 
Phosphatase 

Resorption markers 
24-hour urinary calcium 
Calcium balance  
Phosphatase 
Tartrate-resistant acid 

Plasma 
Urine 

NOTE: Metabolic monitoring biomarkers can be categorized according to outcome 
function or intermediate measure that can be quantified to reflect the outcome function. 
This table summarizes outcome functions of various organs/systems/physiological/ 
psychological states and some intermediate biomarkers that might be used to predict or 
quantify these outcome functions and optimal performance. In general, it was felt that  
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Performance, Outcome Measure 
Bone fracture, including stress fracture 
Edema 
Inflammation/damage 
Pain 
Weakness 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bone mineral density:  
Dual-energy X-ray absorptiometry 
Ultrasound 
Quantitative computed topography 

Histology 
Mono accumulation 

no single intermediate biomarker accurately predicts outcome function. Accurate 
measures of outcome function are often invasive and not applicable to field situations. 
More emphasis should be placed on developing noninvasive measures that accurately 
predict peak performance or catastrophic failure of a given organ/system or 
physiological/psychological state. 
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TABLE A-4 Examples of Cardiac, Muscle, and Pulmonary Markers 
Tissue, Organ, Function Intermediate Marker Source 
Cardiac Heart rate 

Heart rate variability 
Impedance 

 

Muscle Amino acids (glutamine, histidine, 3-
methyl-histidine) 

 
 

 

 Enzymes/molecules 
Carbonic anhydrase 
Isoenzymes of creatine kinase 
Myoglobin 
Myosin heavy chains 
Phosphocreatine levels 
Ubiquitin 

 

Muscle 

 Immune  
Circulatory polymorphonuclear 

leukocytes 
Insulin-like growth factor-1 
Interleukin-1, -6 
Tumor necrosis factor 

 

Blood  
Salivaa 

Urineb 

 

 Metabolism/catabolism/anabolism 
Lactate  
Glycogen  
Blood ammonia 

 

Blood  
Urine 
 

 Protein turnover Blood 
Urine 
 

 Structure/metabolism 
3-methyl-/histidine excretion 
Glycogen 
Trace metals 
 

Muscle 

Pulmonary Expired air Oxygen and carbon 
dioxide saturation 

NOTE: Metabolic monitoring biomarkers can be categorized according to outcome 
function or intermediate measure that can be quantified to reflect the outcome function. 
This table summarizes outcome functions of various organs/systems/ 
physiological/psychological states and some intermediate biomarkers that might be used 
to predict or quantify these outcome functions and optimal performance. In general, it 
was felt that no single intermediate biomarker accurately predicts outcome function. 
Accurate measures of outcome function are often invasive and not applicable  
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Performance, Outcome Measure 
Cardiac output 
Relative sympathetic and parasympathetic 

control 

 

 Dynamometers 
Ergometers 
Strain gauges  
Ratings of perceived exertion 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

 

Decreased endurance 
Decreased performance 
Decreased strength 
Fatigue 

 

Delayed onset muscle soreness 
Increased muscle atrophy 

 
 
 

 

 
 
 
 
 

 

Pulse oximeter 
Capnograph 

 

to field situations. More emphasis should be placed on developing noninvasive 
developing noninvasive measures that accurately predict peak performance or 
catastrophic failure of a given organ/system or physiological/psychological state. 
a Salivary cytokine concentrations vary according to salivary gland source from which 
saliva is collected and presence and degree of periodontal disease. 
b 24-hour urine for Interleukin-6 and soluble receptors for tumor necrosis factor 
normalized to creatine are currently used and are sensitive measures of cytokine 
production. 
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Metabolic Monitoring at NASA:     
A Concept for the Military 

Kira Bacal, M.D., Ph.D., M.P.H., Wyle Laboratories and Life Sciences, 
and Johnson Space Flight Center, NASA, Houston, Texas 

 
NASA�s (National Aeronautics and Space Administration) Johnson Space 

Center (JSC) Office of Space Medicine, in collaboration with NASA�s Ames 
Research Center and the Stanford University Medical Center, has been inter-
ested in the field of metabolic monitoring for some time. In the aerospace envi-
ronment crew time is a very precious commodity due to limited resources and 
limited personnel; metabolic monitoring can be used to optimize crew function 
and minimize the risk of fatigue and illness through the observation and inter-
pretation of physiological data. By using a variety of sensors to monitor both the 
individual�s biomarkers and the ambient environment, data can be captured and 
then correlated and analyzed using software models. These tools anticipate 
metabolic irregularities, provide feedback to the operator, and advise appropriate 
interventions to prevent unwanted consequences. The same systems also moni-
tor the user for compliance with the recommendations and evaluate the efficacy 
of the recommendations. 

Given its operational milieu, NASA is particularly interested in remote 
metabolic monitoring. The majority of aerospace operations take place at sites 
far distant from clinical care providers and decision makers, thus any system 
that enhances the situational awareness of the control team is helpful. The astro-
naut and warfighter share many similar traits: both are highly trained individuals 
who are engaged in prolonged and exhausting efforts in a hostile environment. 
Whether the individual is searching for enemy patrols in the desert or repairing a 
satellite during a spacewalk, there is a similar level of both effort expended and 
physiological demands. In addition, both individuals are engaged in time-critical 
tasks and are far from medical support. For these reasons prevention of illness or 
injury, rather than its care, is desirable. 

In the space environment, as in the military, operations can be divided into 
two categories: nominal and contingency. The latter category contains unsched-
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uled events, such as illness or injury, and the medical resources brought to bear 
should be those that best conform to an adapted terrestrial standard of care. In 
contingency conditions, therefore, only approved medical devices and accepted 
treatment guidelines are employed, while unproven equipment or monitoring of 
novel parameters is eschewed as the information thus provided lacks an appro-
priate clinical context. Given the numerous confounding factors and unknowns 
about pathology and pathophysiology in the microgravity environment, it is im-
perative that, to the greatest extent possible, medical care on orbit proceeds from 
accepted practices.  

Conversely, nominal operations, which can include activities such as 
spacewalks, exercise, or research studies to define �space-normal� physiology, 
can and often do use new tools and monitor novel parameters. Often associated 
with research activities, nominal operations utilize both proven and innovative 
technologies to gather data, develop predictive models, and validate these 
predictions. 

Under nominal operations the goal of metabolic monitoring is to intervene 
before a medical event occurs. Some of the on-orbit conditions that could be 
prevented in this way include dehydration, fatigue, heat stress, hyperventilation, 
and hypothermia. In addition, monitoring can also assist in the evaluation of 
specific performance metrics, such as cognition, workload, situational aware-
ness, memory, and concentration, to ensure that critical or complex tasks are 
performed by competent operators. Fatigue is a constant concern in space opera-
tions because circadian cues are disrupted and sleep shifting is common, and it is 
thus considered ideally suited to monitoring. Fatigue was implicated as a factor 
in the collision of a Progress resupply rocket with the Mir space station, and 
crewmembers aboard the International Space Station (ISS) have also cited occa-
sions where they performed complex and dangerous tasks (e.g., moving a Soyuz 
from one docking port to another) when extremely fatigued. The applicability of 
these concerns to military operations is readily apparent.  

Also similar to military operations, space missions have very limited per-
sonnel. Space shuttle missions generally have seven-person crews, while the ISS 
crew complement is only three. (In the wake of the Columbia tragedy, there are 
currently only two crewmembers aboard the ISS. When the Shuttle fleet returns 
to flight status, it is anticipated that the program will return to a three-person 
crew.) Because of these tight personnel constraints, any tasks that can be trans-
ferred from human to artificial intelligence will free crewmembers for other 
mission-critical tasks. In addition, by transferring skill sets from personnel to 
equipment, medical decision-making, targeted assessment, and clinical judgment 
can be standardized and moved farther forward (onto the battlefield or on orbit) 
than otherwise possible. During nominal operations this �smart� technology can 
utilize predictive algorithms in order to analyze captured data and avoid pre-
ventable medical events.  

As shown in Figure B-1, the concept of operations for this technology calls 
for the acquisition of data from a variety of sensors. This information is then 
integrated and delivered to an analytic program that can provide immediate 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


APPENDIX B 221 
 

prolonged exhaustive effort

Environmental Sensors

Physiological Sensors

Doctor CommComm

when comm is 
available, expert 
consultant can be 

in loop

Analysis

Data 
Integration

 
FIGURE B-1 Concept of operations. 
 
 
feedback to the operator. In addition, when skilled personnel are available at a 
remote site, the data can be packaged and sent down a communications relay for 
human-based interpretation, and guidance based on the information can be 
provided. 

There are numerous parameters that can be monitored. The selection will 
vary depending on the mission, the personnel, and the areas of interest. In addi-
tion, the level and type of parameter must be specified, such as individual data, 
group information, environmental details, and/or interactive information. For 
example, monitoring of an individual could report basic vital signs (e.g., body 
temperature, pulse oximetry, heart rate, respiratory rate, blood pressure, heart 
rate variability, electrocardiogram tracing) or less conventional measures (e.g., 
lactate levels, tissue pH, muscle creatine kinase). Individual monitoring might 
also focus on trends, describing specific changes within a single person over a 
period of time, such as a spacewalk, exercise period, or forced march. Data 
could also be grouped to provide critical information about the status of the crew 
or squad as a whole; this knowledge might be of more utility if gaining mission 
objectives is a higher priority than preserving individual health. Similarly, the 
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selection of environmental parameters will likewise vary depending on the mis-
sion, but the parameters might include items such as ambient temperature, 
barometric pressure, or individual activity level. Self-reported criteria (e.g., per-
ceived exertion or interpretation of mission or task success) can also be handled 
in a similar fashion, with the information thus obtained being integrated with 
data from other sensors to provide a more global picture of the condition of the 
individual or team. 

In order to maximize efficacy, a �smart system� is needed to obtain and pre-
sent information in the most efficient way to both the end user (astronaut or war-
fighter) and the remote consultants (e.g., a ground-based flight surgeon or a 
commanding officer). In addition, analysis techniques for rapid diagnosis and 
intervention are required�data without a relevant context will be unusable to 
most operators. The components of such a system include: 

 
• Sensors. Many of these, particularly those for standard physiological 

parameters, are readily available, commercial off-the-shelf items. 
• Data integration. Information derived from multiple sensors will usu-

ally be packaged in different ways; currently there are few standards for medical 
data management. As a result, the monitoring system must have a way to stan-
dardize the data, integrate it, and then extract relevant parameters. In addition, 
trends for individual subjects need to be identified and the standardized data 
needs to be exported to both the algorithm library and a data store. 

• Data storage. At each stage the data must be stored for future (or real-
time) downloads and review.  

• Algorithm library. In the absence of a clinician to process the informa-
tion, this software provides the initial guidance to interpret the data and act upon 
it. In this component, the data is sent to a store of executable algorithms and 
decision trees, including both diagnostic and therapeutic protocols, which 
�crunch� the data and pass it to the next step.  

• Feedback/recommendation generation. Analysis by the algorithms or 
decision trees will in turn generate recommendations to prevent, mitigate, diag-
nose, or treat a medical event since the simple relay of data from the sensors to 
the average crewmember will not be of value. Prioritized alarms must also be 
provided, as the operator will not have the medical training to know which of 
several abnormal readings are most pressing. In a military example, if a casualty 
sustains a penetrating injury to the chest, the caregiver�s top priority may ini-
tially be to address hemorrhage and a falling blood pressure. However, if respi-
ratory arrest then occurs, a new alarm must intervene and guide the caregiver to 
direct attention to that problem, otherwise his or her lack of medical training 
may lead to prioritizing tasks inappropriately.  

• Displays. In order to provide feedback to the operator, a local display 
of some kind is necessary. In addition, display of the information at a remote 
location enables clinicians at this site to supervise and intercede as appropriate. 
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Perhaps the most innovative hardware required by such a system is the data 
integration piece. This device must accept input from diverse data streams and 
packets (e.g., RS-232, RS-485, USB, 1394, Ethernet) that originate from a wide 
variety of sensors and medical equipment, repackage these inputs into a homo-
geneous format, and send the concatenated information on for integration into 
the algorithm library. For the ISS environment, a concept of operations has been 
developed that makes use of a common interface established through network 
appliances rather than via computers (which require human intervention). In this 
way, the crew needs to attach the patient, power, and communication interfaces, 
but does not need to establish, maintain, or troubleshoot the connections. In-
stead, the connections are automatically established and maintained by dedicated 
embedded microprocessors that are programmed to work with the specific 
hardware. The main goal of the device is to ensure that medical data is quickly, 
reliably, and accurately transmitted with a minimum amount of effort by the 
crew. 

Toward this end, the Medical Informatics Branch of Space Medicine at 
NASA-JSC, in conjunction with the NASA-Ames Research Center and Stanford 
University, has commenced development of a Medical Communications Inter-
face Adapter (MCIA), which is envisioned as a �smart hub,� or universal 
adapter for processing and downloading data from all medical devices, for ac-
cepting inputs from multiple sensors, and for providing output as multiplexed 
telemetry data. Three primary subsystems have been identified: an external data 
interface that receives information from the various devices, a data-handling 
subsystem that processes the information into a homogeneous format, and a 
ground communications subsystem that transmits the information to an algo-
rithm library, to a data storage device, to a local display, and to remote sites 
(e.g., the Flight Surgeon console in the Mission Control Center). Among the 
medical devices currently on board or proposed for the ISS with which the 
MCIA would interface are a physiological monitor/defibrillator, a blood ana-
lyzer, an intravenous pump, and a ventilator. Medical teams in the military (e.g., 
the USAF Critical Care Air Transport Team) often use similar equipment, so 
this configuration may be of interest to the military as well. 

Once the sensors have gathered the data and the MCIA (or equivalent) has 
processed it into a standard, integrated form, the data needs to be put into a 
clinical context. Raw data, or even consolidated information, is of little utility to 
a nonexpert. Telling nonclinicians that �serum lactate values have increased 20 
percent within 5 minutes� does not provide them with information they can use. 
However, that same data, in conjunction with an algorithm library and a recom-
mendation store, can generate useful instructions, such as �Rest in the shade for 
3 minutes� or �A 5-minute break in upper arm activities is advised.� Information 
in this form can be utilized by any nonclinician as it requires no specialized 
knowledge to interpret or implement.  

The value of analysis is thus twofold. On a local level, analysis can provide 
specific advice to an individual. This tactical advice (e.g., eat, rest, hydrate) al-
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lows the warfighter or astronaut to maximize his or her work capacity. When an 
analysis is performed remotely on groups, it can permit strategic planning by 
providing flight control teams, squad leaders, or other decision makers the 
means by which to assess group strength and condition. In developing the best 
way to analyze the data, numerous factors must be considered. Generally speak-
ing, terrestrial, validated medical algorithms and guidelines should be used 
whenever possible for diagnostic and therapeutic purposes. There are numerous 
medical algorithms (broadly defined as �any computation, formula, survey, or 
look-up table useful in health care�) and treatment guidelines available in the 
medical literature. In addition, there are commercially available, validated, off-
the-shelf diagnostic tools and medical information couplers. To the greatest ex-
tent possible, these existing tools should be used rather than attempting to de-
velop new tools as the validation process can be prohibitive in terms of both cost 
and time. Naturally, all of these tools are intended for terrestrial, often hospital-
based, use, and they will require adaptation to an austere environment, be it mili-
tary or aerospace. 

Desirable features of a real-time analysis tool include smart agent-based 
software, multiple parameters (including environmental and physiological data), 
prescribed trend analysis, model-based predictions, voice-based interaction (a 
dialogue system), operator-initiated inquiries, and unsolicited audible sugges-
tions or advice. 

Under contingency operations the main focus of data analysis should be di-
rected toward diagnostic and therapeutic algorithms. For example, in the context 
of an episode of abdominal pain, the system can send sensor data to diagnostic 
tools in order to obtain first a presumptive diagnosis of, for example, appendici-
tis, and then use this diagnosis to select appropriate treatment guidelines and 
algorithms that will in turn generate recommendations regarding stabilizing care 
and the need for immediate surgery. The system can then monitor the casualty�s 
response to these measures and update or modify the diagnosis and treatment 
recommendations accordingly. 

Algorithms and guidelines for contingency operations are in varying stages 
of development. For treatment guidelines, there is a great deal of published ma-
terial�perhaps almost too much�that can be adapted. However, because these 
guidelines and algorithms are derived from and developed by different medical 
specialties, different approaches, and even different nations, additional work is 
required to integrate them into a single consensus position on the best treatment 
modality. Diagnostic algorithms are less widely available and tend to be least 
helpful for illnesses with vague or general symptoms and signs. For example, as 
any clinician would attest, determining the cause of �abdominal pain� or �dizzi-
ness� can be very difficult. By contrast, diagnostic tools can be more easily ap-
plied to conditions with a clear mechanism or pathognomonic findings, such as 
�mechanical airway obstruction� or �tension pneumothorax.� 

There is likely to be only minor use of predictive algorithms in contingency 
operations for space compared with the use of diagnostic and treatment guide-
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lines. Once an event has occurred, more attention will be focused on addressing 
it than on predicting its course. One exception might be in the case of a serious 
traumatic injury. In the absence of care from a surgical intensive care unit, a 
trauma scoring system might be employed to predict the patient�s condition so 
that this information could assist in a decision about the timing of a crew 
evacuation.  

For nominal operations, however, predictive and preventive algorithms will 
be more widely used. For example, these algorithms could determine whether a 
continuing trend in body temperature presages imminent heat exhaustion, which 
interventions in the short term could prevent this from occurring, and which 
intervention would be most appropriate. Unfortunately, these algorithms are 
generally in the very early stages of development, and it will be necessary to 
develop and test research models before these tools become operational. 

To perform research into the early tracking of signs and symptoms and their 
predictive value in describing the condition�s ultimate outcome or natural his-
tory, data gathering must occur at the outpatient- or family practice-based level, 
rather than at the inpatient- or subspecialty-based level. Research that is primar-
ily located in the hospital will focus on the later stages of pathology and thus be 
less useful to our needs. Our interest lies in the earliest (perhaps asymptomatic) 
stages of a potentially disabling condition, and thus data must be gathered from 
primary caregivers or even from the lay public (as in, �What makes you go to 
the doctor for some headaches but not for others?�). 

Like predictive algorithms, preventive algorithms and guidelines are also in 
very rudimentary form. They are often anecdotal or qualitative (e.g., �Stay out 
of the sun!�) rather than quantitative (e.g., �Rest in shade for 5 minutes.�), and a 
relatively small number have been rigorously validated. Given that the system 
sensors gather information about physiological parameters in a highly quantified 
manner, it may be that the data they obtain can be fed back into predictive algo-
rithm models so that the algorithms will also (eventually) be able to anticipate 
the onset of symptoms quite precisely.  

Algorithm development by the Office of Space Medicine is at an early 
stage. Rules must be established for both format and content. For authoring ac-
tivities, a standard, user-friendly format is needed for all algorithm developers. 
In addition, the format must be able to integrate into the current informatics sys-
tem so as to avoid lengthy data-entry steps. In terms of the content contained in 
the algorithms, it is necessary to ensure a standardized approach across authors 
with clear logic flow, shared assumptions, appropriate evidence, and explicit 
decision points. A process must be established for thorough review by all stake-
holders, and an evidence-based rationale for each point must be included. Ide-
ally, the format should lend itself to easy incorporation of content references. 
Lastly, the algorithm must be displayed in such a way as to permit easy use by 
the operators. 

The work being conducted by the Medical Informatics and Health Care Sys-
tems branch (led by Dr. James Logan) is called the Global Onboard Detailed 
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Diagnostic and Evaluation Systemic Survey (GODDESS). It is divided into two 
subtasks: one to provide an initial evaluation and stabilization of the patient, the 
other to initiate more detailed diagnostic and therapeutic activities. 
In the ISS Systemic Initial Survey (ISIS), the goal is to identify and address any 
immediate, life-threatening conditions and then to direct the caregiver to the 
appropriate diagnostic and treatment pathway. The content (see Figure B-2) and 
format for ISIS have been developed and are currently in the validation process. 
The Astronaut Total Health Network Algorithms section (ATHeNA) will con-
tain both diagnostic and treatment pathways. A format for ATHeNA is in devel-
opment, and several treatment guidelines are currently in draft form. Once the 
guidelines have been written and validated, the section will be integrated with 
ISIS and the entire system validated in an end-to-end fashion. 

As shown in Figure B-3, the ISIS interface is to be immediately activated 
upon recognition of a medical event. The standardized questions begin with 
�Are they conscious?� (A). For example, in a case of anaphylaxis, the caregiver 
would answer �Yes.� ISIS would then ask the caregiver, �Can they speak?� (B). 
Subsequent questions are designed to rule out an obstructed airway (C) and to 
initiate care (D). Within a few moments, additional questions discriminate 
among various conditions (E) until anaphylaxis is identified as the presumptive 
diagnosis (F). At this point, ISIS has completed its role and ATHeNA takes 
over, although this transition is transparent to the user.  

Using the same interface, ATHeNA guides the caregiver through the proper 
treatment guidelines, providing inventory locations, supplemental information, 
and additional guidance as required. If the chief complaint had been of lower 
acuity than anaphylaxis (e.g., abdominal pain, headache, or nausea), ISIS would 
simply have ruled out the life-threatening conditions and ATHeNA would have 
initiated a secondary survey in which the caregiver (or patient himself, depend-
ing on his condition) would have answered a series of diagnostic questions de-
signed to lead to a presumptive diagnosis. The patient�s individual medical his-
tory would have been automatically fed into the software so that if, for example, 
a person with abdominal pain had an appendectomy in the past, appendicitis 
would have automatically been removed from the differential, but pain due to 
adhesions would have been added. 

Once a presumptive diagnosis is reached through ISIS or ATHeNA, appro-
priate treatment begins and the patient�s response is monitored. In addition to 
the data obtained through the medical devices (such as blood pressure, heart 
rate, or temperature), the system also prompts the caregiver to reassess the pa-
tient at regular intervals and information regarding response to analgesics, appe-
tite, nausea, and other subjective parameters is entered, so constant review and 
revision of the diagnosis and treatment occurs. For a ventilated patient, 
ATHeNA makes use of closed-loop algorithms to adjust the ventilator settings 
so as to ensure maximum efficacy. Eventually, perhaps tasks such as medication 
administration (e.g., sedatives, antibiotics, analgesics) will be automatically 
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FIGURE B-2 Example of International Space Station Systemic Initial Survey 
content. 
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FIGURE B-4  A schematic of the LifeGuard Monitoring System.  
 
 
performed by ATHeNA, though in the short term it is likely that this will con-
tinue to require human intervention, presumably with guidance from ATHeNA. 

The GODDESS project is obviously intended for use in contingency opera-
tions. An example of a project intended for use under nominal conditions is 
Stanford and NASA-Ames� LifeGuard Monitoring System, which is in its final 
stages of testing. LifeGuard is an example of a novel system designed to obtain, 
aggregate, and analyze physiological data, display it locally, transmit it, and 
recommend interventions. The current model can interface with a variety of 
commercially available sensors (e.g., the Nexan ECG/respiration sensor, the 
Accutracker II blood pressure monitor, and a noninvasive pulse oximeter) that 
all connect to a CPOD Data Logger. The CPOD then logs the data and-
downloads it via an RS-232 or a wireless (see Figure B-4). Table B-1 contains 
an example of the functional and performance requirements levied against the 
device.  

In summary, remote metabolic monitoring systems are of utility in multiple 
operational environments, including aerospace and military activities. To create 
such tools, it is first necessary to identify the parameters of interest (e.g., physio-
logical, environmental), then to capture, process, and transmit the data. Follow-
ing analysis, in which potential or actual medical conditions are diagnosed and 
appropriate interventions are developed, these data (with recommended actions) 
can be displayed both locally and remotely. The system then continues to moni-
tor the intervention and its outcome and provides updated advice. In this way, 
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technology can move specialized knowledge farther forward operationally, pro-
viding artificial substitutes for the skilled professionals who are so often in short 
supply. Work of this nature must be interdisciplinary in approach, utilizing en-
gineers, information specialists, and clinicians in order to build a functional, 
validated, and user-friendly system.  
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Workshop Agenda 

Metabolic Monitoring Technologies for 
Military Field Applications 

 
Committee on Military Nutrition Research 

Food and Nutrition Board 
Institute of Medicine 

The National Academies 
 

January 8�9, 2003 
School of Aerospace Medicine 

Brooks Air Force Base, San Antonio, Texas 
 

Wednesday January 8, 2003 
 
  8:45 Welcome on Behalf of Brooks Air Force Base  

Commander, Brooks Air Force Base 
 
  8:50 Welcome on Behalf of the Committee on Military Nutrition Research 
 Dr. John Vanderveen, Chair, Committee on Military Nutrition         

Research  
 
  9:00 Overview of Military Interest in Technologies for Metabolic         

Monitoring 
 COL Karl E. Friedl, U.S. Army Research Institute of Environmental 

Medicine 
 
  9:30 Overview of Field Applications of Physiological Monitoring  
 Dr. Reed W. Hoyt, U.S. Army Research Institute of Environmental 

Medicine (USARIEM) 
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Part I: Biomarkers and Monitoring Technologies for Heat Production and 
Hydration Status and Carbohydrate Metabolism (Moderator: Johanna 
Dwyer) 
 
10:00 Biomarkers of Physiological Strain During Exposure to Hot and Cold 

Environments 
 Dr. Andrew J. Young, USARIEM  
 
10:30 Hydration Status Monitoring 

Dr. Michael N. Sawka, USARIEM 
 

11:00 Break 
 
11:10 Technologies for Monitoring Glucose and Lactate 
 Dr. David C. Klonoff, Mills-Peninsula Health Services  
 
11:40 Utility of Insulin-like Growth Factor-I for Assessing Metabolic Status 
 Dr. Bradley C. Nindl, USARIEM  
 
12:10 Discussion 
 
12:30 Lunch 

 
Part II: Biomarkers and Technologies for Monitoring Physiological Status 
and Work Capacity (Moderator: William Morgan) 
 
  1:30 The Use of Portable Accelerometers in Predicting Activity Energy Ex-

penditure 
 Dr. Kong Y. Chen, Vanderbilt University Medical Center  
 
  2:00 Humans, Hills, and the Metabolic Cost of Locomotion: Simple Expla-

nations from Putting Foot-Ground Contact Times to Work 
 Dr. Peter G. Weyand, Rice University 

 
Part III: Biomarkers and Technologies for Monitoring Muscle Protein 
Turnover and Metabolism (Moderator: Bruce Bistrian) 
 
  2:30 Biomarkers for Changes in Protein Turnover of Muscle and Other   

Tissues 
 Dr. Robert R. Wolfe, University of Texas Medical Branch  

 
  3:00 Break 
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  3:10 Potential Real-Time Markers: Muscle Fatigue or Environmental Stress 
 Dr. T. Peter Stein, University of Medicine and Dentistry of New Jersey  

 
  3:40 Muscle Protein Biomarkers to Predict the Occurrence of Physical Stress 

and Muscle Fatigue or Muscle Inflammatory Responses to Extreme 
Levels of Physical Activity 

 Dr. William J. Evans, University of Arkansas for Medical Sciences 
 

Part IV: Biomarkers and Technologies for Predicting Bone Turnover 
(Moderator: Helen Lane) 
 
  4:10 Biomarkers of Bone and Muscle Turnover: Effects of Exercise 

Dr. Clifford J. Rosen, Maine Center for Osteoporosis Research and 
Education, St. Joseph Hospital  

 
  4:40 Discussion 
 
  5:00 Adjourn 
 
 
Thursday January 9, 2003 
 
  9:00 Biomarkers for Monitoring Bone Turnover and Predicting Bone Stress 
 Dr. Michael Kleerekoper, School of Medicine, Wayne State University  
 
  9:30 Biomarkers to Predict the Occurrence of Bone Stress and Matrix Ab-

normalities Due to Sustained and Intensive Physical Activity 
 Dr. Wendy M. Kohrt, University of Colorado Health Sciences Center  
 
10:00 Discussion  
 
10:15 Break 
 
Part V: Biomarkers and Technologies for Monitoring Cognitive and 
Physiological Status in Relation to Stress (Moderator: Esther Sternberg) 
   
10:30 Technologies for Monitoring Cognitive Status to Predict the Occur-

rence of Mental and Physical Stress 
 Dr. Julian F. Thayer, National Institute on Aging 
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11:00 Use of Sweat Patch Technology to Monitor Neuroendocrine Status 
 Dr. Giovanni Cizza, National Institute of Mental Health  
 
11:30 Discussion 
 
11:45 Lunch 
 
Part VI: Biomarkers and Technologies for Monitoring Mental Status, Cog-
nitive Function, and Alertness (Moderator: Patrick O�Neil) 
 
  1:00 Biomarkers for Brain Hypometabolism Due to Sleep Deprivation 
 Dr. Nancy J. Wesensten, Walter Reed Army Institute of Research  
  
  1:30 Electroencephalographic Indicators of Impaired Aviator Status During 

Sleep Deprivation 
 Dr. John A. Caldwell, Air Force Research Laboratory, Brooks Air 

Force Base  
 
  2:00 Circulating Plasma Markers of Cognitive Status  
 Dr. Harris R. Lieberman, USARIEM  
 
  2:30  Discussion 
 
  3:00 Break 
 
Part VII: Future Possibilities for Monitoring Physiological and Cognitive 
Function (Moderator: Beverly Tepper) 
 
  3:15 Odors as Biomarkers to Predict the Occurrence of Mental and Physical 

Stress 
 Dr. Gary K. Beauchamp, Monell Chemical Senses Center  
 
  4:15 Molecular Markers of Mechanical Activity- and Inactivity-Induced 

Anabolic and Catabolic States in Striated Muscle 
 Dr. Kenneth M. Baldwin, University of California, Irvine  
 
  4:45 Discussion 
 
  5:00 Summary of the Workshop 
 Dr. John Vanderveen, Chair, Committee on Military Nutrition         

Research 
 
  5:30 Adjourn 
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Workshop Manuscripts 

PREDICTING AND PROTECTING 
PERFORMANCE USING METABOLIC 

MONITORING STRATEGIES: IT�S ALL 
WET STUFF ANYWAY, ISN'T IT? 

 
COL Karl E. Friedl, U.S. Army Research Institute of Environmental Medicine 

 

The ultimate reductionistic view of the Military Operational Medicine Re-
search Program (MOMRP) centers on metabolism as the answer to all questions. 
For every problem we are trying to solve in the MOMRP, we will someday 
complete the connection to a metabolic basis. This includes soldier performance 
problems that range from extended physical stamina to sustaining optimal mood 
and behavior. While this first-principles approach is not likely to provide many 
near-term solutions to MOMRP problems, we can exploit the emerging physiol-
ogy to develop monitoring technologies. Insight into this metabolic activity 
should help predict individual status and physiological reserve. This is based on 
the premise that these metabolic processes are the basis of the responses that 
allow organisms to survive in the face of environmental challenges and are the 
earliest indicators of a change in physiological status. This calls for a thoughtful 
review of currently known regulatory mechanisms that suggest promising pre-
dictive markers of status and impending failure of adaptive response capabili-
ties. We should also consider applications of the most promising monitoring 
technologies that are currently available. The focus of this workshop is to ad-
dress: what are the best metabolic targets for monitoring and what are the most 
promising monitoring technologies?  

This information is needed for predictions about the readiness status of in-
dividuals in training and in operational settings where human performance is 
important. We have formidable monitoring capabilities on military systems, but 
lack real-time information on the status of our own troops. This serves U.S. de-
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fense priorities to �assure readiness of the Armed Forces� and to �transform the 
Department of Defense� (including experimenting with new approaches to   
warfare).  

RESEARCH REQUIREMENTS FOR PHYSIOLOGICAL 
MONITORING 

Monitoring soldier status has become increasingly important because of 
new lethal and complex technologies that require high reliability of the human 
operator and new tactics that reduce line-of-sight contact with team members 
and increase geographical distance and isolation. No longer is soldier monitor-
ing just a nice-to-have technological replacement for common sense or for good 
leadership that includes understanding the signs of soldier limits. Soldiers may 
not know they are reaching dangerous levels of overheating and dehydration 
and, if they are fully encapsulated in protective suits and operating in a remote 
site, their team leaders also may not know they are heading for trouble. An alert 
to the individual on their future helmet visor display and/or an automatic �911� 
message to their squad leader can provoke a prompt intervention and save a mis-
sion.  

The Navy is designing ships with substantially reduced crew sizes, which 
calls for greater reliance on each individual. Monitoring the status of these sail-
ors becomes especially important if they are incapacitated in an isolated crew 
compartment during high-risk damage control operations, such as fighting fires 
or flooding. The concept of the Reduced Ships-Crew by Virtual Presence is for 
smart ships to continuously receive data on the status of the ship, as well as on 
the crew within the ship (Street et al., 2002).  

Today�s high performance aircraft can easily exceed the limits of human 
physiological tolerances, and one concept for physiological monitoring includes 
detection of an approaching loss of consciousness to trigger an automatic take 
over of the controls (Forster et al., 1994). This calls for a rapidly responsive sys-
tem that, with high reliability, identifies a major lapse in pilot capabilities.  

Monitoring in training is at least as important as in operational environ-
ments. It may be most useful for leaders to use physiological monitoring to learn 
the limits of their own soldiers during training operations. Then, during an actual 
operational mission, they might use monitoring only for specific warnings about 
real-time status. Other aspects of metabolic monitoring may not require a wear-
able system, but simply periodic testing to determine, for example, if individuals 
have reached a high state of bone and muscle remodeling during their training 
and can reduce a high probability of injury by resting the next day. This kind of 
feedback will be broadly useful to learning limits of individuals and units. 

Physiological monitoring is being explored for a wide variety of other mili-
tary applications, including the forensic �black box� flight recorder-type of 
analysis of a pilot�s mental state after a class A accident, in order to prevent fu-
ture accidents (Forster, 2002). There is also a need for overall �whole body� 
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health markers for easy assessment of global indices of service members� health 
at regular intervals throughout their career. This could eventually represent some 
combination of psychological and physiological health, using markers such as 
brain metabolites monitored via magnetic resonance spectroscopy (MRS) scans, 
whole-body oxidative stress load assessments, and mitochondrial redox potential 
of critical brain cells.  

RECENT EVOLUTION OF MONITORING RESEARCH 

Physiological monitoring concepts are not new, but the measurement tech-
nologies have advanced more rapidly than our understanding of what the meas-
urements mean to health and performance. Fifty years ago, the Office of Naval 
Research and the Army Surgeon General cooperatively studied infantrymen in 
combat to identify metabolic predictors of mental status (Davis et al., 1952). 
Using neuropsychological testing (including visual flicker fusion and auditory 
flutter fusion tests) and blood and urine testing, they assessed hydration status, 
adrenal stress markers, and corresponding changes in cognitive functioning. 
Studies by the Air Force explored the use of an electroencephalogram (EEG) to 
monitor pilot performance as early as the 1950s (Sem-Jacobsen, 1959). Current 
studies are examining many of the same factors and relationships that were 
tested in the studies 50 years ago. Although these newer empirical studies have 
some technological advantages, most notably electronic computing power, the 
studies have largely relied on available technologies instead of exploring the 
most suitable measurement targets and developing specifically needed monitor-
ing technology. Many of the available technologies are simply telemetered ap-
plications of clinical monitoring systems, limiting advances to spin offs from 
standards of medical care. We have spent too much time trying to find uses for 
new measurement technologies instead of pushing the development of technol-
ogy to systematically test what we understand about physiology and to predict 
outcomes of greatest importance. 

The greatest barrier to advances in performance monitoring has been the 
lack of suitably defined performance outcome measures. Until recently, aviator 
performance has been the most extensively studied model for physiological 
monitoring. Military aviators have been a logical focus because of the need (i.e., 
the high costs associated with catastrophic performance failures) and because of 
the experimental advantages. Performance outcome measures are better defined 
for aviator tasks, especially the ultimate outcome of successful landing versus 
disaster. The cockpit also provides a friendly setting for clunky prototype moni-
toring systems that are power hungry and tethered to heavy equipment. Aviator 
studies can provide early proof of concept for systems that are later reduced in 
size, weight, power, and invasiveness for untethered applications in soldiers, 
marines, and sailors. Nevertheless, the aviator monitoring studies are not gener-
alizable without the further development of performance assessment methods 
and metrics.  
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Without suitable performance measures, results from lab-based studies can-
not be translated into militarily relevant outcomes. These measures are also 
needed for field studies that are otherwise forced to rely on simple dichotomies 
of �no bad outcome� or catastrophic failure (e.g., heat stroke, serious injury, or 
mission failure). The MOMRP has invested heavily in the development and 
standardization of practical neuropsychological tests (e.g., the Automated Neu-
ropsychological Assessment Metric) (Kane and Kay, 1992), and current field 
studies are attempting to link these test results with military performance. For 
example, simple reaction time remained impaired following sports concussions 
in military cadets even after they were cleared for return to duty by clinical 
criteria; the significance of this finding to other performance measures is being 
further investigated. Cold water immersion reliably affected the matching-to-
sample test; what this means to Navy diver performance capabilities is also be-
ing further investigated (Thomas et al., 1989). One eventual monitoring applica-
tion would be to embed informative tests into common military tasks that could 
be monitored in order to obtain unobtrusive periodic assessments of an individ-
ual�s performance status. We are currently sponsoring a Department of Defense 
(DOD) review of methods and metrics for performance assessment that synthe-
sizes the current state of the knowledge on militarily relevant performance 
assessments and models (Ness et al., In preparation). We have also launched a 
new research initiative on the development of military performance assessment 
methods based on measures of neurological function, such as voice stress analy-
sis and eye saccades (Science Technology Evaluation Package 3.C).  

Physiological monitoring moved from a research sidelight to a central ob-
jective in the Army research program under the guidance of Dr. Fred Hegge in 
1996. The goal of the Warfighter Physiological Status Monitoring (WPSM) ini-
tiative is to make real-time performance predictions that leaders can use to as-
sess the readiness status of their forces. The concept is to develop a soldier-
acceptable, minimally invasive sensor set with on-the-soldier analysis. The out-
put (which can be queried for further information) will be a simple �green� 
(within normal limits), �amber� (physiological challenges are present), or �red� 
(systems have failed and the soldier is a casualty). This relies on the vast trove 
of environmental physiology and psychological data collected and modeled in 
DOD research programs for many years. A key feature of the approach is that 
these systems must also learn the usual range of responses for its soldier, ac-
counting for individual variability. Currently, WPSM is a research �tool kit� to 
learn more about normal and abnormal physiological signals encountered in real 
soldier environments; these include a range of responses that routinely exceed 
those that can be obtained in an ethically developed experimental laboratory 
setting. WPSM will ultimately be reduced to the minimal sensor set needed for 
highly reliable and important predictions. Reed Hoyt currently leads this pro-
gram with the development of experimental signal acquisition and data handling 
systems and data collection studies with marines and soldiers in challenging 
training environments (Hoyt et al., 1997a, 2001). The immediate requirements 
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for WPSM are to provide status for thermal strain, live-dead detection, sleep 
history, and energy expenditure for the Land Warrior system. In later iterations 
of this system (e.g., the Objective Force Warrior), more sophisticated monitor-
ing capabilities and performance predictions are planned that will also include 
early casualty triage capabilities. 

EXAMPLES OF CURRENT RESEARCH EFFORTS, 
AND LEVERAGING FROM RELATED PROGRAMS 

We have chosen several critical areas for review: hydration and heat pro-
duction, substrate utilization and energy metabolism, muscle and bone remodel-
ing, and brain function. These traditionally separate research areas are interre-
lated through metabolic processes. For example, exertional rhabdomyolysis has 
elements of hydration and heat exposure, energy flux, and muscle remodeling, 
with early effects on mental status (Gardner and Kark, 1994). The topics are also 
closely interrelated through common measures that might signal changes in one 
or more of these physiological categories. For example, shivering may indicate a 
variety of threats that, when combined with one or two other measurements, can 
unambiguously distinguish impending hypothermia risk, exposure to a neuro-
toxic chemical, or intense psychological fear. Brain function reflected in cogni-
tive, mood, or psychomotor measures (e.g., speed of mental processing, irritabil-
ity, and marksmanship) may be a common and sensitive marker of deficits of all 
the other stressors and functional deficits of interest. These may include each of 
the topics in this workshop, including carbohydrate metabolism in physical ex-
haustion (Frier, 2001), dehydration or significant fluid shifts such as those ob-
served in the brain with acute mountain sickness (Singh et al., 1990), and per-
haps even cytokine-mediated changes in brain function following intense 
muscular exertion (Febbraio and Pedersen, 2002). Brain function is both an 
early indicator of many stressors of concern and a direct reflection of specific 
performance capabilities. 

Early changes to defend critical functions are likely to be more promising 
prognostic indicators than awaiting change in the critical function itself (e.g., 
blood glucose, serum osmolality, core body temperature). The critical function 
may be so well defended, such as serum osmolality and sodium concentration, 
that when a significant change is detected, homeostatic mechanisms have failed 
and the individual is already a casualty. Earlier changes in interstitial fluid or 
osmoregulatory hormones may signal a heroic defense against a threat to in-
travascular volume, even while other measures appear to indicate that all is still 
well. There are also conditions under which the critical function measurement, 
such as body temperature, may have a wider range of �normal� at performance 
extremes in healthy individuals than previously recognized. This reflects highly 
appropriate compensation to sustain peak performance, defying definitive classi-
fication of an impending performance failure until regulatory mechanisms fail. 
For example, core body temperature may be as low as 35°C at the circadian 
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TABLE D-1 Technology Forecast for Practical Metabolic Assessment Measures 
(Measured Endpoints and Conceivable Technologies) 
Past Presenta 
Energy balance and fuel availability   
• Blood and urine biochemistry 
• Ratings of perceived exertion 

• �Gluco-watch�  
• Activity-based predictions  

• Home test glucose monitors, lab tests • Reverse iontophoresis, actigraphy  
 

Brain metabolic function   
• Paper and pencil tests • Computerized neuropsychological test-

ing 
• EEG spectral analysis  

 • Palm-top test, dry electrodes in a hat 
band  

 
 

Hydration and water balance   
• Urine specific gravity • Balance based on intake and predicted 

losses  
• Whole body water estimates 

 • Instrumented canteen/camelbak, bio-
electrical resistance 

 
Bone and muscle turnover   
• Loss of strength and delayed onset 

muscle soreness 
• �Hot spots� 

• Specific blood and urinary markers 
(e.g., telopeptides, myoglobin, CPK, 
IGF-1)  

• Thermography • Lab tests 
a EEG = electroencephalogram, CPK = creatine phosphokinase, IGF-1 = insulin-like 
growth factor-1. 
 
 
nadir in Ranger students who have lost most of their insulative fat and have me-
tabolically adjusted to a reduced energy intake (Hoyt et al., 1997b), and it may 
be sustained at 40°C for several hours in marathoners during their race (Maron 
et al., 1977). Monitoring the signs of compensation (e.g., changes in heat flux, 
activation of sweating or shivering mechanisms, cardiac responses, and mental 
functioning) may predict a trajectory to danger (amber) well in advance of the 
unambiguous changes in core body temperature (red).  

Bone and muscle turnover studies are important to the military to solve 
near-term problems of high rates of injury during physical training, most impor-
tantly during the rapid train-up phase of the 8- to 12-week initial entry training 
course conducted in every service (half of all female soldiers incur muscu-
loskeletal injury during basic training). A peak incidence of stress fractures by 
about the third week of training was hypothesized to be associated with high 
rates of bone remodeling stimulated by the training. This led to a major Army 
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Near Futureb Far Futurec 
  
• Subdermal continuous glucose, lactate, 

pH, free fatty acids 
• Functional outcome (e.g., EMG, nerve 

conduction, changes in thermal flux) 
• Semi-invasive implantable sensors and 

�tattoos�  
• Noninvasive physiological sensors 

built into clothing 
  
• Saccades and pupil responses  
• Voice analysis 
• Task embedded psychological tests  

• Sweat/exhaled cytokines 
• Volatile compounds/pheromones 
• Brain blood flow 

• Doppler etc. in soldier hel-
met/spectacles 

• Chemical nose, respiratory sampling, 
personal intrahelmet brain imaging sys-
tems 

 
 

 

• Intercellular fluid assessment  
• Whole body water changes 

• Changes in skin properties 
• Endocrine changes in defense of water 

volume 
• Subdermal wicks, boot-sensor body 

weight tracking with electrolyte and 
BIA sensors 

• Skin mechanical/electrical changes, 
semi-invasive sensing of osmoregula-
tory hormones 

  
• Sweat markers of calcium and protein 

metabolism  
• Altered biomechanics  

• Changes in redox status  
• Regional metabolism/blood flow 

changes  
• Practical field test systems • Deep muscle biochemical sensors  
b BIA = bioelectrical impedance analysis. 
c EMG = electromyogram. 
 
 
study that examined the benefits of a physical training rest period in the third 
week of training (Popovich et al., 2000). Unfortunately, this did not modify the 
injury profile, suggesting a more complicated pathogenesis, including individual 
variability. The development of specific markers of susceptibility and impending 
injury in individuals is still urgently needed.  

Table D-1 suggests some of the outcomes that might be logical targets for 
monitoring within the next decade and some of the technologies that exist or 
could be developed for such monitoring. The boundary between current and 
near-term approaches is slightly blurred by the overlap of current technologies 
that require far more validation and projected near-term technologies that are 
just beginning to demonstrate promise. For example, fitness for duty based on 
various peripheral indicators of brain function is an important but elusive goal. 
In the past, there was a hope that performance could be predicted from recent 
sleep history measured by wrist-worn actigraphy (Redmond and Hegge, 1985); 
the current status of fatigue-performance models is too immature and individual 
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responses to this single measure are too variable to make this useful by itself 
(Friedl et al., In press). Potentially noninvasive measurement methods that could 
be mounted in a helmet, such as pupillometry and saccadic eye movements, are 
being explored but have so far not held up well compared with lab measures 
such as the psychomotor vigilance task (Russo et al., 2003). A method devel-
oped by the National Aeronautics and Space Administration (NASA) that fol-
lows slow eye closure (�droopy� eyelids) shows great promise, but will have to 
be proven in a helmet-type platform that keeps the monitor in line with the sub-
ject�s eyes (Dinges et al., 1998). Voice analysis is specifically affected by emo-
tional load in soldiers, returning to normal with psychological adaptation even 
while general activation (e.g., accelerated heart rate) continues (Wittels et al., 
2002); however, this measure has not yet been demonstrated to correspond to 
specific performance decrements. EEG analyses in fatigued subjects or during 
sustained vigilance tasks have been studied in at least three military laboratories 
and show promise, but they remain to be demonstrated as strong predictors of 
impending deficits (Caldwell et al., 2002).  

Far-future technologies are concepts that might be achievable but have not 
been seriously explored and remain �marks on the wall.� Mitochondrial redox 
state in specific brain tissues has been suggested as the key marker of brain 
function status, based on the importance of neural cell bioenergetics. Perhaps the 
far-future final common pathway to monitor would be something like this and 
everyone will submit to a minor transsphenoidal surgical procedure for a rice 
grain-sized monitor of brain status! Intracerebral monitoring of energy-related 
metabolites is being done with neurosurgical patients now to follow acute condi-
tions involving hypoxia and ischemia. As we learn more about what we need to 
measure, the technologists may be able to develop the noninvasive monitoring 
devices to our emerging specifications. For example, with the higher powered 
magnets, researchers are now detecting glutamate peaks in MRS brain pixels. 
An elevated frontal lobe glutamate might signify a range of acute metabolic in-
sults that would be very important to detect and countermand. We now have 
transcranial magnetic stimulation systems that operate with very low power; 
why not a technology for brain spectroscopy built into a helmet in the future? 
Nearer term approaches to monitoring brain metabolic activity includes applica-
tions of existing near infrared and Doppler probes to estimate fron lobe activity 
and monitor middle cerebral artery blood flow (Hitchcock et al., 2003). 

The current military research programs are leveraged with special Congres-
sional appropriations that accelerate basic metabolic research in specific topic 
areas. The Bone Health and Military Medical Readiness research program (sup-
ported by the National Osteoporosis and Related Bone Disorders Coalition) is 
focused on the improved understanding of bone remodeling processes and in-
cludes projects that are exploring markers of impending stress fracture injury. 
The Technologies for Metabolic Monitoring research program (supported by the 
Juvenile Diabetes Research Foundation) is testing novel approaches to measure 
functional outcomes related to biochemical status and energy metabolism, nota-
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bly glucose regulation, but including also the development of lactate sensors and 
the exploration of physiological indicators of metabolic status. Projects sup-
ported by the Force Health Protection research program examine methods to 
monitor global health status in soldiers, including the use of breath condensates 
to measure cytokines and other markers of lung function following blast or toxic 
inhalation exposures. Two large projects are assessing the association of brain 
magnetic resonance spectroscopy measures (Schuff et al., 1999) and symptom 
reporting in chronic multisymptom illnesses to determine objective markers of 
well-being. Another program is dedicated to the investigation of eye saccades 
and pupil responses as indices of fatigue and fitness for duty, as described in a 
recent review by Major General (ret.) Gary Rapmund (2002). The Neurotoxin 
Exposure Treatment Research Program (sponsored by the Parkinson�s Action 
Network) includes exploration of voice analysis and neuropsychological testing 
methods for early detection of neurological changes. 

 
Disclaimer: The opinions and assertions expressed in this paper are those of 

the author and do not necessarily express the official views of the Department of 
the Army or other Services. 
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CURRENT STATUS OF FIELD 
APPLICATIONS OF PHYSIOLOGICAL 

MONITORING FOR THE DISMOUNTED 
SOLDIER 

 
Reed W. Hoyt, COL Karl E. Friedl, U.S. Army Research Institute of 

Environmental Medicine 

The dismounted warfighter�s workplace is fairly unique within the variety 
of occupational challenges encountered by the American population. Modern 
foot soldiers commonly engage in intense, mentally and physically demanding 
3- to 10-day missions, often in rugged terrain or complex urban settings. These 
warriors carry heavy loads (35�65 kg) and are often food and sleep restricted. 
Environmental conditions�ambient temperature, humidity, wind speed, solar 
load, and barometric pressure�can vary widely. Consider as recent examples of 
the operational environment the desert heat conditions of the Persian Gulf, the 
cold, wet weather in Bosnia, and the cold and high altitude challenges in the 
mountains of Afghanistan. 

WARFIGHTER PHYSIOLOGICAL STATUS 
MONITORING CONCEPT 

Why is physiological monitoring in the field needed? Wearable metabolic 
and physiological status monitoring can play important roles in: (a) sustaining 
physical and mental performance, (b) reducing the likelihood of nonbattle inju-
ries, such as heat stroke, frostbite, and acute mountain sickness, and (c) improv-
ing casualty management in remote situations.  

Ambulatory warfighter physiological status monitoring (WPSM) technolo-
gies are being developed to provide useful performance and health status indica-
tors for warfighters, medics, commanders, and logisticians. The goal is to 
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maximize the operational effectiveness of soldiers, to reduce the occurrence of 
non-battle casualties, and to improve remote casualty management. Currently, 
the WPSM program is using a novel research �tool kit� to collect ambulatory 
physiological data from soldiers operating in stressful field environments. 
Analysis of these data sets is providing a better understanding of the physiologi-
cal strains associated with operations in a multi-stressor environment. The data 
are also guiding the development a soldier-acceptable WSPM system for ad-
vanced combat systems for dismounted warfighters, including land warriors and 
objective force warriors.  

The WPSM effort risks being driven by technology rather than the biologi-
cal needs of the warfighter, resulting in inappropriate technologies lack scalabil-
ity, adaptability, reliability, and ease of use. Indeed, sensor hardware often first 
comes to mind when thinking about ambulatory metabolic and physiological 
monitoring. In practice, however, sensor development is one of a series of steps 
needed to reliably generate a useful flow of health-state information in a harsh 
and highly constrained wearable environment. These steps include: reliable sen-
sor data collection, data cleaning, data reduction and interpretation, and the 
communication, synthesis, interpretation, and presentation of the data. Key 
technologies that support this process, including posthoc time-series data man-
agement and the medical Personal Area Network, are reviewed elsewhere (Hoyt 
et al., 2002).  

Power, weight, and volume constraints, and the need for truly �wear-and-
forget� comfort, limit the functionality of wearable sensors. What can be sensed 
may be unconventional. For example, estimating sleep by monitoring activity is 
practical, but it is not currently practical to do so by electroencephalogram. Fur-
thermore, wearable sensors are usually less reliable than their laboratory coun-
terparts due to factors such as motion artifact and environmental effects (water, 
temperature, pressure). An intelligent sensor network that reliably generates 
useful information from a number of disparate sources is needed to provide a 
holistic, rather than a �keyhole,� view of the physiological status of the individ-
ual.  

CURRENT COMPONENTS OF PHYSIOLOGICAL 
STATUS 

A prototype WPSM user interface (display) for the medic or field com-
mander (Figure D-1) illustrates relevant types of contextual and physiological 
information. This heuristic display shows: (1) thermal/work strain as the physio-
logical strain index (PSI) (Moran et al., 1998), (2) hydration state or water bal-
ance (water intake relative to water requirements), (3) metabolic rate, (4) envi-
ronmental conditions, (5) cognitive/sleep status (hours of sleep, etc.), and (6) 
clinical status and location information. This knowledge display requires data 
from multiple sources, including a baseline characterization of the individual, 
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real-time soldier and environmental sensor input, and historical and group mean 
data. 

Warfighter Characteristics 

Warfighter characteristics, along with clothing, diet, load, geolocation, and 
meteorological conditions (air temperature, solar load, wind speed, humidity), 
are important determinants of the individual�s physiological and pathophysi-
ological responses to environmental stresses and trauma. Relevant warfighter 
characteristics include: job type (military occupational specialty), gender, eth-
nicity, age, height, body weight, percent body fat, thermal and altitude acclima-
tion history, and aerobic fitness. These factors change slowly, if at all, and can 
be recorded well before any training or combat mission. Body fat percent can be 
estimated simply from waist circumference (Wright and Wilmore, 1974). Sim-
ple field techniques for characterizing thermal and altitude acclimation states are 
currently not well defined. Aerobic fitness can be estimated from the Army 
Physical Fitness Test 2-mile run for time score (Mello et al., 1988), or from 
foot-ground contact time and heart rate using the method of Weyand and col-
leagues (2001).  

Heat Strain 

Understanding why hot weather injuries occur and developing ways to pre-
vent these injuries are important concerns given the approximately 120 heat 
stroke/sun stroke injuries that occur per year and the associated $10 million cost 
per year (Sawka et al., 1996; http://amsa.army.mil). The graphical display in 
Figure D-2 shows core temperature, measured by an ingested thermometer pill 
(O�Brien et al., 1998) and heart rate, typically derived from an electrocardio-
gram. The PSI, a lumped core temperature/heart rate index that reflects ther-
mal/work strain on a scale of 0 to 10 (Moran et al., 1998), is currently used to 
generate green/amber/red alerts as thresholds are passed. PSI values may prove 
useful in assessing acclimation status, guiding heat acclimation routines, and in 
setting the timing and duration of work/rest cycles. A first-principles thermal 
strain model, called Scenario, estimates core temperature from work rate, cloth-
ing characteristics, and ambient meteorological conditions (Kraning and Gon-
zalez, 1997). This and other surrogate measures of core temperature may be ap-
propriate when risk of hypo- or hyperthermia is moderate and more precise core 
temperature measurements, such as those provided by an ingested radio ther-
mometer pill, are not needed. The core temperature requirement is likely to be 
replaced by improvements in heat flux modeling from measures of cutaneous 
responses and temperatures; combined with other sensor measurements, this 
may provide strong inferences not only about thermal status, but also about 
shock and hemorrhage.  
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FIGURE D-2 Heart rate, core temperature, and physiological strain index (Moran et al., 
1998) in two soldiers engaged in similar training activities during a hot-weather field 
exercise at the Joint Readiness Training Center, Fort Polk, Louisiana. The thermal/work 
strain levels associated with two bouts of marching (1145�1200 h and 1230�1300 h) 
were more pronounced in the heat exhaustion casualty (cadet) than in the less-affected 
509th soldier. The heat casualty had a higher body fat percent, carried a heavier load, was 
less physically fit, and was not heat acclimated, as compared with his 509th cohort. 
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Cold Strain 

Cold injuries, that is, hypothermia and peripheral cold injuries, are also a 
major concern for soldiers (King and Lum, 2002). Temperature pills can be used 
to monitor for hypothermia (O�Brien et al., 1998). Peripheral temperature and 
heat flux sensors can be used to assess the risk of peripheral cold injury and to 
guide improvements in clothing, boots, and gloves. The Cold Strain Index 
(Moran et al., 1999) uses core and peripheral temperatures to track cold strain. 
However, this algorithm needs to be modified to account for altered thermoregu-
lation during underfeeding and sleep. (See Toner and McArdle [1988] for a dis-
cussion of the physiological adjustment of humans to the cold.)  

Hydration 

Under- or overhydration can lead to decrements in physical and cognitive 
performance, increased risk of heat injury, hyponatremia, or death (Montain et 
al., 2001; Pandolf et al., 1988). Mission water requirements, which are largely 
driven by basal water needs and sweat losses, can be predicted based on the an-
ticipated weather, clothing, load weight, and metabolic rate during the mission 
(Kraning and Gonzalez, 1997). Technologies to monitor water intake from blad-
der-type canteens, the �drink-o-meter� concept, can help ensure adequate water 
intake (water discipline). However, practical field methods to assess overall hy-
dration (total body water content), or to monitor chronic hydration state through 
adequacy of hourly urine output, have yet to be developed. Tests of the use of 
body resistance measurements have consistently failed to demonstrate accurate 
tracking of water changes, perhaps in part because of the inability to control for 
variability in electrolyte concentrations during various types of dehydration 
(Berneis and Keller, 2000; Koulmann et al., 2000). It may be possible in the 
future to improve electrical resistance-derived estimates of hydration with 
minimally invasive subdermal electrolyte sensors. Alternatively, future auto-
matic monitoring of urinary excretion rates and solute concentrations may pro-
vide valuable insight into hydration status and other aspects of acute soldier 
health.  

Metabolic Status/Energy Reserve�Modeling the 
Metabolic Fuel Requirements of Soldiers 

Field rations may not always meet the nutritional needs of soldiers (Friedl 
and Hoyt, 1997). Negative fat balance, commonly associated with undereating 
in the field, can usually be managed with little consequence by drawing on sub-
stantial body-fat reserves. Body-fat energy reserves can be calculated from per-
cent body fat, as estimated from waist circumference less the 5 percent absolute 
minimum body-fat levels attainable in underfed healthy male soldiers (Friedl et 
al., 1994). However, negative carbohydrate balance, which is common in the 
field and associated with decreased endurance capacity and loss of lean mass, is 
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more difficult to manage due to the body�s limited carbohydrate reserves. Can 
monitoring technologies help ensure that field rations meet the fuel requirements 
of physically active soldiers?  

Carbohydrate requirements of soldiers can be estimated from aerobic fit-
ness, daily activity patterns, and the metabolic cost of locomotion (Hoyt et al., 
1997). Maximum aerobic capacity can be derived from the Army�s Annual 
Physical Fitness Test 2-mile run for time results (Mello et al., 1988). Daily ac-
tivity patterns can be derived from heart rate or actigraphy (Redmond and 
Hegge, 1985). The metabolic cost of locomotion can be derived from total 
weight and foot-ground contact times (pedometry) (Hoyt and Weyand, 1996; 
Kram and Taylor, 1990) or from the Pandolf equation and body weight, load 
weight, and geolocation (including velocity of movement, grade, and footing) 
(Pandolf et al., 1977). Knowing the metabolic rate and the maximum aerobic 
capacity for each individual, an exercise intensity profile can be generated (i.e., 
percent of maximum aerobic capacity over time). Oxygen consumption can be 
partitioned into carbohydrate and fat combustion by assuming a given relation-
ship between resting or exercise intensity and the nonprotein respiratory ex-
change ratio (RER = carbon dioxide production/oxygen consumption) and using 
standard conversion factors. The exercise intensity-RER relationship chosen 
might be more fat-predominant than that of fully fed individuals (Åstrand and 
Rodahl, 1986) due to practical limits on the amount of food soldiers can carry.  

Remote Trauma Triage 

Warfighters are expected to be widely dispersed on the battlefield and 
minimal medical care will be available to combat casualties. To help improve 
remote casualty management, a remote trauma triage system is being developed. 
This remote triage system, part of the WPSM system, will contain sensors and 
algorithms that allow medics to remotely detect ballistic wounding events and to 
determine casualty life signs and the need for a major surgical life-saving inter-
vention (Holcomb et al., In press). Parameters important in life-sign detection 
after wounding include responsiveness to radio contact, motion, body position, 
cardiac activity, and systolic blood pressure. Distilled health-state information 
will help the medic use medical resources (time, equipment, supplies)           
effectively. 

Altitude Acclimatization 

Soldiers deploying to elevations above 2,800 m (~ 8,000 ft) may experience 
Acute Mountain Sickness (AMS) (Pandolf et al., 1988). AMS is characterized 
by headache, nausea, fatigue, decreased appetite, and poor sleep, often with 
signs of poor balance and mild swelling of the face, hands, and feet. Without 
special preparation, a large proportion of a military unit rapidly inserted at high 
altitude is likely to develop acutely debilitating symptoms. Normally, AMS is 
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TABLE D-2 Age, Physical Characteristics, Total Load Carried, and Maximal 
Aerobic Capacity of Two Soldiers�A Heat Exhaustion Casualty (Cadet), and an 
Unaffected 509th Soldier from the 1/509th Infantry Brigade (Airborne) 

 
Soldier 

Age 
(y) 

Height 
(cm) 

Weight 
(kg) 

Body Fat 
(%) 

Load 
(kg) 

VO2max (ml 
O2/kg1 min-1) 

Cadet 21 175 79.3 18 45.3 47 
509th soldier 22 170 68 13.3 35.3 53 
NOTE: These soldiers were engaged in similar hot-weather training activities at the Joint 
Readiness Training Center, Fort Polk, Louisiana. During a road march, the nonheat-
acclimated, less lean, more burdened, less physically fit cadet became a heat casualty, 
while the heat-acclimated, leaner, less-burdened, more-fit soldier from the 1/509th Infantry 
Brigade (Airborne) tolerated the thermal/work stress. 
 
 
either absent or resolves within 3 to 4 days following ascent. However, maladap-
tation can lead to life-threatening, high-altitude pulmonary or cerebral edema. 
Individual acclimatization state can be assessed by comparing blood-oxygen 
saturation for a given ascent profile (i.e., SaO2 for the reported or measured ex-
posure to hypobaric hypoxia), with that expected with normal acclimatization. 
An ability to monitor and model acclimatization status will make it easier to 
plan high-altitude missions and minimize altitude illnesses.  

AN EXAMPLE APPLICATION�CHARACTERISTICS 
OF A HEAT CASUALTY  

Heat strain provides a demonstration of nascent capabilities for physiologi-
cal monitoring. Reliable predictions of soldier mental status and performance 
capabilities are not yet available, while the assessment of frank casualties has 
been possible for some time through the use of clinical monitoring technologies. 
Progressive heat strain moves on a continuum from impaired cognitive function 
to frank casualty and presents one of the first opportunities to provide com-
manders with useful predictions of failing performance before a soldier becomes 
an environmental stress casualty. Collection of field data that includes clear 
medical outcomes makes it possible to backtrack to earlier indicators of the im-
pending health risk and develop more precise predictive thresholds of individual 
risk. 

A pair of soldiers was engaged in similar training activities during a hot-
weather field exercise at the Joint Readiness Training Center, Fort Polk, Louisi-
ana. Although the two soldiers performed similar activities from about 1130 to 
1400 h (ambient temperature = 32°�34oC; relative humidity = 46�55 percent; 
solar load = 800�875 W/m2; wind speed = 1�2 ms-1), and both were fed and hy-
drated, only one became a heat casualty. Soldier characteristics, including 
maximal aerobic capacity determined using the method of Weyand and col-
leagues (2001), are shown in Table D-2. Geolocation data (not shown) was col-
lected using a Global Positioning System and Dead Reckoning Module (Model 
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DRM III, Point Research Corp., Fountain Valley, California). Ambulatory heart-
rate data, from an electrocardiography, and core temperature data, via an in-
gested temperature radio telemetry pill (Human Technologies Inc., St. Peters-
burg, Florida), were also collected. PSI was calculated (Moran et al., 1998). 
Posthoc data analysis showed that the difference in response to heat stress was 
due to a number of factors. The heat casualty had a higher body-fat percent, car-
ried a heavier load, was less physically fit, and was not heat acclimated (by in-
terview) as compared with his unaffected cohort. In this instance, integrating 
multiple data streams was essential to the process of understanding a multistres-
sor physiological events. In contrast, experiences in the intensive care unit 
(ICU), where equally or more complex biological challenges present them-
selves, suggests multiple data streams may not always be necessary. For exam-
ple, decades ago Dr. Hans Weil introduced the great toe temperature as an effec-
tive integrator of many complex physiologic variables (Joly and Weil, 1969; 
Vincent et al., 1988). This has resulted in more explicit ICU protocols that have 
favorably changed both clinician compliance and patient outcome. The mini-
mum number and type of data streams needed for useful physiological status 
monitoring in the field, where noise, sensor failure, and changeable biophysical 
conditions are common, deserves further investigation.  

In conclusion, physiological and metabolic monitoring offers a number of 
potential benefits for dismounted warfighters. However, achieving these benefits 
is scientifically and technically challenging. 
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BIOMARKERS OF PHYSIOLOGICAL 
STRAIN DURING EXPOSURE TO HOT 

AND COLD ENVIRONMENTS 
 

Andrew J. Young, Michael N. Sawka, Kent B. Pandolf 
 U.S. Army Research Institute of Environmental Medicine 

Soldiers experience thermal (heat and cold) stress arising from the com-
bined effects of environment, clothing insulation, and body heat production. 
Alterations in body temperatures (core, skin, and muscle) above and below nor-
mal levels can lead to thermal illness and injury and also degrade performance. 
Humans regulate core temperature within a narrow range (35o�41oC) through 
both behavioral and physiological responses to thermal stress. When conscious 
actions to minimize or avoid thermal stress by modifying activity levels, chang-
ing clothes, and seeking shelter do not completely negate thermal stress, 
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TABLE D-3 Core Temperature Measures 
Site Advantage Disadvantage 
Esophageal Accurate, rapid response Uncomfortable, affected by 

swallowing 
Rectal Accurate, measurement 

ease 
Slow response, uncomfortable, 

cultural objections 
Auditory canal - 

tympanic membrane 
Measurement ease Inaccurate (biased by skin and 

ambient temperature), uncom-
fortable 

Oral Measurement ease Inaccurate (affected by mouth 
breathing) 

�Pill� Accurate, measurement 
ease 

Pill movement influences meas-
urement, signal �cross talk� 
between subjects in close 
proximity 

 
 
physiological responses are activated that enhance dissipation or conservation of 
body heat stores, as appropriate, through alterations in metabolic rate, blood 
flow between the core and the skin, and sweating. Activation of these responses 
works to maintain temperature homeostasis, but it also results in physiological 
strain. In this brief review, human physiological responses elicited in response to 
exposure to extremes of hot and cold will be summarized with a view to identi-
fying potential biomarkers of physiological strain. Further, an example of how 
such biomarkers can be used collectively to assess physiological strain and warn 
of impending health and performance degradation during exposure to heat and 
cold will be presented. 

CORE TEMPERATURE 

Thermal strain is most commonly assessed by the measurement of body 
core temperature. There is no one �true� core temperature because of tempera-
ture differences among different sites in the core. Core temperature is often 
measured at the esophagus, rectum, mouth, tympanum, and auditory meatus. 
Measurement methods employed for each of these sites and the relative advan-
tages and disadvantages of each are discussed in detail by Sawka and colleagues 
(1996) and summarized in Table D-3. In brief, most thermal physiologists con-
sider esophageal temperature to be the most accurate and reliable noninvasive 
index of core temperature for humans, followed in preference by rectal tempera-
ture and gastrointestinal tract temperature measured using ingestible temperature 
sensor pills, the latter of which is ideally suited for ambulatory monitoring out-
side of laboratories (O�Brien et al., 1998). Oral (sublingual), tympanic, and audi-
tory meatus temperatures are widely used as reflections of core temperature, but 
all are influenced to some degree by head and face skin temperatures, as well as 
by ambient temperature, and are sensitive to inaccuracies related to proper 
placement of the sensor.  
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HEAT STRAIN 

Heat Stress 

Heat stress increases the requirements for sweating and circulatory re-
sponses to dissipate body heat. When the ambient temperature is warmer than 
skin, the body gains heat from the climate, which increases the heat the body 
must dissipate. In addition, exercise increases metabolic rate and thus increases 
the rate that heat must be dissipated to keep core temperature from increasing to 
dangerous levels. Climatic heat stress and exercise interact synergistically. 

The Wet Bulb Globe Temperature (WBGT) is widely used as a quantitative 
index of climatic heat stress for use in regulating permitted physical activity 
level and strategies to minimize the risk of heat injury. WBGT is an empirical 
index of climatic heat stress but does not quantify physiological strain. It is cal-
culated as outdoor WBGT = 0.7 natural wet bulb + 0.2 black globe + 0.1 dry 
bulb, or as indoor WBGT = 0.7 natural wet bulb + 0.3 black globe. High WBGT 
values can be achieved either through high humidity, as reflected in high wet 
bulb temperature, or through high air (dry bulb) temperature and solar load, as 
reflected in black globe temperature. While useful, WBGT underestimates the 
risk of heat injury for humid conditions, and the index was originally developed 
for predicting resting comfort conditions and does not consider clothing or exer-
cise intensity (metabolic rate), so it cannot predict heat exchange between a per-
son and the climate or the physiological strain of thermoregulation (Sawka and 
Young, 2000). The National Weather Service uses a similar index, referred to as 
the Heat Index, which, in theory, provides the temperature sensed by the body 
when the ambient temperature and humidity are combined (NWS, 2003). This 
index, like the WBGT, does not consider the level of physical activity or cloth-
ing in estimating strain. 

Thermoregulatory Responses to Heat Stress 

During exercise, core temperature initially increases rapidly and subse-
quently increases at a reduced rate until heat loss equals heat production and 
steady-state values are achieved. The core temperature increase represents the 
storage of metabolic heat that is produced as a by-product of skeletal muscle 
contraction. At the beginning of exercise, the metabolic rate increases immedi-
ately, while thermoregulatory effector responses that enable heat dissipation 
respond more slowly, but eventually heat loss increases sufficiently to balance 
metabolic heat production, allowing a new steady-state core temperature to be 
achieved. Within a range of conditions known as the �prescriptive zone,� the 
magnitude of the increase in core temperature is independent of climatic condi-
tions and proportional to the metabolic rate (Sawka et al., 1996). 

Outside the prescriptive zone, the increase in core temperature is no longer 
independent of ambient conditions (Sawka and Young, 2000). During com-
pensable heat stress, thermoregulatory responses may still dissipate heat at a rate 
allowing a steady-state core temperature to be maintained, albeit at a higher 
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level than within the prescriptive zone. However, there are biophysical limits to 
heat exchange between the climate and the body, and the relative contributions 
of dry and evaporative heat exchange to total heat loss varies with climatic con-
ditions. As ambient temperature increases, the gradient for dry heat exchange 
diminishes and evaporative heat exchange becomes more important. When the 
ambient temperature equals or exceeds skin temperature, evaporative heat ex-
change will account for virtually all heat loss. Evaporation is limited by the va-
por pressure of water in air, thus, increasing humidity constrains evaporative 
heat loss. Uncompensable heat stress occurs when the maximal evaporative 
cooling capacity of the ambient environment exceeds the amount of evaporative 
cooling required to dissipate metabolic heat production, and a steady-state core 
temperature cannot be achieved. 

Core temperature provides a reliable physiological index to predict the inci-
dence of exhaustion from heat strain (Sawka and Young, 2000). Figure D-3 pre-
sents the relationships between core temperature and incidence of exhaustion 
from heat strain for heat-acclimated persons exercising in uncompensable or 
compensable heat stress. During uncompensable heat stress, exhaustion was 
rarely associated with a core temperature below 38°C, and exhaustion always 
occurred before a temperature of 40°C was achieved, whereas during com-
pensable heat stress, there are many reports of individuals whose core tempera-
tures exceed 40°C at exhaustion (Sawka and Young, 2000). For example, Joy 
and Goldman (1968) reported that 35 of 63 (56 percent) elite soldiers were still 
performing military tasks when core temperature reached 39.5°C, and Pugh and 
colleagues (1967) observed that the core temperature of 7 out of 47 marathon 
runners exhibited core temperatures > 40°C (highest value was 41°C) immedi-
ately upon completion of the race. Thus, increasing core temperatures may be 
useful for predicting onset of heat exhaustion within a group of individuals, but 
the relationship between core temperature and time to exhaustion is greatly in-
fluenced by the environment (compensable versus uncompensable heat stress) 
and individual variability due to fitness and other factors. 

Other commonly measured physiological responses indicative of thermal 
strain during heat stress include skin temperature, sweating rate, and heat rate. 
Increases in both skin temperature and sweat rate do occur with increasing heat 
strain, but both skin temperature and sweat rate vary considerably depending on 
the site of the body where the measurements are made. Further, the ambient 
air/water temperature surrounding the body can influence temperature measured 
at the skin unless steps are taken to carefully insulate the sensor from the envi-
ronment. Similarly, sweating rate at a given metabolic rate varies with environ-
mental conditions, fitness, hydration, and acclimatization status of the individ-
ual. Therefore, while skin temperature and sweat rate are useful measurements 
for laboratory studies of thermoregulation, these variables are probably of lim-
ited value for use as generalized biomarkers for monitoring an individual�s heat 
strain. 
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FIGURE D-3 Relationships between core temperature and incidence of exhaustion from 
heat strain.  
SOURCE: Reprinted, with permission Sawka and Young (2000), Exercise and Sport 
Science, Lippincott Williams & Wilkins©. 
 
 

Heart rate, on the other hand, is easy to measure and is a useful index of 
thermal strain. During exercise, metabolic rate and heat production may be ten 
times their levels at rest, and delivery of heat to the skin to achieve core-to-skin 
heat transfer sufficient for thermal balance must increase proportionately in or-
der to reestablish thermal balance. Since skin temperature increases in warmer 
environments, the core-to-skin temperature gradient becomes relatively narrow 
in hot environments, and skin blood flow must be rather high to achieve suffi-
cient heat transfer to maintain thermal balance during exercise. During exercise 
in the heat, the primary cardiovascular challenge is to provide simultaneously 
enough blood flow to exercising skeletal muscle to support its metabolism and 
enough blood flow to the skin to dissipate heat. High skin blood flow often is 
associated with reduced cardiac filling and with stroke volume, which require a 
higher heart rate to maintain cardiac output. Therefore, elevation of the heart 
rate response to exercise is an index of the increased cardiovascular strain re-
quired for thermoregulation during heat stress. The ease of measuring heart rate 
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makes it a good candidate for monitoring thermal strain during exercise heat 
stress. 

Metabolic Responses to Heat Stress 

Exercise in the heat also reportedly increases plasma or muscle lactate lev-
els, and accelerated muscle glycogenolysis during exercise is sometimes ob-
served, suggesting that glycolytic metabolism has been increased (Young, 
1990). Whether this metabolic effect reflects Q10 effects, reduced oxygenation 
due to reduced perfusion of metabolically active tissue, reduced hepatic removal 
of plasma lactate, or some combination of those effects remains contentious. 
However, changes in blood lactate levels are too nonspecific to be useful as in-
dexes of thermal strain. 

There is growing evidence in both humans and animals of a role for sero-
tonin (5-HT) accumulation in the brain for the genesis of fatigue from exercise 
hyperthermia (Cheuvront and Sawka, 2001). Monitoring changes in brain 5-HT 
levels is not feasible, but peripheral measurements of prolactin (PRL) concentra-
tions are an accepted marker for brain serotonergic activity. The most recent 
findings indicate that an increase in PRL in response to exercise heat strain is 
only observed above a core temperature threshold of 38°C. Thus, while PRL 
release may provide useful information regarding the development of serotoner-
gic fatigue, the apparent existence of a 38°C temperature threshold for PRL sug-
gests that PRL may be a useful metabolic marker to denote early thermal strain 
in the heat. 

COLD STRAIN 

Cold Stress 

Humans usually rely on behavioral strategies like wearing clothing or re-
maining in shelters to protect themselves against the cold. However, the nature 
of most outdoor winter-time military activities limits the efficacy of behavioral 
strategies. When behavioral thermoregulation provides inadequate protection 
from the cold, physiological responses are elicited.  

When ambient temperature is colder than body temperature, the resulting 
thermal gradient favors body heat loss. Besides ambient temperature, wind 
speed, solar radiation, and humidity also influence the heat loss potential. No 
single cold-stress index integrates all these effects with respect to the heat loss 
potential of the environment, but one, the Wind Chill Index (WCI), has achieved 
widespread acceptance and use. The WCI estimates the environmental cooling 
rate from the combined effects of the wind and air temperature. Lacking any 
better tool for quantifying cold stress, these tables are useful to help guide deci-
sions concerning the conduct or cancellation of outdoor activities, but the com-
putational formula for the WCI probably overestimates the risk of tissue freez-
ing as wind speed increases, while underestimating the effect of decreasing air 
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temperature. Further, the WCI estimates the risk of tissue freezing only for the 
exposed skin of sedentary persons, and wearing windproof clothing greatly re-
duces wind chill effects.  

Water has a much higher thermal capacity than air, and the cooling power 
of the ambient environment is greatly enhanced under cold-wet conditions. Dur-
ing water immersion, conductive and convective heat transfer can be 70-fold 
greater than in air of the same temperature, depending on the water depth or 
body surface immersed in the water and the individual�s metabolic rate. Thus, 
even when water temperatures are relatively mild, persons swimming, wading 
streams, swamps, or through surf can lose considerable amounts of body heat. 
Furthermore, when clothing becomes wet due to rain or accidental immersion, 
its insulative value is compromised, and wetting of the skin facilitates heat loss 
by conduction, convection, and evaporation. 

Physiological Responses to Cold Stress 

Since the exposed body surface loses heat faster than it is replaced, skin 
temperature declines upon exposure to cold. When skin temperature falls below 
about 35oC, a peripheral vasoconstriction is elicited, mediated by increased 
sympathetic nervous activity that decreases peripheral blood flow and reduces 
convective heat transfer between the body�s core and shell (skin, subcutaneous 
fat, and skeletal muscle). This effectively increases insulation, retarding heat 
loss and defending core temperature, but at the expense of a decline in tempera-
ture of peripheral tissue that can contribute to the etiology of cold injuries. If 
tissue temperature falls below 0oC, freezing tissue injury will ensue, the severity 
of which will be related to the extent of freezing. Thus, monitoring skin tem-
perature during cold exposure can provide information regarding the likelihood 
of developing freezing tissue injury. 

The vasoconstrictor response to cold is pronounced in the hands and fin-
gers, making them particularly susceptible to cold injury and a loss of manual 
dexterity. In these areas, another vasomotor response, cold-induced vasodilation 
(CIVD), develops (characterized by transient increases in blood flow to the 
cooled finger to periodically rewarm skin following the initial decline during 
cold exposure). The CIVD is thought to be beneficial in maintaining dexterity 
and preventing cold injury, suggesting that by monitoring the presence or ab-
sence of such a response during cold exposure might be useful for predicting 
cold effects, but no clear evidence exists to support this idea. 

The other major physiological mechanism elicited during cold exposure is 
an increased metabolic heat production that helps offset heat losses. Muscle is 
the principal source of this thermogenic response in humans. Shivering, an in-
voluntary series of rhythmically repeated muscle contractions, may start imme-
diately or after several minutes of cold exposure, usually beginning in torso 
muscles and then spreading to the limbs. During muscular contraction, approxi-
mately 70 percent of total energy expended is liberated as heat. Certain animals 
can increase in metabolic heat production by noncontracting tissue in response 
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to cold exposure (such as nonshivering thermogenesis), but no clear evidence 
indicates that humans share this mechanism.  

As cold stress becomes more severe, shivering intensity increases and more 
muscles are recruited to shiver. Oxygen uptake increases as a result of the in-
creasing metabolic requirement of shivering, and the increase in oxygen uptake 
is related to the intensity of shivering. As mentioned above, heat losses and body 
cooling are generally more pronounced during cold-water immersion than dur-
ing exposure to cold air, and the stimulus for shivering is greater in the water. 
As a result, whole body oxygen uptake usually increases more during immersion 
in cold water, often reaching 25�45 percent maximal oxygen uptake or higher, 
than during exposure to cold air where oxygen uptakes of 15 percent of maximal 
are more common (Sawka and Young, 2000). This might suggest that measuring 
oxygen uptake could provide a means to assess shivering intensity, and this is 
the case for inactive, nonexercising persons. However, muscular contractions 
associated with exercise also increase heat production, and this heat production 
can mitigate the need for shivering (see Figure D-4).  

At low exercise intensities in the cold, metabolic heat production is not high 
enough to prevent shivering. Thus, oxygen uptake is higher, with the increased 
oxygen uptake representing the added requirement for shivering activity. As 
metabolic heat production rises with increasing exercise intensity, core and skin 
temperatures are maintained and the afferent stimulus for shivering declines, 
causing the shivering-associated component of total oxygen uptake during exer-
cise to also decline. At high intensities, exercise metabolism is high enough to 
completely prevent shivering, and oxygen uptake during exercise is the same in 
cold and temperate conditions. The exercise intensity at which metabolic heat 
production is sufficient to prevent shivering depends on the severity of cold 
stress, which, in any given environment, will vary among individuals (see be-
low). As a result, the utility of using oxygen uptake/metabolic rate measure-
ments as an quatitative index of shivering activity is limited. On the other hand, 
more direct measurements of muscular contractile activity via actigraphy, accel-
erometry, or even electromyography might provide useful quantitative indices of 
shivering activity. 

Cold exposure also influences metabolism. For example, the increased 
sympathetic nervous activity that mediates the cold-induced vasoconstrictor 
response described above also results in a pronounced rise in circulating norepi-
nephrine concentrations. Increased norepinephrine concentrations are thought to 
promote glycogenolysis and glycolytic metabolism (Young, 1990), and some 
evidence suggests that glycogenolysis and blood lactate accumulation during 
light-intensity exercise can be higher in the cold than in temperate conditions. 
The increased glycogen use during low-intensity exercise has been attributed to 
the additional metabolic cost of shivering, but it is also possible that high circu-
lating norepinephrine levels favor a shift in energy substrate metabolism favor-
ing carbohydrate utilization. Unfortunately, a myriad of exercise, environmental, 
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FIGURE D-4 Effect of cold-induced shivering on oxygen uptake during exercise at dif-
ferent intensities.  
SOURCE: Adapted from Young et al. (1996) 
 
 
and dietary factors can cause norepinephrine and lactate concentrations to in-
crease and muscle glycogen breakdown to accelerate, so these responses are too 
nonspecific to provide any useful information about thermal strain during cold 
exposure. 
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Factors Modifying Thermoregulatory Responses to Cold 

Although measuring skin temperature and shivering activity during cold ex-
posure are feasible, and monitoring skin temperature might provide a means to 
predict the danger of freezing tissue injury, neither of these indices appear en-
tirely reliable as indices of whole-body thermal strain. For example, while 
blunted shivering contributes to the impaired ability to maintain core tempera-
ture during cold exposure observed with exertional fatigue (Young et al., 1998) 
or prolonged cold exposures (Castellani et al., 1998), there are patterns of cold 
acclimatization in which shivering responses to cold also become blunted but, 
simultaneously, other adjustments develop to mitigate heat loss and enhance 
body heat conservation (Young, 1996). Also, fatter persons shiver less but ex-
perience smaller declines in body temperature than lean persons exposed to the 
same cold conditions because subcutaneous fat provides significant insulation 
against heat loss in the cold (Gagge and Gonzalez, 1996). Thus, differences in 
shivering response to cold may not always reflect important differences in ther-
mal strain. Similarly, while the decline in skin temperature during cold exposure 
does reflect the cold-induced vasoconstrictor response, it is well known that the 
steady-state skin temperature maintained during exposure to a given cold condi-
tion can be influenced by the thickness of subcutaneous fat, fitness level, accli-
matization state, and level of exercise or activity, not to mention clothing 
(Gagge and Gonzalez, 1996; Young, 1996). Thus, if only a single parameter is 
to be monitored to assess overall thermal strain in the cold, core temperature 
probably provides more meaningful information than measurements of either 
shivering or skin temperature. 

Integrative Approach to Predicting Thermal Strain 

Measuring or monitoring any single parameter to reflect thermal strain may 
be of limited value. To address this limitation, indices that integrate information 
from several parameters have been developed. For example, WBGT and Wind 
Chill both attempt to combine multiple climatic measurements into a single 
value reflective of the environmental stress level. Those indices predict the ca-
pacity of the environment to induce physiological strain, but not the strain actu-
ally experienced. However, Moran and colleagues (1998, 1999) have described 
an approach to integrate multiple physiological parameters into a single value 
reflective of the thermal strain experienced during exposure to heat or cold 
stress. 

Two separate equations, one for use with heat stress and the other for cold 
stress, have been derived using a similar conceptual basis (Moran et al., 1998, 
1999). The equations are constructed to compute the strain value, which can 
range from 0 (no/little strain) to 10 (very high strain) from the measured values 
of the physiological input parameters. Both equations assume that core tempera-
ture (both the absolute and the change from the normal resting level) is of fun-
damental importance in assessing the strain. Further, the Physiological Strain 
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Index (PSI) equation derived to predict strain in heat stress conditions incorpo-
rates a heart rate parameter because it was assumed that, with heat stress, car-
diovascular strain associated with meeting thermoregulatory requirements would 
contribute to the overall physiological strain. PSI is calculated as  

 

PSI = 5(TCt � TC0)/(39.5 � TC0) + 5(HRt � HR0)/(180 � HR0) 
 
in which TCt and HRt are simultaneous measurements of core temperature and 
heart rate at a particular time during the heat stress exposure, and TC0 and HR0 
are initial (pre-stress) measurements. The weighting factors for core temperature 
and heart rate are the same, reflecting the assumption that each contributes 
equally to the strain.  

The Cold Strain Index (CSI), derived to predict physiological strain during 
exposure to cold, replaces the heart rate parameter with a skin temperature pa-
rameter because heart rate is little affected by cold, per se, whereas skin tem-
perature does change quickly in response to the environmental stress and is 
known to provide afferent stimulus for shivering and vasoconstriction. The pa-
rameter weighting used in CSI differ from those in PSI and were chosen to 
mimic the weightings used to calculate mean body temperature from core and 
skin temperature (Pandolf and Moran, 2002). Thus, CSI is calculated  
 

CSI = 6.67(TCt � TC0)/(35 � TC0) + 3.33(TSKt � TSK0)/(20 � TSK0) 
 

in which, again, TCt and TSKt are the simultaneously measured values for core 
and skin temperature at a particular time during cold exposure, and TC0 and TSK0 
are the initial (pre-stress) values. 

Moran evaluated PSI values calculated using databases from six independ-
ent experimental studies in which human volunteers experienced exercise/heat 
stress and reported that PSI very adequately reflects the heat strain experienced 
for different climatic conditions, clothing ensembles, hydration states, and exer-
cise intensities, and between subjects of differing ages and genders (Pandolf and 
Moran, 2002). A similar approach to evaluate CSI calculated using databases 
from three independent experimental studies in which human volunteers were 
exposed to different cold air or cold water immersion conditions also indicated 
that CSI effectively depicted cold strain (Pandolf and Moran, 2002), but the au-
thors acknowledged that the evaluation of CSI needed to consider a wider range 
of ambient conditions. Further development of CSI appears necessary to con-
sider the effects of exercise on the calculated strain value (Castellani et al., 
2001). 
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SUMMARY 

Climatic heat stress and exercise interact synergistically and may strain 
physiological systems to their limits, impairing performance and increasing sus-
ceptibility to heat injury. Heat stress increases requirements for sweating and 
circulatory responses to dissipate body heat, and these physiological adjustments 
combined with rising body temperatures may have metabolic effects. Core body 
temperature and heart rate are considered reliable physiological parameters for 
monitoring heat strain, while monitoring skin temperature and sweat rates 
probably provide less important information due to the wide variability in these 
responses. The possibility that changes in peripheral metabolites, such as circu-
lating prolactin levels, may provide information about central nervous system 
heat strain remain to be definitively examined.  

In the cold, the ability to maintain body heat balance and normal body tem-
peratures will depend primarily on the severity of climatic cold stress and cloth-
ing insulation and to a lesser extent on the influence of physiological responses. 
Exposure to cold elicits shivering thermogenesis, but the response to a given 
environment varies widely among individuals depending on their clothing, ac-
climatization, activity level, and body composition. Thus, monitoring the inten-
sity of shivering may not provide useful information regarding cold strain being 
experienced by individuals exposed to cold. Cold-induced vasoconstriction de-
creases blood flow to peripheral tissues, favoring conservation of body heat at 
the expense of a decline in skin temperature and increased susceptibility to cold 
injury; thus, monitoring skin temperature, particularly in unprotected skin re-
gions exposed to cold or areas receiving poor circulation, can provide prediction 
regarding development of freezing tissue injury. Changes in core temperature 
provide a reliable index of whole-body cooling and cold strain experienced by 
individuals, and reduced core temperature can degrade the ability to achieve 
maximal metabolic rate and submaximal endurance performance. 

Possibly, no one parameter can provide a complete assessment of thermal 
strain under all conditions. Information from multiple physiological parameters 
is likely to be the best approach to quantitatively assessing thermal strain to pre-
dict injury or performance degradation. More research is needed to identify the 
most appropriate parameters to assess physiological strain during exposure to 
heat and cold strain, and to formulate the appropriate weighting and calculations 
to integrate the information from these multiple inputs. 

 
Disclaimer: The views, opinions, and findings contained in this report are 

those of the authors and should not be construed as an official Department of the 
Army position, policy, or decisions unless so designated by other official docu-
mentation. Approved for public release; distribution is unlimited. 
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HYDRATION STATUS MONITORING 
 

Robert Carter III, Samuel N. Cheuvront, Margaret A. Kolka, Michael N. Sawka, 
U.S. Army Research Institute of Environmental Medicine 

DEFINITION AND DOCUMENTATION 

This paper reviews widely used indices of hydration status in humans. For 
the purposes of this review, euhydration will refer to �normal� total body water 
(TBW), whereas hypohydration will refer to a body water deficit. The term de-
hydration will be used to refer to the dynamic process of body water loss (i.e., 
the transition from euhydration to hypohydration) (Greenleaf and Sargent, 1965; 
Sawka, 1992). The term hypovolemia will define when blood volume is less 
than �normal.� 

IMPACT ON HUMAN PERFORMANCE 

Both physical and cognitive performance are impaired proportionally to the 
magnitude of body water loss incurred (Gopinathan et al., 1988; Sawka, 1988) 
However, even small losses of body water (1�2 percent body mass [BM]) have a 
detrimental impact on physical work and negatively impact human thermoregu-
lation (Sawka, 1988; Sawka et al., 2001). Accordingly, dehydration may be the 
greatest nonadversary threat to military operations.  

FLUID BALANCE, DISTRIBUTION, AND EXCHANGE 

Adequate hydration is essential for maintaining effective military field op-
erations. Several common operational stresses can result in relatively large al-
terations in TBW content and distribution. During most normal conditions, hu-
mans have little trouble maintaining optimal fluid balance. However, many 
factors, such as sickness, physical exercise, climatic exposure (heat, cold, alti-
tude), and psychological strain, can lead to significant disturbances in water bal-
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ance. Perhaps the best example of this is the combination of heat stress and 
physical activity. For sedentary persons in temperate conditions, water require-
ments usually range from 2 to 4 L/day, and water balance is regulated primarily 
by the kidneys. For physically active persons exposed to heat stress, water re-
quirements can often more than double (Sawka et al., 2001), and it would not be 
unusual for physically active, heat-stressed individuals to incur water deficits of 
several liters.  

Water is the largest single constituent of the body (50�70 percent of body 
weight) and is essential for supporting the cardiovascular and thermoregulatory 
systems and cellular homeostasis. TBW is distributed into intracellular fluid 
(ICF) and extracellular fluid (ECF) compartments. The ICF and ECF contain     
~ 65 percent and ~ 35 percent of TBW, respectively (Guyton et al., 1975). The 
ECF is further divided into the interstitial and plasma spaces. The average 75 kg 
male has ~ 45 L of TBW; therefore, ICF contains ~ 30 L of water, whereas the 
ECF contains ~ 15 L of water with ~ 3.4 L in plasma and ~ 11.6 L in the inter-
stitium. These volumes are not static, but represent the net effect of dynamic 
fluid exchange and turnover between compartments (Guyton et al., 1975). Exer-
cise heat stress not only stimulates fluid loss, primarily by sweating, but also it 
induces electrolyte imbalances and changes in renal function. As a result, fluid 
deficits with and without proportionate solute changes can occur. In addition, 
exercise heat stress alters transcompartmental and transcapillary forces that re-
distribute fluids between various compartments, organs, and tissues (Sawka et 
al., 2001). For these reasons, the accuracy of most methods used to assess hydra-
tion status is limited by the circumstances in which they are measured and the 
purposes for which they are intended.  

DEHYDRATION AND MUSCLE WATER 

Incomplete fluid replacement decreases total body water and, as a conse-
quence of fluid exchange, affects each fluid space. For example, Nose and col-
leagues (1983) determined the distribution of body water loss among the fluid 
spaces as well as among different body organs during dehydration. They ther-
mally dehydrated rats by 10 percent of body weight, and the fluid deficit was 
apportioned between the intracellular (41 percent) and extracellular (59 percent) 
spaces. The distribution of organ fluid loss was muscle (40 percent), skin (30 
percent), viscera (14 percent), and bone (14 percent). However, no significant 
changes occurred in liver and brain water content. Nose and colleagues (1983) 
concluded that dehydration results in water distribution largely from the intra 
and extracellular spaces of muscle and skin. 

The measurement of TBW is the �gold standard� to assess hydration status 
(Aloia et al., 1998; Lesser and Markofsky, 1979). TBW can be directly meas-
ured with doubly labeled water (DLW) or other dilution techniques. The major 
drawbacks of the DLW and other dilution methodologies are the cost and the 
technical difficulties associated with isotope analyses. The requirement for an 
isotope ratio mass spectrometer and sample preparation systems often limits the 
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use of this method in most military scenarios. In addition, to obtain accurate 
changes in TBW with these methodologies, serial measurements are required, 
which further limits their use for routine assessment of TBW changes for hydra-
tion assessment. Although the choice of specific biomarker for assessing hydra-
tion status should ideally be sensitive and accurate enough to detect relatively 
small fluctuations in body water, the practicality of its use (time, cost, and tech-
nical expertise) is also of significant importance.  

Estimates of hydration status are commonly done using (1) bioelectrical 
impedance analysis, (2) plasma markers and fluid regulatory hormones, (3) urine 
indices, (4) changes in body weight, or (5) signs and symptoms. Given consid-
eration to military field operational use, hydration assessment measurements are 
presented in order of increasing assessability and practicality. 

METHODS FOR HYDRATION STATUS 
MONITORING 

Bioelectrical Impedance 

Recently, bioelectric impedance (BIA) has gained attention because it is 
simple to use and allows rapid, inexpensive, and noninvasive estimates of TBW 
(O�Brien et al., 2002). In practice, a small constant current, typically 800 µA at a 
fixed frequency, usually 50 kHz, is passed between electrodes spanning the 
body. The voltage drop between these electrodes provides a measure of bioim-
pedance. Prediction equations, previously generated by correlating impedance 
measures against an independent estimate of TBW, may be used subsequently to 
convert a measured impedance to a corresponding estimate of TBW (Kushner et 
al., 1992). Absolute BIA values are well correlated with dilution TBW tech-
niques (Kushner et al., 1992; Van Loan, 1990).  

BIA does not have sufficient accuracy to assess dehydration (~ 7 percent 
TBW) and loses resolution with isotonic fluid loss (O�Brien et al., 2002; Van 
Loan, 1990). In addition, since fluid and electrolyte concentrations can have 
independent effects on the BIA signal, it can often provide grossly misleading 
values regarding hydration status (O�Brien et al., 2002). Therefore, BIA has 
little application for the field assessment of hydration status. 

Plasma Markers 

Plasma volume changes can be estimated from hemoglobin and hematocrit 
changes; however, accurate measurement of these variables requires consider-
able control for posture, arm position, skin temperature, and other factors 
(Sawka, 1988). If adequate controls are employed, plasma volume decreases in 
proportion with the level of exercise-heat mediated dehydration. Likewise, 
plasma volume decreases with dehydration, and this response varies due to the 
type of dehydration (isoosmotic or hyperosmotic), physical activity, physical 
fitness, and heat acclimatization status (Sawka, 1988). 
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Plasma osmolality is controlled around a set-point of 280�290 mOsmol/kg 
in euhydrated volunteers (Senay, 1979). This narrow range increases ~ 5 mOs-
mol/kg for every 1 to 2 percent BM of dehydration incurred (Popowski et al., 
2001). Figure D-5 presents the effects of body water loss on resting plasma os-
molality and plasma volume in heat acclimated persons undergoing exercise-
heat mediated dehydration (Sawka and Coyle, 1999). These same levels will be 
maintained during subsequent physical exercise. If an isoosmotic dehydration 
occurs, such as with altitude or cold exposure (O�Brien et al., 1998; Sawka, 
1992), then plasma osmolality changes will not follow TBW changes and much 
larger plasma volume reductions will occur.  

Plasma sodium concentration provides an alternative to measuring osmo-
lality (as most of the osmolality changes are usually reflective of sodium 
changes). However, that linear relationship may not be as strong as expected 
(Senay, 1979).  

Osmolarity is sensed in the hypothalamus by osmoreceptors, and those neu-
rons, in turn, stimulate the production of antidiuretic hormone. When plasma 
osmolarity is below threshold, the osmoreceptors are not activated and antidiu-
retic hormone secretion is suppressed. When osmolarity increases above the 
threshold for alcohol dehydrogenase release, the osmoreceptors recognize this as 
the cue to stimulate the neurons that secrete antidiuretic hormone. Figure D-6 
shows that antidiuretic hormone concentrations rise steeply and linearly with 
increasing plasma osmolarity (Robertson and Athar, 1976). If hydration status 
changes are the result of water loss, the plasma solute concentration (osmolality) 
will change proportionately. However, the relationship of plasma osmolarity and 
vasopression concentrations is confounded by exercise, hyperthermia, nausea, 
and fluid volume changes (Norsk, 1996).  

Aldosterone, secreted by the adrenal cortex, is a potent hormone regulating 
electrolyte balance. Aldosterone acts directly on the kidney to decrease the rate 
of sodium-ion excretion with accompanying retention of water and to increase 
the rate of potassium-ion excretion. Dehydration-mediated elevations in aldos-
terone secretion are confounded by heat acclimation status and exercise 
(Francesconi et al., 1983). The measurement of plasma volume, osmolality, so-
dium, aldosterone, and adenovirus proteinase (AVP) requires phlebotomy (inva-
sive), technical skill, and expensive instrumentation.  

Urine 

Urinalysis is a frequently used clinical measure to distinguish between nor-
mal and pathological conditions. Urinary markers of hydration status include 
urine specific gravity (USG), urine osmolality (UOsmol), and urine color. Urine 
specific gravity and osmolality are quantifiable and threshold values can have 
some value, whereas color is subjective and can be influenced by many factors. 
It is important to recognize that the accuracy of these urinary indices in assess-
ing chronic hydration status is improved when the first morning urine is used, 
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FIGURE D-5 The effects of body water loss on resting plasma osmolality and plasma 
volume in heat acclimated persons undergoing exercise-heat mediated dehydration. 
SOURCE: Reprinted, with permission Sawka and Coyle (1999). Influence of body water 
and blood volume on thermoregulation and exercise performance in the heat. Exerc Sport 
Sci Rev 27:167�218. 
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FIGURE D-6 Plasma vasopressin concentrations compared with plasma osmolarity. 
SOURCE: Reprinted, with permission, Robertson and Athar (1976). Copyright 1976, The 
Endocrine Society. 
 
 
because this urine has a more uniform volume and concentration (Sanford and 
Wells, 1962; Shirreffs and Maughan, 1998). Likewise, many additional factors, 
such as diet, medications, exercise, and previous climatic exposure, can con-
found these indices.  

The most widely used urine index is USG. Measured against water as a 
standard (1.000 g/ml), USG represents the concentration of particles dissolved in 
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FIGURE D-7 Relation between specific gravity of urine and body water deficit.  
SOURCE: Reprinted, with permission from Adolph et al. (1969). 
 
 
urine and is a reflection of the kidney�s ability to concentrate or dilute urine in 
relation to plasma. Because urine is a solution of water and various other sub-
stances, normal values range from 1.010 to 1.030 (Armstrong et al., 1994; 
Popowski et al., 2001; Sanford and Wells, 1962). It has been suggested that a 
USG of ≤ 1.020 represents a state of euhydration (Armstrong et al., 1994; San-
ford and Wells, 1962). As a measure of chronic hydration status, USG appears 
to accurately reflect a hypohydrated state when in excess of 1.030 (Armstrong et 
al., 1994; Popowski et al., 2001; Sanford and Wells, 1962). However, consider-
able variability exists and no single value can be used to determine a specific 
hydration level (see Figure D-7). UOsmol also can provide an approximation of 
hydration status (Shirreffs and Maughan, 1998) as it is highly correlated with, 
but more variable than, USG (Armstrong et al., 1994; Popowski et al., 2001). 

Endocrine responses to dehydration stimulate water and electrolyte reten-
tion by the kidney. However, while the linear rise in plasma osmolality (with 
hypovolemia) that occurs with dehydration (Popowski et al., 2001) stimulates 
vasopressin and the tubular reabsorption of water at the kidney, the renal re-
sponse lags behind changes in plasma osmolality during acute fluxes in body 
water (2�4 hr) brought on by dehydration-rehydration (Popowski et al., 2001). 
In fact, when large volumes of water are consumed, a pale-colored urine with 
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low specific gravity is excreted long before euhydration is achieved (Shirreffs 
and Maughan, 1998) due to rapidly declining AVP levels triggered by the swal-
lowing reflex. When water is consumed in excess of sweat losses during exer-
cise, urine output increases and fluid balance is not restored unless sufficient 
electrolytes are also consumed (Maughan et al., 1996). Logically, UOsmol is 
therefore also limited for assessing acute changes in body water (Kovacs et al., 
1999; Popowski et al., 2001).  

Body Mass 

BM measurements represent the simplest technique for rapid assessment of 
changes in hydration status. In our laboratory, we observe very small (< 1 per-
cent) fluctuations in first morning BM when measured over consecutive days in 
young men taking food and fluid ad libitum. The stability of this measurement, 
coupled with the known losses of fluid that occur with exercise-heat exposure 
(primarily eccrine sweat), allows rapid changes in BM (incurred over hours) to 
be correctly attributed to water loss. Acute changes in BM weight are therefore a 
popular and reasonable field estimate of dehydration (Cheuvront et al., 2002). 

The level of dehydration is expressed as a percentage of starting body 
weight ([∆BW/startBW] × 100) rather than as a percentage of TBW because 
TBW ranges from 50 to 70 percent of body weight. This technique assumes that 
(1) starting body weight represents a euhydrated state, and (2) 1 ml of sweat loss 
represents a 1 g change in weight (i.e., specific gravity of sweat is 1.000 g/ml). 
As an acute measure, first morning body weight is still limited by changes in 
bowel habits. Body weight is also limited as a tool for long-term assessment of 
hydration status since the changes in body composition (fat and lean mass) that 
may occur with chronic energy imbalance are also reflected grossly as changes 
in body weight. Clearly, the use of daily body weight should be used in combi-
nation with another hydration assessment technique to dissociate gross tissue 
losses from water losses if long-term hydration status is of interest. 

Signs and Symptoms of Dehydration 

In the early stages of dehydration, no signs or symptoms are apparent. How-
ever, as greater body water losses occur, increased thirst, increased pulse rate, 
and increased rectal temperature present. In addition, body-water loss of 1 to 5 
percent can be associated with flushed skin, nausea, sleepiness, and reductions 
in economy of movement. Body-water losses of 6 to 10 percent are associated 
with dizziness, headache, tingling in limbs, decreased blood volume, and 
cyanosis. Severe dehydration, 11 to 20 percent body water, results in delirium, 
numb skin, deafness, and spasticity. Furthermore, death is likely as greater 
body-water loss occurs. Assessment of dehydration via signs and symptoms is 
easy and quick; however, these estimates are too imprecise to accurately 
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TABLE D-4 Biomarkers for Hydration Assessment 
Marker Advantages Disadvantages 
Signs and symptoms  Easy, quick Imprecise 
Total body water, dilution Valid, reliable  Premeasurement, invasive, com-

plex 
Total body water, bioelec-

tric impedance 
Easy, rapid Premeasurement, imprecise 

Plasma volume  � Premeasurement, invasive  
Osmolality  Often valid, reliable  Imprecise 
Sodium  Hyponatremia Invasive, complex  
Fluid reg. hormones  Often valid Invasive, imprecise  
Urine  Easy, rapid, screen Invasive, sometimes confounded, 

complex 
Saliva  Easy Imprecise, easily confounded  
Body weight  Easy, rapid Invalid  

 
 
determine hydration status. Nevertheless, if any of the signs and symptoms of 
dehydration present, rehydration should begin immediately. 

CONCLUSIONS 

Under most conditions, day-to-day BM changes (> 2 percent) and first 
morning urine specific gravity (> 1.030), when used together, provide an ap-
proximate indication that an individual is hypohydrated (see Table D-4). How-
ever, plasma osmolality changes can provide more reliable information regard-
ing hydration when greater precision is required. Measurement of fluid 
regulatory hormones for routine hydration assessment are not necessary and are 
often confounding. Moreover, BIA has limited utility to assess hydration status 
in the field for reasons previously described. It is possible that other technologi-
cal advances may allow evaluation of other measures (e.g., muscle water con-
tent) that hold promise as hydration indices.  

 
Disclaimer: The views, opinions, and/or findings contained in this publica-

tion are those of the authors and should not be constructed as an official De-
partment of the Army position, policy, or decision unless so designated by other 
documentation. 
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TECHNOLOGY FOR THE 
MEASUREMENT OF BLOOD LACTATE 

 
David C. Klonoff, Mills-Peninsula Health Services 

Glucose is metabolized by cells to produce energy. Glucose metabolism in-
volves progressive oxidation plus breakage of carbon bonds. The oxidation 
process causes C-H and C-C bonds to be stripped of electrons (oxidized), which 
are then used to build adenosine triphosphate (ATP). 

The initial steps in breakdown of glucose involve conversion of one           
6-carbon molecule of glucose to two 3-carbon molecules of pyruvate. This proc-
ess is known as glycolysis. Next, in the presence of oxygen, the carbon atoms in 
pyruvate are converted into three molecules of carbon dioxide in a process 
known as aerobic metabolism. When oxygen is available to serve as the final 
acceptor of electrons, then pyruvate is able to transfer electrons to the final ac-
ceptor, oxygen (or reduce), by way of a series of steps known as the Krebs cycle 
or the tricarboxylic acid cycle. When oxygen is totally reduced, it becomes wa-
ter. Meanwhile, the carbon bonds of pyruvate all become oxidized to carbon 
dioxide.  

Conversely, in the absence of oxygen, all the electron acceptors �down-
stream� from pyruvate are reduced and unable to offload electrons to mediators 
that will carry them toward oxygen. The carbon bonds are progressively oxi-
dized in the Krebs cycle and the electrons� energy is drawn off in steps through 
a process known as oxidative phosphorylation. The process is analogous to wa-
ter falling down a dam and turning turbines, and at the same time the turbines 
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transfer energy to generators that produce electric power. The Krebs cycle is the 
dam, and the oxidative phosphorylation is the generator. Anaerobic metabolism 
is a state of water being backed up downstream so that there is no flow of water 
across the dam. Without oxygen, the backup of reduced substances reaches py-
ruvate, which cannot transfer its electrons into any chemicals within the Krebs 
cycle. Pyruvate itself then becomes reduced to lactate and broken down no fur-
ther. The metabolic process that begins with glucose and ends with lactate is 
known as anaerobic metabolism. Lactate does not accumulate when oxygen is 
available.  

Aerobic metabolism is preferable to anaerobic metabolism. More energy 
(defined as the number of ATP molecules generated per glucose molecule bro-
ken down) is derived from aerobic metabolism than from anaerobic metabolism. 
The combination of glucose ignition by way of glycolysis, the Krebs cycle, and 
oxidative phosphorylation in aerobic metabolism generates 36 ATP molecules 
per glucose molecule, whereas only two ATP molecules per glucose molecule 
are generated in anaerobic metabolism by glycolysis alone. When exercise is 
continued past the point of adequate oxygen delivery (such as during excessive 
training beyond the ability of cardiac output to supply adequate blood), then 
glucose breakdown switches from aerobic to anaerobic metabolism. Lactic acid 
builds up and the acid dissociates to lactate plus free hydrogen ions, which lower 
the pH of the blood. The acid load can damage muscles, including the heart, or 
even kill.  

Currently, technology exists for portable monitoring of lactate to monitor 
people who are exercising heavily, such as athletes or soldiers in training. The 
technology is exclusively invasive and intermittent. Unlike the situation with 
portable monitoring of blood glucose, in which new monitors with advanced 
features are regularly introduced, there are only two portable lactate monitors on 
the market. No portable lactate monitors currently exist or are close to existing 
that are minimally invasive or noninvasive (only invasive), implanted (only ex-
ternal), continuous (only intermittent), or optical (only chemical).  

The molecular weight of lactic acid is 90, while that of glucose is 180. Rest-
ing blood lactic acid concentrations normally range from 0.5 to 2.0 mmol/L, 
which are approximately one-fourth those of blood glucose. During anaerobic 
exercise, lactic acid levels may increase five- to tenfold up to 12 mmol/L.  

Blood lactate levels can be used to determine the optimal workload for an 
athlete in training. Below the optimal workload, glucose metabolism is aerobic. 
At some point when the workload increases, the body�s ability to supply increas-
ing amounts of oxygen to working muscles becomes limited. This is the lactate 
threshold, or the workload whereby lactate levels no longer rise slowly with 
increasing exertion, but instead rise rapidly. At the lactate threshold, glucose 
metabolism begins to be anaerobic as well as aerobic. At the inflection point of 
the curve in which lactate concentration is plotted against workload, it is best for 
athletes to decrease their amount of exertion to get back to or just below the lac-
tate threshold. For a given individual, over a short term, heart rate is proportion-
ate to workload, and heart rate is much easier to measure than workload. To 
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identify the optimal workload at which lactate is cleared approximately as fast as 
it is produced (without accumulation), an athlete�s lactate level can be measured 
and plotted against varying heart rates.  

With improved cardiovascular function (i.e., increased fitness), the heart 
can deliver sufficient oxygen to maintain aerobic metabolism for progressively 
greater workloads. Conversely, with deconditioning, at progressively lower 
workloads, the lactate threshold is met. Therefore, for an athlete in training, de-
termination of the lactate threshold (expressed as a workload level or a heart 
rate) indicates (1) the state of fitness (proportionate to the lactate threshold 
workload), and (2) the optimal work load at which to exercise whereby the 
workload is challenging, but potentially dangerous lactic acidosis can be 
avoided. Knowledge of the optimal workload is useful for an athlete in training, 
such as a soldier, to optimize the exercise regimen. 

The lactate threshold can be calculated by performing a series of workouts 
at varying workloads that can be estimated by the heart rates associated with 
these workloads. The strategy involves initially exercising well beyond the lac-
tate threshold to build up the blood lactate level, then decreasing the exercise to 
allow the lactate level to fall, and finally increasing the workload slightly to a 
point where the lactate level starts to rise once again. That point where lactate 
generation exceeds lactate clearance is the lactate threshold. The specific steps 
of how to calculate the lactate threshold are as follows: First is the lactate 
buildup phase, consisting of three 6-minute workouts (easy, medium, and hard), 
followed by a blood lactate measurement. Second is the lactate clearance phase, 
consisting initially of a 5-minute workout at a heart rate of 40 beats per minute 
below that of the workout rate, followed by a blood lactate measurement. The 5-
minute workout should be repeated at a greater workload defined as a heart rate 
of 10 beats per minute higher and the blood lactate should be rechecked. Then 
the workout and lactate measurement should be repeated each time with a heart 
rate of 5 beats per minute more. Initially, the blood lactate will fall from that of 
the heavy exercise peak value, but with increasing workloads, the blood lactate 
level will begin to rise. The point where lactate production comes to exceed 
clearance is the lactate threshold.  

Lactate monitors can be classified by size and there are three types: First are 
portable handheld monitors that are good for monitoring athletes and workers in 
the field. These include the Accusport/Accutrend (two different names for the 
same monitor), manufactured by Roche Diagnostics of Germany, and the Lac-
tate Pro, manufactured by Ankray of Japan. Second, there are small bench-top 
monitors that can run on batteries and are only slightly mobile. These include 
the Little Champion monitor, manufactured by Analox and the YSI 1500 Sport 
Lactate Analyzer. These devices are somewhat cumbersome to use in the field, 
but can be so used if the instrument is fairly stationary. There are several bench-
top lactate monitors that are used for hospital and research purposes. These de-
vices are not suitable for studying athletes outdoors, but can be used within an 
indoor training facility. They include the Analox Champion Lactate Analyzer, 
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the YSI 2300 and 2700 Glucose plus Lactate Analyzers, the Kodak Ektachem 
DT60, and the Eppendorf Biosen 5130. 

The portable lactate monitors resemble the blood glucose monitors of the 
late 1980s in their ease of use. The Accusport/Accutrend requires 20 µL of 
blood and 60 seconds of measuring time. The Lactate Pro requires 5 µL of blood 
and 50 seconds of measuring time. Neither monitor is approved for alternate site 
testing, and no portable lactate monitor has been developed for minimally inva-
sive or noninvasive lactate testing and none has been developed for implantable, 
continuous, or optical lactate sensing. 

If the need for faster and more convenient lactate measurement of soldiers, 
athletes, or other workers in the field is evident, then there is room for develop-
ment of faster, more convenient lactate monitors using smaller volumes of 
blood. Because lactate has a structure similar to glucose, a goal for manufactur-
ers of lactate monitors could be to produce lactate monitors as user-friendly as 
portable glucose monitors. There is an untapped potential for measuring lactate 
in more groups of exercising people and a need for better instruments to perform 
the monitoring.  

UTILITY OF INSULIN-LIKE GROWTH 
FACTOR-I FOR ASSESSING METABOLIC 

STATUS DURING MILITARY 
OPERATIONAL STRESS 

 
Bradley C. Nindl, Scott J. Montain, U.S. Army Research Institute 

of Environmental Medicine 

MILITARY RELEVANCE OF MONITORING 
INSULIN-LIKE GROWTH FACTOR-I 

Mission success in military tactical environments dictate that the warfighter 
be able to perform prolonged physical exertion in the face of food and sleep 
restriction (i.e., military operational stress). The physiological strain produced 
by these operational stressors can have deleterious effects on muscle mass, en-
docrine and metabolic function, as well as physical and mental performance 
(Friedl, 1999; Friedl et al., 2000; Nindl et al., 1997, 2002, 2003a, 2003b) (see 
Figure D-8). A goal of the U.S. Army Medical Research and Materiel Com-
mand�s biomedical research program is to identity useful biomarkers that are 
indicative of nutritional and physiological status that can be assessed rapidly, 
with minimally or noninvasive collection methods. Once identified, these bio-
markers could potentially be used to sustain warfighter readiness and aid in as-
sessing the effectiveness of intervention and recovery strategies.  

The growth hormone/insulin-like axis is a central endocrine axis and is 
thought to mediate many of the somatotropic changes that are observed when 
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FIGURE D-8 Military operations place multiple stressors on the warfighter. These 
stressors typically occur simultaneously. The magnitude of the resulting strain is depend-
ent on the severity of the stressors. The resulting physiological stain can result in delete-
rious outcomes on lean body mass ans soldier physical performance, and it can compro-
mise warfighter readiness. 
 
 
warfighters are exposed to harsh field environments (Florini et al., 1996; Friedl 
et al., 2000; Nindl et al., 2003a; Rosen, 1999; Rosendal et al., 2002). For this 
reason, periodic assessment of the growth hormone/insulin-like growth factor 
axis may have utility for sustaining warfighter health and performance. In direct 
support of the Objective Force Warrior�s vision of revolutionizing soldier per-
formance by aggressively employing science and technology efforts that en-
hance the warfighter�s survivability, lethality, sustainment, and mobility on the 
modern battlefield, The Military Performance and Military Nutrition Division of 
the U.S. Army Research of Institute of Environmental Medicine have been 
evaluating insulin-like growth factor I (IGF-I) as a candidate biomarker for as-
sessing nutritional stress. Our research has focused on (1) characterizing tempo-
ral response patterns of IGF-I and its family of binding proteins during military 
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operational stress, (2) the influence of macronutrient and energy intake on the 
circulating IGF-I system responses to stress, and (3) assessment of minimally 
invasive and field expedient collections methods for determination of IGF-I. 

The purpose of this short review paper is to summarize why IGF-I has been 
of interest as a potential biomarker and our experimental strategies for evaluat-
ing the merits of IGF-I as a biomarker of nutritional and operational stress. This 
paper initially describes the complex nature of IGF-I regulation and relevance 
for the military, then the initial work characterizing the IGF-I response to mili-
tary operational stress. The experimental outcomes suggest that IGF-I has poten-
tial value as a biomarker of nutritional strain during operational stress. 

INSULIN-LIKE GROWTH FACTOR-I PHYSIOLOGY 
AND REGULATORY COMPLEXITY 

The primary source of circulating IGF-I is the liver, but local release from 
tissues that secrete IGF-I in an autocrine/paracrine manner also contribute. IGF-I 
itself is a 7.6-kDa polypeptide consisting of 70 amino acids with three intrachain 
disulfide bonds. Only a small amount (< 2 percent) of IGF-I, however, circulates 
in free form. Most circulates in either a binary (~ 20�25 percent) or ternary 
complex (~ 75 percent). When circulating in the binary form, IGF-I is com-
plexed with one of six binding proteins (BPs 1�6), ranging in size from 22.8 to 
31.4 kDa (see Figure D-9). The ternary complex consists of IGF-I, IGF BP-3, 
and an 80-86 kDa protein called the acid labile subunit (Baxter, 2000; Jones and 
Clemmons, 1995; Rajaram et al., 1997; Sara and Hall, 1990). An IGF-I specific 
protease is responsible for breaking the bonds holding the ternary complex to-
gether and making the IGF-I available for receptor binding. The IGF-I com-
plexes are thought to regulate the availability of IGF-I to target tissues  only the 
free and binary complexes can pass from the vascular compartment into the in-
terstitial space. The different forms of BPs are also thought to play a role in 
transporting the IGF-I to the target tissue (Baxter, 2000; Sara and Hall, 1990). 

IGF-I has several metabolic effects. It is known to promote amino acid up-
take, enhance protein synthesis, and attenuate protein degradation (Florini et al., 
1996; Rosen, 1999; Thissen et al., 1999). Additionally, IGF-I plays a role in 
stimulating cell growth and differentiation (Baxter, 2000; Florini et al., 1996).  

The appeal of IGF-I as a biomarker is the dynamic nature in which circulat-
ing concentrations respond to nutritional stress. Underfeeding and protein-
calorie malnutrition result in substantial reductions in IGF-I concentrations, and 
the response persists until the nutritional stress is removed (Friedl et al., 2000; 
Frystyk et al., 1999; Nindl et al., 2003a; Rand et al., 2003; Thissen et al., 1992, 
1999). Additionally, IGF-I concentrations are relatively stable. Unlike hormones 
such as growth hormone, IGF-I displays little in the way of circadian variability, 
thus single time point samples are indicative of IGF-I status.  
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FIGURE D-9 Schematic of the IGF-I system showing the origin of release (i.e., liver), its 
family of binding proteins (BPs 1-6), ternary and binary complexes, and IGF-I trafficking 
from the circulation to the receptor. 

 
 

EFFECTS OF MILITARY OPERATIONAL STRESS ON 
THE CIRCULATING IGF-I SYSTEM 

U.S. Army Ranger Training 

Friedl and colleagues performed experimental studies characterizing the 
physiological responses of soldiers participating in the U.S. Army Ranger Train-
ing Course (Friedl et al., 1994, 2000; Nindl et al., 1997). The data provide in-
sight into the adaptive process that occurs as soldiers cope with sustained physi-
cal work, energy restriction, and sleep disruption. The U.S. Army Ranger 
training course is 62 days and is designed to teach and evaluate individual lead-
ership and small-unit tactics under physically and mentally challenging condi-
tions. The course includes multiday periods consisting of near-continuous physi-
cal activity, energy restriction and sleep deprivation. In the first investigation, 
energy intake was restricted to 1,300 kcal/day during the field-training portion
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FIGURE D-10 Serum IGF-I concentrations over the 8-week U.S. Army Ranger Training 
Course. The solid lines represent the values from Study 1 and the dotted line represents 
the values from Study 2. Study 1 and Study 2 were conducted under identical conditions 
with the exception that during Study 2, the subjects received 400 more kcal/day than 
those in Study 1. Values are mean ± standard deviation. Different letters represent mean 
values that are statistically different; the shaded area represents values below normal for 
young men.  
SOURCE: Reprinted, with permission Friedl et al. JAP (2000). 

 
 

of the course, and the periods of underfeeding produced average energy deficits 
of ~ 1,000 kcal/day over the entire course (Friedl et al., 2000). Average energy 
expenditures were ~ 4,000 kcal/day. At the end of the course, the participants 
had lost 13 to 16 percent of their initial body mass, ~ 65 percent of their fat 
mass, and 7 percent of their initial lean body mass. IGF-I, measured every 2 
weeks during the Training Course, progressively declined through the first 6 
weeks, with no further reduction over the final 2 weeks of the course (Figure D-
10). At the end of the course, IGF-I values had fallen 62 percent (pre: 198 ± 54 
ng/mL-1 vs. post: 75 ± 25 ng/mL-1). As Figure D-10 illustrates, most of the de-
crease in serum IGF-I occurred during the initial 2 weeks of the course. The 
potential of IGF-I as a discriminating variable for assessing nutritional and/or 
metabolic stress was the separate observation that the soldiers who had the 
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greatest decline in IGF-I were those that lost the most weight (r = �0.38, P < 
0.01).  

A second study with the U.S. Army Ranger Training Course enabled inves-
tigators to study the effects of altering the energy content of the diet on the 
metabolic and hormonal responses to the course (Friedl et al., 2000). In the sec-
ond study, the training conditions were nearly identical, but the participants re-
ceived additional calories during the energy restriction periods embedded within 
the course (+ 400 kcal/day). Additionally, to gain information about short-term 
responses to refeeding (while other course stressors remained undiminished), a 
blood sample was obtained after a week of access to food that was preceded by 
multiple days of energy restriction (~ 1,700 kcal/day) coupled with high-energy 
expenditures (> 4,500 kcal/day). As illustrated in Figure D-10, the addition of 
400 kcal/day significantly attenuated the decline in circulating IGF-I concentra-
tions when compared with the group receiving fewer calories. Additionally, the 
investigators found that the brief period of refeeding was sufficient to temporar-
ily restore IGF-I concentrations to baseline values. When food was again re-
stricted after this brief refeeding period, IGF-I concentrations rapidly fell and 
remained low through the remainder of the course. These data demonstrate the 
sensitivity and responsiveness of IGF-I to energy and nutrient delivery. When 
energy is restricted, IGF-I values fall and remain low until energy restriction is 
removed. The provision of energy and the restoration of fuel stores are accom-
panied by an increase in IGF-I. 

The traditional evaluation of nutritional status uses a global assessment of 
parameters that include anthropometric measures and the assay of serum pro-
teins (Baxter et al., 1998). The proteins commonly measured include albumin, 
transferrin, prealbumin, and retinol binding protein. Transferrin is indicative of 
iron binding capability; retinol binding protein is indicative of vitamin A status 
and ability to transport vitamin A, prealbumin (considered by some to be best 
single marker of malnutrition due to its short half-life) is sensitive to protein 
malnutrition and zinc deficiency. The strength of these markers is that they pro-
vide insight into the nutritional status of the individual. Unfortunately, a number 
of non-nutritional factors can affect serum levels independent of dietary ade-
quacy. For example, prealbumin levels fall with inflammation, albumin levels 
are affected by hydration state and oral contraceptive use, transferrin levels de-
cline in response to protein malnutrition and with chronic illness and inflamma-
tory states and liver disease. In contrast, IGF-I appears to be a more responsive 
and selective biomarker of energy status due to its rapid response to depletion 
and repletion (Baxter et al., 1998). The 2- to 4-hour half-life of IGF-I provides a 
distinct advantage versus other traditional serum protein biomarkers (prealbu-
min, ~ 2 days; albumin, 20 days; transferrin, 20 days).  

In a study examining endocrine and metabolic recovery responses, Nindl 
and colleagues (1997) measured IGF-I, transferrin, ferritin, and prealbumin be-
fore and at the end of the U.S. Army Ranger Training Course and after 5 weeks 
of recovery. The 5-week recovery period produced a rebound effect such that 
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body mass was significantly higher than measured before starting the course. 
Body composition analysis revealed a 1.1-kg increase in fat-free mass and a   
4.1-kg increase in fat mass above precourse values. IGF-I fell ~ 50 percent dur-
ing the course and was 30 percent above baseline values after 5 weeks of recov-
ery. Transferrin levels did not significantly change during Ranger training or 
during recovery. Prealbumin levels declined 21 percent during the course  
(26.8�21.3 mg/dL) and returned to baseline levels during the recovery period, 
but the levels at the end of the course (despite accruing an 11 percent body-mass 
loss) were well above values indicative of malnutrition (< 15 mg/dL). Thus, in 
this study, IGF-I appeared more sensitive to changes in energy balance and body 
composition changes than the other markers of nutritional status.  

Short-Term Military-Sustained Operations  

To study the acute responses to energy and nutrient restriction, Nindl and 
colleagues (2003a) recently measured the circulating IGF-I and IGF binding 
proteins pattern of response to 4 days of near-continuous physical work, energy 
restriction, and sleep disruption. The participants had morning fasted blood 
drawn on days 1, 3, and 4 during a control week that contained physical per-
formance testing but no sustained physical activity, caloric restriction, or sleep 
deprivation. They also had blood samples drawn on days 1, 3, and 4 of the ex-
perimental period that included the physical performance tests, near-continuous 
physical activity (energy expenditure ~ 4,500 kcal/day), energy restriction (~ 
1,600 kcal/day), and sleep deprivation (6.2 ± 1.1 hours over an 84-hour course). 
Blood was assayed for concentrations of total IGF-I, free IGF-I, IGFBPs 1, 3, 
and 6, and the acid-labile subunit. Additionally, in order to gain further insight 
into whether this type of stress altered the partitioning of IGF-I among its vari-
ous molecular complexes, IGF-I and IGFBP-3 were measured before and after 
immunoaffinity depletion of acid-labile subunit complex (i.e., ternary complex 
removal), thus yielding estimates of ternary (high-molecular weight complexes) 
versus nonternary (low-molecular weight complexes) IGF-I (Khosravi et al., 
2000). Two days of military operational stress significantly lowered circulating 
total and free IGF-I values, and they remained low with continued operational 
stress (Nindl et al., 2003a). Accompanying the IGF-I reductions were small re-
ductions in IGFBP-3 and large increases in IGFBP-1. These changes in circulat-
ing IGFBP levels, however, were not associated with a measurable shift in the 
quantity of IGF-I circulating in ternary, binary, or free forms (Nindl et al., 
2003a). The importance of these data for metabolic monitoring is that they show 
the speed with which the IGF-I system responds to energy and/or nutritional 
restriction. They also illustrate a potential method for investigating changes in 
the bioavailable IGF-I in response to nutritional stress. 
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Influence of Dietary Protein Content of Circulating IGF-I 
During Military Training 

Both energy restriction and protein-energy malnutrition are known to sup-
press circulating IGF-I. There are many logistical challenges to sustaining ade-
quate nourishment for soldiers during military field training (e.g., food prepara-
tion, storage, and delivery, and meals that provide adequate levels of calories 
and macro- and micronutrients). With increased operational tempo of current 
military maneuvers, space allocation for food is often sacrificed for weapons, 
ammunition, and other necessary field gear. It would therefore seem essential 
that the nutrients that are provided during military operational stress consist of 
an optimal macronutrient mix that may protect against the decline in circulating 
anabolic and growth factors (Friedl, 1999). The Recommended Dietary Allow-
ance (RDA) for protein is 0.8 g/kg body mass. Current recommendations for 
physically active populations are 1.2 to 1.5 g protein/kg body mass (Fielding and 
Parkington, 2002; Rand et al., 2003). It is common for infantry type units to 
subsist on one to two Meals Ready-to-Eat (MRE) per day during field opera-
tions. The MRE is a 1,300-kcal ration comprising of 24 menus. Protein content 
of the ration ranges from 26 to 60 g with a mean value of 44 g. Thus, if soldiers 
are limited to one MRE per day, their diet is low in both energy and protein con-
tent. Even consuming two MREs per day, soldiers may still not meet the mini-
mal RDA for protein.  

To examine the hypothesis that dietary protein supplementation during mili-
tary operational stress would attenuate the decline in IGF-I observed when units 
were fed insufficient energy and protein, we recently conducted a study during 
which dietary protein was manipulated, while controlling both carbohydrate and 
energy intake. Thirty-five Marines were randomly divided into either a group 
receiving a low energy-low protein diet (1,600 kcal/day and 0.5 g protein/kg 
body mass/day) or a group receiving a similar amount of energy but with suffi-
cient added protein to receive approximately 1.0 g protein/kg body mass/day. 
The group was participating in an 8-day field exercise consisting of sustained 
physical activity (total daily energy expenditure measured in previous iterations 
has ranged from 17�25 MJ/day) and sleep deprivation. Morning fasted blood 
was obtained before, midway, and at the end of the course. Preliminary results 
show trends suggesting that protein supplementation may have attenuated the 
decline in IGF-I during the course. If a more thorough examination of the data 
supports this conclusion, these data would provide further support for the merit 
of monitoring IGF-I as a biomarker for metabolic status. Another observation 
from this study was that IGF-I displayed a different temporal pattern in response 
to the course than other conventional nutritional status indicators (e.g. ferritin, 
prealbumin, transferrin, and retinol binding protein). Transferrin and ferritin 
initially increased during the course but reversed towards baseline values during 
the latter half of the course, whereas retinol binding protein and prealbumin de-
clined over the course, but more abruptly during the latter half. Thus, while both 
IGF-I and the conventional markers responded to the training stress, their differ-
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ential response suggests that they each provide a different index of nutritional 
status. 

Measurement of IGF-I with a Filter Paper Blood Spot 
Assay 

If IGF-I is to be used as a metabolic status indicator during military opera-
tional stress, field-expedient methods for collection and measurement must be 
established. Field environments present unique logistical challenges compared 
with the laboratory. There is more likelihood of sample contamination, and since 
it is difficult and sometimes impossible to bring the laboratory equipment to 
remote field environments, sample collection, processing, and transportation 
become significant logistical hurdles. 

A technique that has been used successfully to study malnutrition in under-
developed countries is chemical analysis of dried blood spots (Diamandi et al., 
1998; Mitchell et al., 1987). The technique requires minimal amounts of blood, 
minimal field processing, and no refrigeration during shipping. Mitchell and 
colleagues (1987) originally described measurement of IGF-I from blood spots 
using a conventional radioimmunoassay. More recently, Diamandi and col-
leagues (1998) described the extraction and measurement of IGF-I and IGFBP-3 
from dried blood spots using an enzyme-linked immunoabsorbent assay.  

To study whether the dried blood spot methodology could track IGF-I re-
sponses to military operational stress, both blood spots and conventional blood 
samples were collected in a recent field study that manipulated dietary protein 
intake (described above). We found that IGF-I measured from blood spots de-
clined during the 8-day course and the magnitude of decline was similar to the 
decline measured using serum samples (Figure D-11) (Nindl et al., 2003b). 
Overall, the blood spot IGF-I and serum IGF-I significantly (p < 0.05) correlated 
(r = 0.92), but the blood spot values were on average 61 percent lower than se-
rum (Nindl et al., 2003b). Diamandi and colleagues (1998) also reported lower 
(20�25 percent) IGF-I values from blood spots when compared with plasma 
samples. Several possible factors could have contributed to the differences in 
IGF-I using the two sampling techniques. First, in order to reduce preanalytical 
variance and ensure maximal extraction, it is essential that complete dryness of 
the blood spot is maintained until the sample is analyzed. In both our study and 
that of Diamandi and colleagues (1998), the blood spots were stored in plastic 
bags without addition of desiccant. Work by others suggests that moisture can 
produce a glassing effect whereby hygroscopic blood proteins impede elution. 
Assaying dried blood spots also assumes that an absolute and consistent blood 
volume is distributed onto each punch. If the volume of blood on filter paper 
was consistently overestimated, it may have contributed to the bias between the 
two sampling methods as IGF-I was purposefully measured using different as-
says. Regardless of the reason for the bias, the outcomes of this study reveal that 
the blood spot on filter paper technique can be applied for measurement of IGF-I 
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FIGURE D-11 Comparison between serum and filter paper blood spot IGF-I concentra-
tion during days 0, 4, and 8 of military operational stress. For both methods, a progres-
sive decline over time was observed (day 0 > day 4 > day 8). Serum IGF-I was greater 
than filter paper blood spot IGF-I at each respective time point.  
SOURCE: Reprinted, with permission Nindl et al. (2003b). 
 
 
responses to military operational stress. The technique requires minimal blood 
and minimal equipment assets for sample collection, processing, and shipment. 
The filter paper blood spot method for IGF-I detected reductions accompanying 
nutritional stress and may be of potential value for characterizing the IGF-I re-
sponse when conventional blood sampling methods are not feasible.  

Future Directions and Enablers for the Objective Force 
Warrior 

The data collected on the physiological responses to military operational 
stress support the potential utility of IGF-I as a metabolic sensor of energy 
status. IGF-I declines rapidly to energy restriction and remains a viable indicator 
of an altered energy state until the stressor is removed. IGF-I is sensitive to 
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FIGURE D-12 A conceptual model depicting how a better understanding of somato-
tropic hormonal mediators may benefit soldier physical performance and support the 
vision of the Objective Force Warrior (OFW). Soldiers are exposed to rigorous physical 
training and military operational stress. These influences can either positively or nega-
tively affect the body�s biological matrix. Changes in the biological matrix can affect 
soldier physical performance (e.g., declines in muscle mass will inhibit strength and 
power). Soldier physical performance directly contributes to warfighter readiness and 
dominance across the full spectrum of operations. Monitoring insulin-like growth factor-I 
(IGF-I) may have great utility for assessing physical training, evaluating recovery strate-
gies, and sustaining performance during operational stress. 
 
 
dietary changes and can be used to evaluate adequacy of protein intake inde-
pendent of energy intake. Future work, however, must establish whether IGF-I 
alone or in combination with other biological indices can provide useful infor-
mation to preserve the health and performance of military personnel during op-
erational stress (Friedl, 2003). In addition, sampling and processing techniques 
must be established that are safe and reliable that require minimal logistical sup-
port and, most important, provide rapid feedback to personnel tracking physio-
logical status.  

While this review has exclusively focused on the use of IGF-I measurement 
during military operational stress, IGF-I may also have merit as a biomarker 
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during fitness and exercise training. Continued scientific efforts should focus on 
further elucidating the link between alterations in the biological matrix (e.g., 
muscle, bone, adipose, immune, and neural cells) and ensuing influences on 
soldier physical performance. A provocative hypothesis is that any changes in 
the biological matrix are mediated by somatotropic hormonal responses that act 
in both systemic and local mechanisms (Nindl et al., 2001, 2002). A greater un-
derstanding of the somatotropic influences mediating muscle repair and bone 
remodeling after the microtrauma of physical exertion and viable countermea-
sures that modulate muscle repair and tissue regeneration after microdamage is 
essential toward the transformation of the modern Army through Objective 
Force Warrior (see Figure D-12). To maintain dominance across the full spec-
trum of military operations, the twenty-first century warfighter must posses an 
optimal level of physical readiness and be able to recover quickly from fatigue 
and overexertion. IGF-I is emerging as a truly important regulator that is impor-
tant to health and fitness. IGF-I is a promising outcome measure during altered 
energy states for military studies on the refinement of medical fitness standards, 
as well as on physical training and nutrition policies. 
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THE USE OF PORTABLE 
ACCELEROMETERS IN PREDICTING 
ACTIVITY ENERGY EXPENDITURE 

 
Kong Y. Chen, Vanderbilt University 

�A soldier�s level of physical fitness has a direct impact on his combat 
readiness� (U.S. Army, 1998). The balance of energy intake (EI) and energy 
expenditure (EE) can significantly affect soldiers� physical fitness, conditioning, 
and overall health. The predominant contributor to the variations of EE is physi-
cal activity. Unlike most civilian populations, soldiers are often subjected to 
negative energy balance (EE significantly exceeds EI) (Friedl and Hoyt, 1997). 
For optimum designs of food rations and physical training, accurate and detailed 
measurements of EE are crucial. However, our current techniques in assessing 
physical activity are limited, such that possible associations between physical 
activity and the related EE (EEACT) with respect to the health and performance in 
military personnel have not been well determined.  

Daily EE can be categorized into three major components: basal or resting 
EE (also called basal metabolic rate), thermic effect of food (or food-induced 
thermogenesis), and EEACT. Resting EE is the rate of EE measured in postab-
sorptive, well-rested, and thermoneutral conditions. In sedentary subjects, rest-
ing EE is the major component of EE (Flatt, 1978). Inter-individual variations in 
resting EE of normal humans can be explained by differences in fat-free mass 
(the primary contributor), age, sex, familial traits, and fat mass (Ravussin and 
Bogardus, 1989; Ravussin et al., 1986). Thermic effect of food represents the 
increase in EE following meal ingestion for absorbing, processing, and storing 
the nutrients. There are two recognized subcomponents, obligatory and faculta-
tive thermogenesis, which combine to represent a small component to total EE 
(< 8�10 percent) (Jéquier and Schutz, 1988; Welle et al., 1981) under normal 
conditions. EEACT is the largest variability to total EE in humans. Moderate 
walking can increase EE by three times, while a more vigorous activity such as 
running can elevate EE by ten times. Compared with civilians who generally 
have more sedentary lifestyles, EEACT is particularly important in soldiers� nutri-
tional and physiological state, affecting performance and overall health 
(Burstein et al., 1996; DeLany et al., 1989).  
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MATERIAL AND METHODS 

Measuring Energy Expenditure 

Doubly Labeled Water (DLW) is considered as the �gold standard� for 
measuring EE in the field or free-living conditions. It determines the net disap-
pearance of hydrogen (through water) and oxygen (through water and carbon 
dioxide) by stable isotope labeling, that is, 2H2

18O (Schoeller and Hlinicka, 
1996; Schoeller et al., 1982). The major advantage of the DLW method is its 
noninvasiveness and nonintrusiveness. It has been used to assess EE of soldiers 
in the field and the impact of different rations (DeLany et al., 1989), climates 

(Burstein et al., 1996), and other training conditions (Forbes-Ewan et al., 1989). 
However, the main limitation of the DLW method is that it measures total EE 
during a period of 7 to 14 days without being able to detect the type, duration, 
and intensity of physical activity, or to trace variations in physical activity and 
related EE within certain periods. Furthermore, the high cost and relative limited 
availability of 18O make this method difficult to apply.  

Indirect calorimetry is the gold standard method of EE measurement under 
laboratory environments. It uses a facemask, a ventilated hood, or a respiratory 
chamber (Sun et al., 1994) to measure oxygen consumption and carbon dioxide 
production continuously and noninvasively. Major advantages of indirect calo-
rimetry are the immediate and detailed measurements of the rates of EE during 
different activities and the macronutrient oxidations. The major disadvantage is 
the limited application under free-living conditions. 

Methods of Assessing Physical Activity 

Studying the relationship between physical activity and health in humans is 
complicated by the highly variable nature of physical activity. A particularly 
challenging area has been the development and application of accurate, valid, 
and cost-effective techniques to quantify physical activity under field conditions 
(Paffenbarger et al., 1993; Washburn and Montoye, 1986; Wilson et al., 1986). 
Numerous methods have been utilized to measure EE during physical activities. 
They vary greatly in their usefulness in different study populations and designs 
(Shultz et al., 2001). They can generally be categorized as subjective and objec-
tive methods. 

Subjective Methods  

Subjective methods include the use of direct observations, physical activity 
records, surveys and recall questionnaires. These techniques are used for various 
time periods and settings. Although inexpensive and easy to implement, their 
accuracies are greatly limited by the recording, recall, interviewer, and other 
biases. Predictions of EEACT using these methods could be further flawed by 
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interpretation and translation errors. Results from most subjective monitoring 
methods are thus difficult to quantify and to compare interindividually.  

Objective Methods 

Objective methods for current measurements of physical activity mainly 
consist of mechanical/electronic devices. Since walking and running are the 
most common types of physical activities, step counters are often used to esti-
mate overall activity levels. Several types of step counters exist, including pe-
dometers that use a mechanical movement counter (Bassey et al., 1987; 
Washburn et al., 1980), mercury switches (Cauley et al., 1987), and electronic 
load transducers and foot contact monitors inserted into the heels of shoes that 
sense loads held, lifted, or carried, and walking activity (Barber et al., 1973; 
Dion et al., 1982; Hoyt et al., 1994; Weyand et al., 2001). These are generally 
simple, small, and relatively inexpensive devices that are based on the principle 
that EEACT is correlated with individual step frequency and foot contact times 
(Kram and Taylor, 1990). The main limitation is that the sensitivity and accu-
racy of step counting may vary significantly among activity types, inter- and 
intraindividually. Furthermore, stride lengths, a crucial element of the velocity 
and distance traveled, can only be estimated. 

Researchers have recently focused on an array of new activity monitors 
based on accelerometers, which directly measure body movements in terms of 
acceleration. The most currently used are the piezoelectric sensors that detect 
accelerations in one (typically vertical direction) or in three orthogonal planes 
(anterior-posterior, lateral, and vertical). Results can be recorded in a micro-
computer. Most monitors are usually placed on the hip or waist (for its closeness 
to the center of body mass), although ankle or wrist monitors are also used. Cal-
trac, Tritrac-R3D (both by Hemokinetics, Madison, Wisconsin), RT3 (Stay-
healthy, Monrovia, California), Computer Science and Application (CSA, 
Shalimar, Florida), Tracmor (Maastricht, The Netherlands), and ActiWatch 
(Minimitter, Sunriver, Oregon) are just a few examples of marketed systems. In 
several validation studies using these monitors, correlation values ranged from 
0.65 to 0.92 between EE measured by indirect calorimetry and accelerometer 
readings during various activities (Bouten et al., 1994; Bray et al., 1994; Chen 
and Sun, 1997; Freedson et al., 1998), where level walking showed the highest 
correlation with the hip-worn triaxial accelerometers. The advantages of the 
accelerometry devices include their small size, noninvasiveness, and minimal 
intrusiveness to normal subject movements during daily activities. Additionally, 
they are easy to use for subjects and testers, sensitive to relative intensity, fre-
quency, and duration detections, and have extended measuring periods (minute-
by-minute data for up to 28 days), thus making free-living monitoring more fea-
sible. The major limitations include their inability to detect activity types (for 
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FIGURE D-13 The whole-room indirect calorimeter at Vanderbilt University. 
 
 
which the associations between measured acceleration and EEACT are dependent 
upon), single-site monitoring that is unable to detect movements from various 
body segments, limited prediction algorithms to estimate EEACT across a wide 
range, and inability to differentiate EE due to postural changes and other low-
intensity physical activities (Chen and Sun, 1997). To compensate for these er-
rors, a combination of using accelerometry devices and inclinometers or mer-
cury switches was used to detect postural changes and motions were reported 
(Levine et al., 2001; Walker et al., 1997). Recently, several research labs have 
tested the feasibility of using accelerometer arrays that were positioned at differ-
ent body segments, mainly the chest, trunk, and thighs, to monitor the types of 
activities by postural identifications (Bussmann et al., 2001; Fahrenberg et al., 
1997; Foerster and Fahrenberg, 2000; Zhang et al., 2003). However, EEACT pre-
dictions from these monitors have yet to be carefully validated.  

Works from the Vanderbilt Energy Balance Lab 

Equipped with the state-of-the-art whole-room indirect calorimeter at Van-
derbilt, we are in a unique and ideal environment to develop and validate port-
able activity monitors for EEACT predictions. The room calorimeter is a small, 
airtight environmental room (2.6 × 3.3 × 2.3 m3, 19,500 L in net volume), 
equipped with a desk, chair, outside window, toilet, sink, telephone, TV/VCR, 
audio system/alarm clock, and fold-down mattress to simulate free-living condi-
tions (Figure D-13). Oxygen consumption and carbon dioxide production are 
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calculated by measuring the changes of oxygen and carbon dioxide concentra-
tions of the air inside the calorimeter and the flow rate of the purged air in an 
open-circuit design. A special multichannel air sampling system was designed to 
ensure an even sampling of the gas expired by the subject. Temperature, baro-
metric pressure, and humidity of the room are precisely controlled and moni-
tored. With the optimized controls and precision measurements, the minute-by-
minute EE is calculated with the highest precision reported (> 90 percent with 
each minute and > 99 percent over 24 hours) (Sun et al., 1994).  

RESULTS 

In a previous study (Chen and Sun, 1997), we used a hip-worn triaxial ac-
celerometer monitor, the Tritrac-R3D Research Ergometer (Hemokinetics, Inc. 
Madison, Wisconsin), to detect body motion during physical activities. A het-
erogeneous group of healthy adult volunteers (85 women and 40 men) each 
spent two separate 24-hour periods (one day with nonintensive walking and 
stepping exercises and the other day without), that respectively denoted the ex-
ercise and normal days in our room calorimeter and where each subject�s min-
ute-by-minute EE and body movements were measured simultaneously. The 
Tritrac-R3D�s simple linear prediction model, using the combined signal from 
all three axes, significantly underestimated EEACT (by 33 percent and 49 percent) 
and total EE (by 17 percent and 26 percent) for normal and exercise days, re-
spectively (Figure D-14, parts A and B). Using the EE and acceleration data 
measured during the exercise day, body acceleration components (A) measured 
by the Tritrac-R3D were fitted into a nonlinear two-parameter model: 

 
EEACT = a × Ahorizontal 

p1 + b × Avertical 
p2 

 
where coefficients a, b, p1, and p2 were determined by optimization with the 
least sum-squared error for each individual. Results showed significant im-
provements (all P < 0.001) in modeling total EE (Figure D-14, part C), standard 
error estimation parameters, and correlation coefficients. We then cross-
validated these models by applying them to the acceleration recorded during the 
second 24-hour period (normal day) and demonstrated that the predicted total 
EE was now comparable to the measured values (Figure D-14, part D). Further-
more, we showed that a generalized model, using subject�s gender, weight, 
height, and age to replace the individualized coefficients (a, b, p1, and p2 from 
the equation above, shown in Figure D-14, parts C and D), was also significantly 
more accurate compared with the one-parameter-linear model by Tritrac-R3D.  

However, this model underestimated the EEACT during low intensities, po-
tentially due to inadequate movement detections of the upper body motion. In a 
recent study (unpublished), we used a similar study design and measured EE 
during a 24-hour period in the room calorimeter in 60 healthy volunteers. Body 
movements were simultaneously measured using the same Tritrac-R3D triaxial 
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FIGURE D-15 Averaged energy expenditure (EE) in separate intensity categories of one 
24-hour period in 60 healthy sedentary women (age, 35.4 ± 9.0 y, body mass index, 30.0 
± 5.9 kg/m2). Comparison between EE measured in the whole-room indirect calorimeter, 
estimated by the ActiWatch, the Tritrac-R3D, and the ActiWatch and Tritrac-R3D moni-
tors combined. METs = metabolic equivalents, calculated as ratio of individual energy 
expenditure and resting energy expenditure. (*P < 0.05 compared with the measured 
values). 
 
 
accelerometer (worn at the hip). We added a wrist accelerometer (ActiWatch64, 
Minimitter, Sunriver, Oregon) on the dominant arm for upper body movement 
measurements. The nonlinear power-fitting model was then expanded to include 
the arm accelerations: 

 
EEACT = a × Ahip, horizontal 

p1 + b × Ahip, vertical 
p2 + c × Aarm 

p3 
 

We found that the Tritrac-R3D and the ActiWatch combined model accu-
rately estimated EEACT in all intensity categories compared with measured 
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FIGURE D-16 Total energy expenditure of physical activity (EEACT) in 12 healthy 
women during two 24-hour periods (identical protocol) measured in the room calorime-
ter, compared with the estimated from the activity monitors. One day was randomly se-
lected for fitting with combinations of ActiWatch on the wrist of the dominant hand and 
Tritrac-R3D at the waist, and the second day was used as the prediction validation. 
 
 
EEACT by the calorimeter (Figure D-15). The particular improvements were in 
the measurement of lower-intensity physical activities, in which sedentary indi-
viduals tend to spend most of their time. A second 24-hour study was repeated 
in a subgroup of 12 volunteers and showed accurate EEACT prediction compared 
with measured values (Figure D-16).  

DISCUSSION AND CONCLUSIONS 

In view of the number of current field techniques for measuring detailed 
physical activity, accelerometers have been shown to be valid and useful. How-
ever, the applications of portable monitors to accurately predict energy demands 
in military personnel during training and field operations are unique. Compared 
with the more sedentary civilian populations, for whom most current activity 
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monitors are designed, soldiers participate in routine training regimens that are 
often subject to increased physical demands. Marching and running with signifi-
cant added loads (> 10 kg), crawling, jumping, climbing, and many other lifting 
or pulling activities are just a few of the activity types that present challenges to 
existing technologies. Furthermore, many trainings and operations are conducted 
in extreme external environmental conditions, such as hot or cold climates 
(Burstein et al., 1996), dry desert or humid jungles (Forbes-Ewan, 1989), and 
high altitude (Hoyt et al., 1994), while the internal stress from the imbalance of 
high total energy demands versus low energy intake, sleep deprivation, fatigue, 
and psychological stress (Nindl et al., 2002; Troumbley et al., 1990) may further 
exacerbate the complexity of the physical activity and EEACT estimations. Thus, 
we need to develop and optimize more specific portable methods for the meas-
urements of the various activity types, intensities, durations, and frequencies. 
Two general areas of improvement are sensor designs and model development. 

Currently marketed accelerometry activity monitors primarily use the pie-
zoresistive sensors, either stand-alone or built-in (surface-mounted or integrated) 
chips. Although mostly unpublished, the ranges of acceleration are generally 
0.05 to 1.0 g, with resolution of 0.02 or worse and sampling rates are 32 Hz or 
lower. Although this may be sufficient for monitoring the majority of physical 
movements of the center of mass (e.g., for the hip-worn monitors), movements 
of upper extremities contain higher frequency components in short bursts that 
may exceed the maximum range. These limitations would introduce inaccuracies 
in measurements. Most current activity monitors only use the dynamic compo-
nent (or the AC component) of the raw signals from the sensors, partially to 
minimize the drifts from the baseline (or the static or DC component) due to 
temperature and directional changes. However, if the sensors are positioned at 
the proper locations, such as the chest, it may be useful to access such baseline 
change with respect to sensor direction for assessing body postures, which may 
indicate the type of activities. The dynamic signal from the sensor is generally 
filtered (corrected for baseline drifts), digitized, full-wave rectified (turn the 
negative values to positive), and integrated to 15-second epoch or longer to yield 
the output of activity counts. Although most of the current accelerometry moni-
tors are packaged for easy operations for field researchers, almost all do not al-
low the user to change key parameters such as sampling rate or to allow raw 
signal collections, which are crucial to enable fundamental improvements in 
sensor designs.  

Since currently available sensors have limited ability to detect wide ranges 
of physical activity types and intensities, the modeling of the acceleration output 
to predict EEACT is an area that needs much more development. We have dem-
onstrated that the acceleration components recorded in the separate directions 
can be weighed differently to enhance EEACT prediction, since body movements 
in the vertical axis normally demand more energy due to the increased work 
against gravity, such as in the cases of weight-bearing activities like walking, 
running, and stepping (Haymes and Byrnes, 1993; Wong et al., 1981). Further-
more, the linear relationship between the acceleration and EEACT may not be the 
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pertinent model for all activity types and intensities. Thus, we have systemati-
cally developed and cross-validated a relatively simple multicomponent power 
prediction model that significantly improved the EEACT estimation.  

The placement of the monitor is also important. Previous studies have con-
firmed that the center of mass is the ideal site for monitoring, particularly for 
weight-bearing activities that contribute to the largest dynamic changes in en-
ergy cost. From our unpublished data, we have also seen that minute-to-minute 
EE during a 24-hour period correlated significantly better with raw measure-
ments of physical activity with a hip-worn triaxial accelerometer (R = 0.825 ± 
0.046) than with a wrist-worn uniaxial accelerometer (0.646 ± 0.093, P < 0.001, 
N = 60). However, previous studies also illustrated that a single hip-worn moni-
tor would be inadequate in measuring various physical activity types and intensi-
ties. Therefore, combination models that combine signals from multiple body 
segments need to be explored for improved accuracy in predicting EEACT.  

In addition, other assessment techniques that involve physiological meas-
urements may also be incorporated with simultaneous accelerometry monitoring 
to further improve EEACT modeling. An example is the use of heart-rate moni-
tors, a simple and objective method for the estimation of EE during certain lev-
els of physical activity and exercise (Spurr et al., 1988). Moreover, heart rate 
monitoring may facilitate the measurements of fatigue, state of hydration, body 
temperature changes, and emotional state (stress) that could affect the energy 
metabolism (Nielsen et al., 1993; Yoshida et al., 1994). Other physiological pa-
rameters, such as core body temperature (Gass and Gass, 1998; van Marken 
Lichtenbelt et al., 2001), galvanic skin conductance (estimating heat loss 
through sweating), and surface electromyography (measures of muscular activ-
ity), may also be explored to reveal their potentials to facilitate the prediction of 
EEACT. 

In summary, to enhance our abilities to assess the energy demands of sol-
diers in the field, future research in technologies should focus on small and wire-
less sensors that can be positioned noninvasively and nonintrusively to measure 
body movements and physiological responses. Accelerometers are suitable for 
many aspects of the physical activity monitoring; however, much can be im-
proved to increase their sensitivity and further reduce their size. The complex 
characteristics of the human physical activity, large inter- and intraindividual 
differences in energetic efficiencies, and inherent limitations of the sensors dic-
tate that the development of advanced models to accurately predict EEACT 
should integrate more unique features of the signals from the sensors, rather than 
simple averaged signal outputs. This requires that we collect the raw signals 
from sensors while measuring EEACT simultaneously. Moreover, advanced pat-
tern recognition and automated classification modeling techniques, such as arti-
ficial neural networks that can incorporate multiple input parameters and output 
feedbacks for nonlinear and adaptive modeling, need to be explored. The ideal 
development processes of such portable activity monitors should include the use 
of a respiratory chamber for sensor and model explorations under laboratory 
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conditions, portable indirect calorimetry units for short-term field evaluations, 
and DLW for overall validations. Furthermore, we should optimize such moni-
toring systems to the specific applications through modeling, such as weather 
conditions and external loads, while broadening the general applications to 
benefit civilian medical research.  
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ENERGY TRANSFORMATIONS AND 
METABOLISM DURING HUMAN 

LOCOMOTION: SENSING 
OPPORTUNITIES IN A CONSERVATIVE 

WORLD 
 

Peter G. Weyand, Rice University 

ENERGY CONVERSIONS: IDENTIFYING, 
MEASURING AND GAUGING THE 

TRANSFORMATIONS 

Newton (1687) originally recognized that energy is neither created nor de-
stroyed, merely transformed from one state to another. This late seventeenth-
century idea provides the contemporary understanding that the energy transfor-
mations occurring in our environment proceed without any net loss in the total 
energy present. We take this for granted in the transformation of the chemical 
energy in fossil fuels into the heat energy to warm buildings or the mechanical 
energy to power automobiles. Indeed, Newton�s breakthrough has enabled us to 
describe many of the energy transformations in the physical world in precise 
quantitative detail. However, in spite of the wide appreciation of the universal 
nature of Newton�s conservation law, we are unable to fully quantify some of 
the energy transformations that affect us most directly. This is particularly true 
of the energy transformations occurring in skeletal muscle during walking and 
running. The energy sources and end products for skeletal muscles are similar to 
those of a gasoline engine. Both transform chemical energy into heat and me-
chanical work (Hill, 1950). Yet, for skeletal muscle during locomotion, the rela-
tive yields of heat and work are not fully known (Alexander, 1992; Taylor, 
1994; van Ingen Schenau, 1998). 

Despite ongoing uncertainty about the relative quantities of heat and work 
produced by muscle metabolism during locomotion, the total chemical energy 
transformed can be accurately measured. The stoichiometry of the reactions that 
liberate chemical energy from foodstuffs to fuel muscular contractions is well 
known. This knowledge allows the chemical energy released by the body�s me-
tabolism to be determined from the oxygen taken up and carbon dioxide given 
off by the process of respiration. The ease, utility, and accuracy of measure-
ments of gas exchange have made this the method of choice for quantifying 
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chemical energy transformations in the body for more than a century (Blaxter, 
1989; Fedak et al., 1981; Zuntz, 1897). 

Because energy transformations are an integral part of movement, quantita-
tive descriptions of these transfers can be used to characterize the performance 
status of humans, automobiles, or other bodies in motion. The conventional de-
scriptors for automobiles: horsepower, fuel available, fuel economy, and engine 
temperature, are fully familiar. Some of these are displayed on our dashboards in 
real time so that we can continuously monitor the energy status of our cars. Be-
cause the energy transformations in the human body involve similar conver-
sions, equivalent descriptors of performance capabilities exist: metabolic power, 
fuel reserves, locomotor economy, fuel mixtures, and core body temperatures 
are all quantifiable biological entities. In some cases, such as the core tempera-
ture of the body, the sensor technology needed for continuous monitoring in the 
field is currently in use. In other cases, the biological knowledge needed to di-
rect sensor research and development is incomplete. Advancing the understand-
ing of the energy transformations that occur during human locomotion should 
identify the most productive avenues for future sensor development. 

CHEMICAL ENERGY TRANSFORMED BY MUSCLE: 
HEAT AND WORK 

Early formal ideas regarding the fate of the chemical energy humans and 
other animals transform during locomotion postulated that humans behave much 
like today�s automobiles. Scientists considering the question believed humans 
produce forward movement by transforming chemical energy into the mechani-
cal energy necessary to perform the work involved in locomotion (Fenn, 1930; 
Gray, 1968; Hill, 1950). Just as automobiles perform mechanical work to over-
come inertia and wind resistance, human muscles were thought to convert 
chemical energy into the mechanical energy and work necessary to repeatedly 
lift and accelerate the body�s center of mass and limbs during each stride.  

However, two important distinctions differentiate human locomotion pro-
duced by muscular contractions from that of an automobile powered by a gaso-
line engine. These differences are most easily conceptualized under steady-
speed conditions on level ground. First, automobiles must transform fuel into the 
mechanical energy necessary to overcome the frictional resistance offered by 
both air and internal components. This is not true for humans because they typi-
cally do not move at sufficient speeds to encounter appreciable resistance from 
air, and frictional forces within the body are negligible. Thus, the net require-
ment for mechanical energy during human locomotion under these conditions is 
nearly zero. Second, in contrast to the passive support provided by the frame of 
the automobile, humans rely on muscles to support the weight of the body 
against gravity. Muscles, unlike rigid car frames, expend chemical energy in 
order to provide the force necessary to support the body�s weight. A car 
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FIGURE D-17 Muscle force in relation to the velocity of shortening in an isolated mus-
cle. The total energy transformed from chemical sources within muscle increases with the 
velocity of shortening during a contraction. During contractions with no length change, 
all of the chemical energy utilized by muscle is converted into heat. During contractions 
at 0.2 to 0.3 of maximal shortening velocity, 25 percent of the chemical energy fueling 
contraction is converted to mechanical work and the remaining 75 percent is converted 
into heat. 
 
 
obviously does not require fuel to remain upright, but a person does, and the 
chemical energy transformed during motionless standing is appreciable (Mar-
garia, 1976). 

Although significant uncertainties remain about the relative yields of heat 
and work derived from the chemical energy transformed by muscles during lo-
comotion, this is not the case for muscles observed in isolated preparations. Be-
cause force, shortening velocity, and heat production can be accurately meas-
ured under the latter conditions, the relationship between the mechanics of 
muscular contraction and the relative yields of heat and mechanical work in sin-
gle muscles has been well established for more than half a century (Fenn, 1924; 
Hill, 1950). The maximum isometric force produced by different skeletal mus-
cles is virtually invariant when expressed in relation to cross-sectional area 
(Figure D-17). Isometric contractions produce large forces that transform rela-
tively little chemical energy. However, because no shortening occurs, and me-
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chanical work by definition involves moving a force through a distance, isomet-
ric contractions produce no mechanical work, and hence provide no mechanical 
energy. Under isometric conditions, the chemical energy that fuels force produc-
tion is converted entirely into heat. When muscles shorten while active, the larg-
est yields of mechanical work are provided by contractions that occur at one-
fifth to one-third of the muscles maximum shortening velocity (Vmax). However, 
performing mechanical work at these shortening velocities compromises force 
production. At the relative shortening velocities that maximize the work per-
formed, the force produced is reduced to roughly one-half that of an isometric 
contraction. Additionally, muscle performs this work with marginal efficiency: 
most muscles convert a maximum of only 25 percent of the total transformed 
chemical energy into mechanical work. This upper efficiency limit, similar to 
that of an automobile engine, results in 75 percent of the total chemical energy 
transformed being released as heat. 

Although the relative energy yields of heat and work are well established 
from experiments on isolated skeletal muscle preparations, equivalent informa-
tion about the energy transformations that occur in the body during locomotion 
is not available. To date, simultaneous measurements of muscle forces, shorten-
ing velocities, and heat from the many muscles active in the body during loco-
motion have not been possible. Yet, the absence of this data does not preclude 
further consideration of these issues. Sound conclusions can be drawn from the 
large bodies of experimental information available on both the mechanics and 
chemical energy transformations involved in human locomotion. 

LOCOMOTOR ENERGETICS AND MECHANICS: ALL 
HEAT, NO WORK? 

Typical rates and quantities of the metabolic or chemical energy trans-
formed during walking and running are illustrated in Figure D-18. With in-
creases in speed, the rates at which the body�s chemical energy stores are trans-
formed increase curvilinearly during walking and linearly during running 
(Figure D-18A, Margaria et al., 1963). These metabolic rates can be divided by 
speed to obtain the energy transformed per unit distance, or the metabolic cost of 
transport (Figure D-18B). Walking transport costs are minimized at the interme-
diate speeds people prefer to use and are relatively greater at both slower and 
faster speeds within this gait. Running transport costs are virtually constant 
across the range of speeds at which values can be obtained from measurements 
of gas exchange. In the process of covering a kilometer at self-selected speeds, a 
typical 70 kg person will transform approximately 270 and 420 kJ of chemical 
energy in these respective gaits. 

Although the chemical energy transformed during walking and running has 
been established for many decades, the proportion converted into mechanical 
work is not known. Uncertainty regarding the completeness of mechanical en-
ergy transfers within each stride has precluded accurate quantification of the 
relative portions provided from stored mechanical versus stored chemical energy 
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FIGURE D-18 The rate at which metabolic energy is transformed in relation to speed 
during steady-state human walking and running (A). Dividing metabolic rate by speed 
provides the energy expended per unit distance (B). 
SOURCE: Reprinted, with permission Margaria et al. JAP (1963). 
 
 
sources (Taylor, 1994; van Ingen Schenau, 1998). Mechanical energy is clearly 
required to repeatedly lift and accelerate the body�s mass and limbs during each 
stride. This energy might be provided, either wholly or in part, by the transfor-
mation of chemical energy stores in the body. Early experimentalists started 
with the assumption that the energy source of all of the mechanical work re-
quired for each stride was chemical. This assumption provided them with a 
seemingly logical explanation for the chemical energy transformations that had 
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been well-documented by gas exchange. Dozens of investigations, both past and 
recent, have attempted to establish a consistent relationship between the me-
chanical work performed and the chemical energy transformed during each lo-
comotor stride (Heglund et al., 1982; Kaneko, 1990; Williams and Cavanagh, 
1987). To date, these approaches have yielded neither consistent quantitative 
explanations, nor successful independent predictions of the quantities of chemi-
cal energy known to be transformed. 

The alternative possibility, that the chemical energy transformed during 
human locomotion is not converted into mechanical work, but almost fully into 
heat, enjoys support from a growing body of experimental evidence. This evi-
dence suggests that the mechanical energy needed for walking and running is 
continuously recycled from one stride to the next once a person is up to a con-
stant speed. During walking, the musculoskeletal system transfers mechanical 
energy between gravitational potential energy and horizontal kinetic energy us-
ing a mechanism that has been likened to an inverted pendulum (Cavagna et al., 
1976). The forward velocity of the body�s center of mass slows as it gains height 
and gravitational potential energy while approaching its highest point in mid-
stance. Once past this apex, the body accelerates down and forward by convert-
ing the gravitational potential energy gained earlier in the stride into forward 
kinetic energy (Figure D-19A). During running, the body stores elastic potential 
energy in springy tendons during the downward movement of the center of mass 
that occurs during the first half of the stance phase. The height and speed the 
body loses early in stance is then restored via an elastic recoil that lifts and re-
accelerates the body during the latter portion of the stance phase (Cavagna et al., 
1964, 1977; Figure D-19B). 

The exact quantities of energy transferred back and forth between various 
mechanical forms during each walking and running stride are not fully known, 
but are undoubtedly considerable. Estimates for walkers indicate that up 70 per-
cent of the total fluctuations in the horizontal kinetic and gravitational potential 
energy of the body can be accomplished via pendulum-like transfers (Cavagna 
et al., 1977). These transfers are most complete at those intermediate speeds at 
which transport costs are minimized and less are complete at the faster and 
slower speeds that incur greater metabolic transport costs. Estimates for runners 
indicate that well over half (Cavagna et al., 1964; Ker et al., 1987; Roberts et al., 
1997), and perhaps nearly all (Taylor, 1994) of the mechanical energy fluctua-
tions involved might be accomplished via elastic and other transfer mechanisms. 
Regardless of exactly how complete these energy transfers are, the possibility of 
nearly complete conservation of mechanical energy raises a counterintuitive 
possibility: humans traveling at steady speeds on level ground may not require 
little to no input of mechanical energy and therefore may not transform any ap-
preciable chemical energy into mechanical work. 

From a conceptual standpoint, the muscle mechanics and energy transfor-
mations taking place in humans traveling under their own power may not differ 
appreciably from those that occur while standing still. In both cases, there is 
essentially no net requirement for mechanical work to be performed, but a large 
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FIGURE D-19 Mechanisms by which mechanical energy is conserved during human 
locomotion. During walking, the mechanical energy of the body is conserved by a pendu-
lum-like transfer between forward horizontal and gravitational potential energy (A, from 
Alexander, 1992 illustration from EXPLORING BIOMECHANICS: Animals in Motion 
by R. McNeil Alexander. Copyright © 1992 by Scientific American Library. Reprinted 
by permission of Henry Holt and Company, LLC), while during running, the gravita-
tional and elastic potential energy are transferred by passive stretch and recoil of tendon 
springs (B). 
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requirement for muscles to generate the support forces that the skeleton ulti-
mately applies to the ground. The mechanical and metabolic properties of mus-
cle indicate that these requirements would be best satisfied by contractions dur-
ing which muscle undergoes little to no change in length. For example, isometric 
muscle contractions would maximize the force produced per unit volume of 
muscle active, minimize the energy drawn from the body�s chemical stores, and 
eliminate the mechanical work that is theoretically unnecessary. Although coun-
terintuitive, the empirical evidence available (Fukunaga et al., 2001; Roberts et 
al., 1997; Taylor, 1994) supports the general validity of this idea. 

RUNNING: SPRINGING FORWARD 

However close to 100 percent perfection mechanical energy transfers might 
be, they do not influence the earth�s gravitational field. Accordingly, there is no 
disagreement that muscles need to be active to support the body�s weight during 
locomotion. This allows support forces to be regarded as a minimum mechanical 
requirement for human locomotion. When the force of gravity on the mass of an 
average human body is considered, the magnitude of the force that must be ap-
plied to the ground in order to travel on foot is readily apparent. Peak ground 
reaction forces typically exceed the force of the body�s weight during walking 
and are at least twice as great during running (Margaria, 1976). The orientation 
of the ground reaction force vector in relation to the leg joints indicates that the 
muscle forces required for human locomotion generally exceed the ground 
forces by a factor of two (Biewener, personal communication; Wright and Wey-
and, 2001). Accordingly, the muscles of a 70 kg human must generate peak 
forces of approximately 1,400 to 2,800 N simply to oppose gravity during nor-
mal walking and running. 

The large ground and muscle forces involved in locomotion led C. Richard 
Taylor and colleagues (Kram and Taylor, 1990; Roberts et al., 1998; Taylor, 
1994) to hypothesize that the energy muscles require for force production is the 
predominant factor in determining the quantities of chemical energy transformed 
during locomotion. These investigators recognized that the time-averaged verti-
cal force applied to the ground over the course of the stride must equal the 
body�s weight, and that this force can only be applied during the period of foot-
ground contact (tc). These investigators observed a constant relationship between 
the metabolic rates of running or hopping animals and the rates at which they 
applied ground support forces (Kram and Taylor, 1990, Figure D-20). Two well-
known properties of muscle helped these investigators explain this result. First, 
the rates at which chemical energy is transformed into heat while producing 
force is known to be proportional to the maximal shortening speed of the fibers 
generating the force (Barany, 1967). Second, during locomotion, muscle fibers 
are recruited in ascending order of their shortening speeds (Henneman et al., 
1965; Walmsley et al., 1978). Using this information, Kram and Taylor pro-
posed that the rates at which runners and hoppers apply force to the ground (1/tc) 
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FIGURE D-20 The metabolic rates (a), during inverse periods of foot-ground contact, 
and (b) in different sized running and hopping animals over a range of speeds. The ratio 
of metabolic rates to the inverse periods of foot-ground contact (c) is a constant. This 
constant, the cost coefficient, represents the metabolic energy transformed in applying the 
ground force necessary to support the body�s weight against gravity.  
SOURCE: Reprinted by permission from Nature Kram and Taylor (1990) Macmillan 
Publishers Ltd. 
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dictates the speed of the muscle fibers recruited to support their body weight 
and, therefore, also the rate of chemical energy transformation in the body. They 
expressed this relationship as: 

 
Ėmetab = FWb × 1/tc × C (1) 

 
Where Ėmetab is metabolic rate, FWb is the force required to support the 

weight of the body, 1/tc is the inverse period of foot-ground contact used to es-
timated that rate of ground force application, and C is a cost coefficient repre-
senting the chemical energy expended per unit of force applied to the ground to 
support the body�s weight. In accordance with convention for weight-bearing 
exercise, equation 1 can be rearranged to express metabolic rates on a mass-
specific basis as: 

 
Ėmetab/FWb = 1/tc × C (2) 

 
The original relationship has since been found to apply to human locomo-

tion with added weight or reduced weight (Kram, 2000), on skis (Bellizzi et al., 
1998), with only ski poles (Bellizzi et al., 1998), while running on one�s hands 
(Glasheen and McMahon, 1995), or even backwards (Wright and Weyand, 
2001). 

These results offer a consistent quantitative explanation for the chemical 
energy transformed during locomotion that has not come forth in the many pre-
vious investigations into the possible importance of mechanical work. The as-
sumption of complete conservation of mechanical energy allowed Taylor and 
colleagues to establish a link between the chemical energy transformed during 
locomotion and whole-body mechanics that had been previously lacking. Tay-
lor�s hypothesis applied across a 4,500-fold range in the body sizes of running 
and hopping animals, a 10-fold range of speeds, and to several different gaits. 
Just as standing humans are recognized to be transforming chemical energy into 
force to support themselves against gravity, growing evidence supports Taylor�s 
idea that running humans and animals do largely the same thing: humans and 
terrestrial animals simply convert chemical energy into the force necessary to 
support the body�s weight while releasing this energy as heat in the process. 

WALKING ENERGETICS: THE SCOOP ON SUPPORT 
FORCE? 

Some have argued the Taylor�s force hypothesis does not provide the cor-
rect explanation for the relationship reported between chemical energy trans-
formation in the body and the mechanics of ground force application during 
running (Alexander, 1991; Minetti et al., 1994; Steudel, 1990). However, the 
empirical information available from walking is also consistent with the original 
ideas put forth by the force hypothesis. If support mechanics do determine the 
quantities of chemical energy transformed during human locomotion, several 
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expectations for metabolic consequences can be inferred from the pendulum-like 
gait dynamics involved in walking. Metabolic energy requirements should be 
minimized when the transfer of mechanical energy by the pendulum is most 
complete. The greater the share of the mechanical energy provided conserva-
tively by the pendulum, the smaller the demand on skeletal muscle to convert 
chemical energy into mechanical work during each stride. This idea can be 
evaluated by considering two metabolic variables introduced previously: the 
metabolic energy transformed per unit distance, and the metabolic energy trans-
formed per unit of force applied to the ground (i.e., the cost coefficient; C in 
Figure D-21). 

Several investigators (Cavagna et al., 1977; Griffin et al., 1999; Griffin et 
al., 2003; Heglund et al., 1982) have reported that the maximum possible energy 
savings from pendulum-like energy transfers occurs at intermediate walking 
speeds. With either positive or negative deviations from the intermediate speeds 
that people prefer to use, the proportions of the total mechanical energy of the 
body�s center of mass conserved by pendulum-like exchange become progres-
sively smaller (Cavagna et al., 1977). When the metabolic energy transformed at 
different walking speeds is expressed per unit distance, a minimum occurs at 
those intermediate speeds of maximum possible pendulum transfer (Figure      
D-22). At the slower and faster speeds at which mechanical energy transfers 
become less possible, the measured metabolic cost of transport is greater. A 
similar pattern is observed for the metabolic energy transformed per unit of 
force applied to the ground, or the cost coefficient (Griffin et al., 2003; Figure 
D-21C). Walking cost-coefficient values are minimized at the intermediate 
walking speeds at which mechanical energy transfer is most complete and are 
greater at both the faster and slower speeds at which walking dynamics limit 
pendulum-like transfers. 

Simultaneous measurements of the chemical energy transformed and the 
heat given off by the body at different walking speeds have been obtained using 
a novel suit calorimeter developed by Paul Webb (Webb et al., 1988). These 
data, unique to human walking, also show a pattern across speed that supports 
the belief that ground force application determines the chemical energy trans-
formations occurring in the body. Webb and colleagues reported that the largest 
fractions of the total chemical energy transformed, as determined from gas ex-
change, were given off as heat at those intermediate walking speeds at which the 
greatest fraction of the body�s mechanical energy fluctuations can occur conser-
vatively by pendulum-like exchange.  

The fundamental importance of applying ground force to support the body�s 
weight in determining the energy transformed in human locomotion prompted 
Reed Hoyt and colleagues to use this basic relationship to develop ambulatory 
sensing technologies. Hoyt recognized that if rates of ground force application, 
as estimated from foot-ground contact times (i.e., 1/tc), dictate the rates at which 
chemical energy is transformed in the human body, then accurate sensing of 
these periods should provide valid field estimates of the chemical energy 
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FIGURE D-21 Metabolic rate (A), inverse periods of foot-ground contact (B), and the 
cost coefficient (C) in relation to walking speed.  
SOURCE: Reprinted, with permission adapted from Griffin et al. JAP (2003). 
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FIGURE D-22 The metabolic energy expended per unit distance (Etrans) and per unit 
force applied to the ground (C) to support the body�s weight in relation to walking speed. 
 
 
transformed. Successful sensing would allow the metabolic energy transformed 
during locomotion to be monitored during the daily lives of soldiers, hikers, 
medical patients, and others. Hoyt�s idea proved to be both scientifically correct 
and practical, and thereby provided significant contributions toward the estab-
lishment of a human �energy status dashboard.� 

SENSING PERFECTION: ESTIMATING FOOT-
GROUND CONTACT TIMES ON THE RUN 

In their initial effort, Hoyt and colleagues (1994) succeeded in obtaining 
measurements of foot-ground contact times from pressure sensitive resistors 
embedded in shoe insoles. Their sensor measurements of foot-ground contact 
times provided highly accurate estimates of the metabolic energy released dur-
ing both human walking and running (Figure D-23). For running, this was not a 
complete surprise given the results reported originally by Kram and Taylor 
(1990) and later by others (Roberts et al., 1998; Wright and Weyand, 2001). 
However, the estimates the sensors provided during walking were equally accu-
rate even though direct walking tests of the relationship had been previously 
absent. 

Although the initial impetus for the development of foot-ground contact 
monitors was obtaining ambulatory estimates of the metabolic energy released 
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FIGURE D-23 Rates of chemical energy transformation in the body estimated by foot-
ground contact time monitors and those measured directly using indirect calorimetry. 
SOURCE: Reprinted, with permission Hoyt et al. JAP (1994). 
 
 
during locomotion, the monitoring capabilities that arose were not limited to 
sensing metabolism. The consistent support mechanics humans use to support 
the weight of their bodies against gravity results in highly reproducible rates of 
ground force application at any given speed. In fact, this relationship is suffi-
ciently consistent that foot-ground contact times, once established in relation to 
speed for an individual, provide precise estimates of speed. The commercial tc 
monitors spawned by this line of research (FitSense Incorporated, Southboro, 
Massachusetts) are able to estimate speeds and distances in field settings to 
within 2 percent or less (Weyand et al., 2001; Figure D-24). 

The precision of these foot-ground contact monitors is greater, and the effi-
cacy of the general approach is more apparent under conditions that are more 
controlled than those that typically exist in the field. In one application, the ac-
celerometric method of estimating foot-ground contact times was used to moni-
tor the world record holder in the 400 meter run during sprint competitions in 
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FIGURE D-24 The contact and swing phases of a single limb during a running stride (A) 
and the corresponding signal from a shoe-mounted accelerometer (B). The accelerometer 
signal allows both the instant the foot first contacts, and subsequently leaves, the surface 
to be identified. This allows this sensor to quantify periods of foot-ground contact (tc) 
which can be used to estimate the rates at which force is applied to the ground to support 
the body�s weight during walking and running.  
SOURCE: Reprinted, with permission Weyand et al. JAP (2001). 
 
 
the spring of 2000. In these instances, the foot-ground contact times of Michael 
Johnson were obtained from accelerometers fastened to the lateral aspect of both 
ankles. On the flat, consistent surface of 400 meter tracks, the speed estimates 
from the accelerometers agreed with the officially-timed speeds to within a frac-
tion of a single percent. These estimates were so precise that accurate values for 
Michael Johnson�s instantaneous speeds, stride frequencies, and lengths were 
available for every step of the races monitored (Figure D-25). 

More recently, the commercial version of the foot-ground contact monitors 
were used in combination with heart rate monitors to obtain estimates of the 
body�s maximal rate of chemical energy transformation from aerobic metabo-
lism, or VO2max (Weyand et al., 2001). In this case, the combination of newer 
and older sensor technologies provided a practical and accurate method that can 
be used in field settings to estimate maximal aerobic power, thereby contributing 
an ambulatory horsepower gauge to the human energy dashboard. 
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FIGURE D-25 Schematic illustration of the typical relationship between running speed 
and foot-ground time. The specific relationship for Michael Johnson was used to obtain 
his step-by-step speeds, stride lengths, and frequencies during competition in the spring 
of 2000. The accuracy provided by foot-ground contact sensors was equivalent to that of 
timing devices or video analysis. 

 
 

FURTHER SENSING ADVANCES 

The energy transfers involved in human locomotion considered here have 
focused on steady-state conditions on level ground. Scientific information, un-
derstanding, and the evolution of sensor technology warranted this focus. How-
ever, the conditions for locomotion in the natural world often deviate from these 
conditions. Hills and substrate quality can alter the mechanics of locomotion, the 
activity of the skeletal muscles, and the quantities of chemical energy trans-
formed. Under these and other circumstances, significant challenges to biologi-
cal understanding and sensor development remain. Nonetheless, experimental 
avenues that will provide further advances toward a human energy dashboard 
are clearly available. For example, the ability to assess maximal aerobic power 
from lightweight sensors on the body offers the possibility of obtaining reasona-
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 time 
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bly accurate field estimates of the fuel mixtures that are transformed during hu-
man locomotion. Because the mixture of fat and carbohydrate oxidized is 
closely related to fraction of maximal aerobic power at which individuals oper-
ate during locomotion (Roberts et al., 1995; Sahlin, 1986), available techniques 
should predict fuel mixtures with reasonable accuracy.  

CONCLUSIONS 

Although significant work remains before metabolic monitoring technolo-
gies provide an energy dashboard for the human body equivalently comprehen-
sive to that of the modern automobile, there is cause for optimism. The progress 
made thus far in the ability to monitor speed, distance, metabolic rate, and 
maximum aerobic power from sensors in field settings would have been difficult 
to imagine a decade ago. The foundation for this monitoring progress was the 
experimental work that differentiated the passive and active mechanical aspects 
of human locomotion. Because the mechanics of steady-state walking and run-
ning allow the large majority of the mechanical energy exchanges to be recycled 
from one stride to the next, the remaining requirement for the musculoskeletal 
system is simply supporting the body�s weight against gravity. The avenues of 
further biological work and sensor development that are now available should 
provide for equally rapid progress in the coming decade.  

While Newton�s principles of perfect energy conservation are known to ap-
ply ubiquitously, some particulars of energy transfer during human locomotion 
remain to be characterized more fully. The possibility of 100 percent transfer 
that has been raised here under ideal, steady-state conditions is certainly simpli-
fied to some small degree. Regardless, the empirical support for the predominant 
importance of support force in human locomotion is difficult to dispute. The 
sensor development spawned by the ideas regarding the fundamental importance 
of support mechanics makes a more convincing case still. The existence, utility, 
and remarkable accuracy of the sensor measurements under consistent condi-
tions strongly attest to the validity of the original support force ideas. The en-
ergy transfers in the world of human locomotion may not be completely perfect, 
but the biological reality is certainly close enough for us to sense it. 
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BIOMARKERS FOR CHANGE IN 
PROTEIN TURNOVER OF MUSCLE 

 
Robert Wolfe, Elisabet Børsheim, University of Texas Medical Branch 

The net gain or loss of muscle protein represents the balance between the 
rates of synthesis and breakdown. Consequently, when considering potential 
markers for changes in protein turnover in muscle, it is necessary to evaluate 
potential candidates in terms of the ability to reflect changes in the net balance 
between synthesis and breakdown. 

The fundamental processes that control the balance between muscle protein 
synthesis and breakdown are shown in Figure D-26. Amino acids that can poten-
tially be used for incorporation into protein (i.e., synthesis) can be derived from 
transport from the plasma, breakdown, or in the case of certain (nonessential) 
amino acids, from de novo synthesis. In turn, the amino acids in the precursor 
pool for synthesis can also be transported back to the plasma and carried away 
by venous blood. 

There is interplay between all of these factors in the context of normal daily 
activity, including exercise and eating. Since amino acids provide a readily 
measurable component of the system, it is worthwhile to consider in depth the 
possible utility of measures of blood amino acid concentrations as indices of the 
status of the overall system, in particular the balance between synthesis and 
breakdown. In that regard, it is pertinent to first consider the role of muscle in 
the overall regulation of whole-body protein metabolism. 

Many tissues of the body, such as the skin, heart, brain and liver, have a 
constant demand for amino acids. Protein breakdown is always occurring in 
these tissues, and without a sufficient rate of synthesis to balance the rate of 
breakdown, the amount of protein would quickly diminish. Since these tissues 
and organs do not have significant reserves of protein, even transient periods of 
net catabolism might have significant physiological consequences. Therefore, 
these tissues are normally able to extract sufficient amino acids from the blood 
to maintain synthesis at a rate sufficient to match the rate of breakdown, thereby 
avoiding a net loss of protein. Muscle, on the other hand, serves as a reservoir 
for amino acids. At least 15 percent of muscle mass can be lost without physio-
logical consequences. Thus, muscle catabolism serves to provide plasma amino 
acids when none are available from absorption of dietary intake. In other words, 
there is a net negative protein balance in muscle in the postabsorptive or fasted 
state in order to provide the amino acids needed by other tissue organs in which 
the maintenance of protein mass is more essential for survival. Consequently, 
when amino acids are being absorbed, the muscle protein pool is the principal 
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FIGURE D-26 Interaction between amino acids and protein kinetics. 
 
 
target of repletion since other tissues received adequate amino acids via the 
blood to maintain protein balance in the absence of intake. Thus, muscle can be 
considered as a reservoir for amino acids that functions to keep amino acids 
available, via the plasma, for protein synthesis throughout the body. 

The muscle performs its role as a reservoir quite efficiently. Even after 50 to 
60 days of fasting in obese individuals, plasma essential and nonessential amino 
acids are maintained constant (Drenick et al., 1964). Further, intracellular con-
centrations of essential amino acids are regulated so as to remain constant unless 
there is a major perturbation in one or more of the factors controlling those con-
centrations (i.e., synthesis, breakdown, or transport). For example, when ex-
tracellular concentrations of amino acid were increased 40 percent by a primed-
constant infusion, the intracellular essential amino acid concentrations remained 
constant, even though synthesis was stimulated (Bohe et al., In press). Further, 
when plasma amino acid concentrations were doubled by intravenous infusion, 
intracellular essential amino acid concentrations actually fell slightly, but sig-
nificantly (Bohe et al., 2003). Only when the rate of infusion of amino acids 
increased sufficiently to exceed the capacity of synthesis to increase proportion-
ately did the intracellular concentration of amino acids increase (Bohe et al., 
2003). In an analogous response, when plasma amino acids were artificially 
lowered 40 percent below the basal level by hemodialysis, intracellular essential 
amino acid concentrations were unchanged (Kobayashi et al., 2003). Thus, un-
der normal physiological conditions, changes in concentrations of essential 
amino acids cannot provide insight into the rates of muscle protein synthesis, 
breakdown, or the balance between them. 
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In severe stress, the stimulus for net protein catabolism provides the extra 
amino acids required for processes such as wound healing, immune function, 
and synthesis of acute phase proteins in the liver. In severe stress, such as burn 
injury, the signal for breakdown may exceed the increased requirement for 
amino acids, such that intracellular, and sometimes plasma concentrations, of 
essential amino acids increase. For example, intracellular concentrations of 
phenylalanine, leucine, and lysine are all elevated in burn patients (Biolo et al., 
2000), although all may not be elevated in plasma. Interpretation of individual 
essential amino acids may be complicated by specific aspects of its metabolism. 
For example, phenylalanine is generally elevated in critically ill patients, but the 
plasma phenylalanine is clouded by the fact that its clearance not only reflects 
the uptake for the process of synthesis, but the liver clears phenylalanine and 
metabolizes it to tyrosine. Thus, in critically ill patients, an isolated increase in 
phenylalanine may reflect liver failure as much as net muscle protein break-
down. 

The nonessential amino acids alanine and glutamine are the principal means 
by which nitrogen is transferred from muscle to the liver for eventual excretion 
as urea. Thus, when net muscle breakdown is accelerated, an increased produc-
tion of alanine and/or glutamine would be expected. In fact, alanine release from 
muscle may be elevated by several-fold in severely burned patients (Jahoor et 
al., 1986); even after exercise alanine release is accelerated (Wolfe et al., 1979). 
However, plasma concentrations of alanine are not elevated when flux rates are 
elevated several-fold, probably due to the concurrent stimulation of gluconeo-
genesis that occurs in response to stress (Wolfe et al., 1979). In fact, alanine 
concentration may actually fall in severe sepsis (Gore and Wolfe, 2003). Conse-
quently, alanine does not provide useful information about net muscle protein 
breakdown. 

Depletion of the intramuscular glutamine pool occurs in stress states. Nor-
mally, the intramuscular concentration of glutamine is greater than the sum of 
all other amino acids. In severe stress, the intracellular concentration may fall by 
as much as 90 percent (Mittendorfer et al., 1999), but plasma concentrations are 
generally maintained or even fall. Thus, whereas plasma (and interstitial) con-
centrations of glutamine provide little insight into the net muscle protein bal-
ance, monitoring of the intracellular concentration of glutamine could likely 
provide reasonable insight as to whether the individual was under significant 
physiological stress. Current technology requires muscle biopsy to accomplish 
this measurement. 

Muscle myofibrillar protein breakdown has been estimated using indirect 
measures such as 3-methylhistidine (3-MH) excretion (Young et al., 1973). 3-
MH is produced by the posttranslational methylation (by protein-histidine N-
methyltransferase) of specific histidine residues in the actin of all muscle fibers 
and in the myosin of type II fibers. It is released during protein breakdown and 
is not reutilized for protein synthesis or metabolized in man, but is excreted in 
urine. The skeletal muscle mass comprises the largest fraction of tissue-bound 3-
MH in the body. Thus, urinary excretion of 3-MH in its free and acetylated form 
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FIGURE D-27 Muscle protein synthesis, breakdown, and net protein balance at rest 
(black bars) and ~ 3 h after a heavy resistance exercise bout (gray bars) in untrained male 
volunteers. Values are mean ± standard error. Asterisk (*) indicates significant difference 
(p < 0.05) postexercise versus rest.  
SOURCE: Reprinted, with permission Biolo et al. AJP (1995b). 
 
 
has been used as a measure of the rate of muscle myofibrillar protein break-
down. Concerns about the validity of 3-MH excretion as an indicator of muscle 
protein breakdown relate to the contribution of nonmuscle sources to urinary 3-
MH (e.g., gut smooth muscle and skin). Also, dietary protein intake can contrib-
ute to urinary 3-MH. Thus, urinary excretion of 3-MH may be problematic to 
use as a measure of skeletal muscle protein turnover. Determination of arterial-
venous differences of 3-MH across muscle may be more useful in that regard. 
Nonetheless, even if it were to provide a precise measure of the rate of muscle 
protein breakdown, it would not be useful as an indicator of net muscle balance. 
When a large body of literature is considered, it is clear that changes in break-
down and synthesis normally occur in the same direction, and the magnitude of 
the individual responses (i.e., synthesis and breakdown) determines the nature of 
any change in net balance. 

The best example of the lack of an obligatory relation between breakdown 
and net balance, particularly with relation to potential military applications, can 
be seen in Figure D-27. Resistance exercise caused an improvement in net mus-
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cle protein balance (i.e., reduced the fasting rate of muscle catabolism). How-
ever, the rate of breakdown actually increased�the improvement in net balance 
was due to an even greater increase in synthesis (Biolo et al., 1995b). Thus, 
whereas monitoring 3-MH could potentially give some indication of the rate of 
muscle protein breakdown, it is the balance between synthesis and breakdown 
that determines gain or loss of muscle mass; knowledge of breakdown alone 
provides little insight into the net balance. 

Taken together, this discussion lends to the conclusion that measurement of 
plasma (or urinary) levels of amino acids or other potential markers of synthesis 
or breakdown cannot be expected to be reliable indicators of the balance be-
tween muscle protein kinetics or breakdown. Increasing levels of invasiveness 
enable more detailed information to be obtained. 

With oral ingestion of a 15N-alanine bolus and collection and analysis of 
urinary ammonia enrichment, it is possible to calculate whole body protein turn-
over. Coupled with ingestion of labeled 3-MH and measurement of the decay in 
enrichment, it is possible to distinguish the contribution of changes in muscle 
protein breakdown to the overall change in whole body protein turnover. In 
many, but not all, circumstances, changes in whole-body turnover reflect 
changes in muscle-protein turnover. 

With increasing levels of invasiveness, it is possible to more directly obtain 
quantitative information. With the use of isotopically labeled tracer infusion and 
muscle biopsies and peripheral venous blood samples it is possible to quantify 
rates of muscle protein synthesis, and if arterial samples are added, breakdown 
can also be measured (Zhang et al., 1996). When arterial-venous sampling 
across the leg is coupled with biopsies, all of the factors shown in Figure D-27 
can be quantified (Biolo et al., 1995a). Unfortunately, these invasive procedures 
are necessary because more readily accessible means of estimating muscle pro-
tein metabolism are unreliable. 

SUMMARY 

Changes in muscle mass occur because of an imbalance between the rates of 
protein synthesis and breakdown. Thus, the complication in finding a pertinent 
marker is that it must reflect the balance between two distinct processes. Conse-
quently, the only reliable means of estimating changes in muscle protein turn-
over in a physiologically relevant manner is with the use of stable isotope trac-
ers. Further, use of these tracers must be coupled with invasive procedures such 
as muscle biopsies and/or arterial and deep venous catheterizations to gain in-
formation about changes in muscle protein metabolism. 
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AMINO ACIDS AS BIOMARKERS FOR 
FATIGUE 

 
T.P. Stein, University of Medicine and Dentistry of New Jersey 

Muscle fatigue limits physical activity. Fatigue can be defined as the inabil-
ity to maintain power output, and its causes are not known. The etiology can be 
of either local or central origin. Local fatigue originates within the muscle, 
whereas central fatigue is secondary to alterations within the brain. It is postu-
lated that in central mechanisms, exercising muscle releases factors that act sys-
temically and impact the central nervous system. In the context of military per-
formance, systemic effects are likely to be of greater significance because of 
their potential to impact both physical and mental performance. 

Muscle fatigue is not the same as muscle soreness. Muscle soreness is the 
pain that occurs about a day after exercise and peaks 2 to 3 days postexercise 
(Clarkson et al., 1992). The underlying mechanisms for delayed-onset muscle 
fatigue and fatigue are different. Soreness is believed to be due to a localized 
inflammatory response (Smith, 1991), and so the appropriate markers are mark-
ers for an inflammatory response. The onset of pain is also not considered to be 
a marker for muscle fatigue. Pain by itself is performance limiting and therefore 
is not a �predictor.�  

The majority of studies of muscle fatigue have assumed that the fatigue is 
the result of events localized within skeletal muscle (Davies and White, 1981; 
Edwards, 1981). Prior studies of muscle fatigue have focused on the relationship 
of a putative marker to the underlying biochemical or histological changes. This 
review has a somewhat different focus: the use of those markers as predictors 
for the onset of fatigue�specifically markers of protein origin.  

For a marker to be of practical use, certain conditions must be met (Banister 
et al., 1985). The marker must apply to all subjects; a statistical relationship is 
inadequate when applied to the individual (Barron et al., 1985). In addition, the 
measurement must be technically feasible on a large number of subjects without 
costing too much. These criteria limit the assays to �spot� blood and urine 
measurements. In-line sensors in a selected muscle are not likely to be of much 
use. An isolated muscle may not reflect the whole musculoskeletal system and 
the muscle selected may not be one of the muscles that are becoming fatigued.  

LOCAL FACTORS 

Protein Turnover 

Proteins are the machinery of the body. All of the work and all of metabolic 
functions in the body; movement, ion pumping, cell division, obtaining energy 
from foodstuffs, and host defense mechanisms are all affected by proteins. The 
health of the body protein pool is maintained by proteins being in a dynamic 
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state; proteins are continually being made and broken down (protein turnover). 
A dynamic state of protein turnover allows a rapid response when a new mix of 
proteins is required. For example, with injury or infection, defense proteins need 
to be mobilized, any damaged proteins need to be removed, and protein levels 
need to be altered. Clearly, if the machinery begins to malfunction, performance 
will decrease. 

Unfortunately, there is no simple means of assessing the status of protein 
turnover. The classical marker for protein breakdown is 3-methyl histidine (3-
MeH) production. Monitoring the urinary 3-MeH is a standard assay for assess-
ing myofibrillar protein breakdown; its limitations are well known (Long et al., 
1981; Munro and Young, 1978; Rathmacher et al., 1995; Rennie and Millward, 
1983). To obtain interpretable 3-MeH data, subjects should be on a meat-free 
diet. Placing combat troops on a meat free diet, or even attempting to control 
meat intake, is not a realistic option and thus monitoring of 3-MeH production is 
not feasible even if it were shown to somehow correlate with fatigue.  

The other side of protein turnover is protein synthesis. There is no noniso-
topic method for measuring human protein synthesis. Clinically, the classic 
method for assessing protein status (and still the most sensitive), and hence indi-
rectly protein turnover, is nitrogen balance. The problem with the nitrogen bal-
ance method is that it is fraught with errors; the errors tend to be unidirectional 
towards over-estimating nitrogen retention.  

Knowing that there has been a major change in nitrogen balance would be 
enough to cause concern. Classically, nitrogen balance is done by measuring 
input (food) and output (urine, sweat, feces, and any increase in blood urea ni-
trogen). To measure all of these parameters accurately is difficult in a clinical 
research center environment; to do so noninvasively in the field is not possible. 
There are no potential markers for protein turnover. 

NUTRITIONAL FACTORS 

Plasma Amino Acids 

While not directly correlated with protein synthesis, plasma and tissue-free 
amino acid concentrations and distribution patterns provide useful information 
on protein metabolism. An important study by Kingsbury and colleagues (1998) 
compared fasting plasma amino acid patterns in elite athletes from the 1996 
British Olympics team during training. Athletes were divided into three groups: 
group A, no lasting fatigue after training; group B, heavy fatigue at night but 
recovered after an overnight rest; and group C, chronic fatigue with full recov-
ery taking a week or more. The results are summarized in Table D-5.  

Plasma amino acid concentrations were lower in the two groups subject to 
fatigue (Table D-5). There were significant relationships between the fatigue 
and some of the changes in individual amino acids. Figure D-28 shows the dis-
tribution of plasma glutamine and histidine. There is virtually no overlap 
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TABLE D-5 Fasting Plasma Amino Acid Levels of Athlete Groups During 
Training (µmol/L-1) 

 
Amino Acid 

Normal 
Range 

A  
(n = 21) 

B  
(n = 12) 

C 
(n = 18) 

Glutamine 480�800 554 (25.2) 356 (16.0)c 383 (13.6)c 
Histidine 30�150 79 (6.1) 32 (1.2)c 50 (2.9)c 
Alanine 150�450 422 (24.7) 352 (20.4)a 344 (17.1)a 
Threonine 70�220 121 (8.7) 72 (4.7)c 91 (4.6)b 
Serine 90�290 104 (5.3) 109 (5.3) 88 (5.1)a 
Lysine 100�300 161 (8.5) 89 (6.1)c 124 (8.2)b 
Tryptophan 30�80 67 (3.5) 44 (3.7)c 55 (2.9)a 
Tyrosine 30�120 62 (3.8) 43 (3.2)c 55 (4.3) 
Valine 90�300 219 (11.4) 151 (8.8) 188 (10.4) 
Leucine 65�220 146 (3.9) 127 (5.7)a 137 (9.5) 
Isoleucine 26�100 77 (5.3) 59 (2.9)b 69 (4.6) 
Arginine 40�120 82 (6.2) 57 (3.6)b 71 (4.9) 
Proline 85�290 232 (12.1) 196 (13.8) 188 (18.7) 
Ornithine 25�120 59 (3.9) 58 (5.3) 60 (5.5) 
Methionine 10�60 35 (2.5) 26 (1.5)a 30 (1.3) 
Glutamic acid 25�130 55 (6.3) 102 (4.9)c 56 (8.7) 
Glycine 100�330 227 (10.3) 316 (20.4)c 199 (9.9) 
Phenylalanine 35�100 71 (2.5) 88 (2.9)c 70 (4.1) 
Total amino acids  2,839 (92.1) 2,396 (90.1) 2,307 (71.6) 
NOTE: Mean with standard error of the mean in parentheses. Subjects were divided into 
three groups depending on level of fatigue: group A, no lasting fatigue; group B, heavy 
fatigue at night but with full recovery by the next day; and group C, chronic fatigue and 
poor performance. 
a p < 0.05 vs. group A. 
b p < 0.01 vs. .group A. 
c p < 0.001 vs. group A.  
SOURCE: Adapted from Kingsbury et al. (1998), British Journal of Sports Medicine, 32, 
25�33, with permission from the BMJ Publishing Group. 
 
 
between the fatigue groups and the controls with glutamine. What is important 
about the findings is the very high discriminatory power of the measurements 
for identify the subjects prone to fatigue. The study is promising, but not defini-
tive because the subjects were not matched by athletic event and no dietary data 
was collected. An observational, nonrandomized follow-up study of increasing 
protein intake appeared to be of benefit to the subjects with low glutamine and 
histidine concentrations. Plasma glutamine and histidine concentrations were 
increased, as was performance (Kingsbury et al., 1998).  

These observations may be indicative of early substrate depletion for the 
maintenance of protein synthesis. More likely they reflect limitations in energy 
generation by the tricarboxylic acid (TCA) cycle. Amino acids provide precur-
sor substrates for the TCA cycle (Young and Marchini, 1990). If energy expen-
diture is increased, the need for the replenishment of amino acids is also in-
creased (Wagenmakers, 1998). 
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FIGURE D-28 Fasting plasma glutamine and histidine levels of athlete groups during 
training. Units are µmol/L-1. Subjects were divided into three groups depending level of 
fatigue: group A (n = 21), no lasting fatigue; group B (n = 12), heavy fatigue at night but 
with full recovery by the next day; and group C (n = 18), chronic fatigue and poor per-
formance.  
SOURCE: Kingsbury et al. (1998), British Journal of Sports Medicine, 32, 25�33, with 
permission from the BMJ Publishing Group. 

 
 
Assuming that the above results can be validated under more controlled 

conditions, it would appear that measurement of the fasting plasma aminogram 
has the potential for early identification of subjects prone to fatigue.  

Energy 

Troops in field situations may suffer from energy deficits either because of 
limited food availability or very high workloads. Indeed, rigorous military field 
training can induce energy deficits as high as 1,000 kcal/day (Friedl and Hoyt, 
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1997; Kramer et al., 1997). Such energy deficits lead to weight loss and some 
loss of lean body mass. Even so, nutrition is not likely to be the cause of fatigue. 
Glycogen depletion is a natural process, and after muscle glycogen has been 
used, muscle uses fat.  

Humans have extensive energy reserves. The average male has enough en-
dogenous fat to withstand starvation for up to 70 days. A controlled study by 
Zachwieja and colleagues (2001) found that moderate, short-term deficits (2 
weeks, 750 kcal/day) in food intake does not impact performance in otherwise 
healthy individuals. Adequately fed humans have sufficient endogenous energy 
reserves to function normally for extended periods. With extreme depletion or 
nutritional deprivation, the situation will be different, but by that time fatigue 
will be of minor consequence in the health status of the soldier. 

Alterations in fuel metabolism can be detected from reduced fuel availabil-
ity in the plasma (fuels include energy substrates as well as oxygen) or from end 
products of fuel metabolism (e.g., lactate). However, since the fuel supply to the 
muscle is not likely to be limiting, monitoring dietary status as a potential pre-
dictor for the onset of fatigue is unlikely to be productive.  

Other Nutritionally Related Factors 

Several plausible mechanisms have been proposed to serve as biomarkers 
for fatigue. These include limited or decreased availability of energy fuels, gly-
cogen depletion, depletion of phosphocreatine, proton accumulation, failure of 
neuromuscular transmission, and actual muscle damage (Davis, 1995). With the 
exception of proton accumulation (lactate production) and actual muscle dam-
age, there is little supportive experimental evidence. 

Monitoring specific fuels and metabolites within muscle (e.g., glycogen, 
phosphocreatine) is not likely to have the necessary reliability and sensitivity to 
serve as a biomarker for fatigue. There is no certainty that the muscle selected 
for monitoring is going to be one of the muscles causing the fatigue. Further-
more, such measurements are likely to be technically difficult.  

MUSCLE DAMAGE 

Excessive work leads to actual damage to muscle. Numerous studies have 
explored the use of plasma levels of muscle-derived proteins as indices of mus-
cle damage. The principal markers that have been used are: aspartate amino 
transferase, lactate dehydrogenase, creatine kinase, myoglobin, fatty-acid bind-
ing proteins, carbonic anhydrase isoenzyme III, and myocyte contractile proteins 
such as troponins and myosin heavy chains (Janssen et al., 1989; Sorichter et al., 
1999). In rodent studies it has been the clearly shown that the degree of damage 
estimated from plasma enzyme levels is greater than that found by histological 
examination. The reason is that plasma enzyme levels reflect a combination of 
actual muscle damage and transient changes in membrane permeability (Van der 
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Meulen et al., 1991). The most frequently used marker for muscle damage has 
been creatinine kinase.  

A direct connection between muscle injury and muscle fatigue has not been 
proven. A little damage in one or two muscles is enough to increase plasma lev-
els of muscle proteins, but a small degree of damage does not appear to impact 
performance, although if the muscle damage is severe enough, it should ulti-
mately lead to impaired performance.  

The problem with the use of proteins released from damaged muscle is that 
they are markers for damaged muscle�not fatigue. Subtle changes in muscle 
ultra structure may lead to decreased strength and fatigue, but such changes will 
not necessarily be reflected by increased leakage of muscle proteins into the 
plasma compartment (Behm et al., 2001). Muscle proteins can indicate damage, 
but they cannot predict fatigue in humans because the correlation between dam-
age and fatigue is weak.  

THE OVER-TRAINING SYNDROME 

Related to muscle fatigue is the over-training syndrome. Over-training is a 
term that is used to describe the process where the training is excessive and re-
sults in a condition of staleness or burnout (Barron et al., 1985; Hooper et al., 
1995). Staleness is characterized by chronic fatigue, poor performance, and de-
layed recovery (Fry et al., 1991; Kuipers and Keizer, 1988; Verde et al., 1992). 
The major symptom is underperformance (Budgett, 1998). 

At present there are no objective markers for overtraining other than out-
come. Parameters that have been investigated include heart rate, blood pressure, 
enzyme blood levels, hormones, and leukocyte numbers. In general, correlations 
have been observed, but they are weak and of no predictive potential. For exam-
ple, a study by Hooper and colleagues (1995) investigated potential markers for 
overtraining in Olympic-caliber Australian swimmers. The only correlations 
between fatigue (as recorded by the subjects), staleness (failure to improve dur-
ing training), and blood markers was higher levels of catecholamines (r2 = 0.33) 
and leukocytes (r2 = �0.16) with fatigue. Both of these parameters are also 
markers for stress (Hooper et al., 1995). Elsewhere, Budgett (1998) concluded 
that �there is no diagnostic test available.� 

CENTRAL FATIGUE 

Little is known about the mechanisms for central fatigue as it has not been a 
very active area for research. But fatigue of central origin it is of potentially 
great significance to the Army because it could not only affect physical activity, 
but mental performance as well. Two viable hypotheses have been published: 
the ammonia hypothesis and the tryptophan hypothesis (Davis, 1995). In both 
cases, the theory is plausible; there is some experimental supporting evidence, 
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but is suggestive at best. The tryptophan hypothesis has attracted the most    
interest. 

The Tryptophan Hypothesis 

Newsholme and colleagues proposed that exercise-induced change in the 
plasma amino acid distribution could induce central fatigue by influencing the 
synthesis, concentration, and release of neurotransmitters, particularly 5-
hydroxy tryptamine (5-HT) within the brain (Blomstrand, 2001; Castell et al., 
1999). Brain 5-HT is in involved in the control of arousal, sleepiness, and mood, 
so it is therefore conceivable that brain 5-HT levels could lead to fatigue during 
and after vigorous physical activity (Blomstrand, 2001). Indeed, there is a con-
siderable amount of evidence from rodent studies showing that inhibiting the 
action of 5-HT improves endurance (Blomstrand, 2001). 

Plasma tryptophan is the precursor for brain 5-HT. The rate limiting step in 
the synthesis of 5-HT is the transport of tryptophan across the blood-brain bar-
rier into the brain (Fernstrom, 1990). The tryptophan transporter system also 
transports the other large neutral amino acids, specifically the three branched-
chain amino acids (BCAAs). The hypothesis proposes that competition for the 
transport between tryptophan and BCAAs occurs. Thus, the rate of entry of 
tryptophan into the brain will depend on the amount of free tryptophan in the 
blood compared with the amount of competitive amino acids. During prolonged 
exercise there is a decrease in the concentration of most amino acids. Most of 
the tryptophan in the plasma is bound to albumin, and free fatty acids compete 
for the tryptophan binding sites on albumin. Thus, as exercise progresses, fatty 
acid mobilization occurs and the increased plasma free fatty acid levels displace 
bound tryptophan from albumin, leading to an increase in free tryptophan in the 
plasma. At the same time, the concentration of BCAAs decreases with pro-
longed exercise. The net effect is that the ratio of free tryptophan to BCAA in-
creases several-fold and more tryptophan is taken up into the brain. At rest, only 
about 10 percent of blood tryptophan is in the free form. Whether the ratio tryp-
tophan to BCAA increases with exercise depends on the type and duration of the 
exercise. 

The tryptophan:BCAA theory predicts that increasing the plasma BCAA 
concentration should decrease tryptophan uptake into the brain, thereby decreas-
ing 5-HT synthesis and the delaying fatigue. A number of studies have sought to 
test this prediction. Results have been ambiguous, with some studies reporting 
positive results and others no effects from BCAA supplementation (Blomstrand, 
2001). Ingestion of carbohydrates can also lead to lower free tryptophan during 
exercise. Carbohydrates depress fat mobilization, thereby increasing the propor-
tion of the blood tryptophan bound to albumin. One report found improved men-
tal agility of psychological tests during sustained competitive exercise when the 
subjects were given both BCAA and carbohydrate (Hassmen et al., 1994).  

The potential markers are plasma tryptophan, plasma BCAAs, plasma al-
bumin together with determination of the amounts of free fatty acids bound to 
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the albumin, and the plasma free fatty acid concentration. These are potential 
markers for the prediction of the onset of fatigue, and so should be considered as 
�real-time markers� rather than as predictors of future fatigue (e.g., amino ac-
ids). Overall the evidence is not very strong, but the hypothesis may be worth a 
definitive experiment. Part of the reason for favoring further investigation of the 
tryptophan hypothesis is that the hypothesis leads to a countermeasure: giving 
supplemental BCAAs. This would be feasible in a field situation.  

The Ammonia Hypothesis 

All tissues produce ammonia; high concentrations of ammonia in the brain 
are neurotoxic. With exercise, muscle ammonia production increases (Banister 
et al., 1985; Eriksson et al., 1985; Yuan and Chan, 2000). There is not, however, 
a direct correlation between exercise, blood ammonia levels, and the concentra-
tion of ammonia in the brain.  

The major sources of the increased ammonia production in muscle are the 
purine nucleotide cycle in which adenosine monophosphate is deaminated to 
inosine monophosphate by adenylate deaminase, and the catabolism of BCAAs. 
Ammonia production through both pathways increases with duration and inten-
sity of exercise.  

Increasing the plasma ammonia levels with exercise leads to an increase in 
the tissues and a parallel increase within the brain (Meyer et al., 1980). The 
mechanisms for the increased brain ammonia are not known; both increased 
uptake and decreased export have been proposed (Banister et al., 1985; Yuan 
and Chan, 2000). Within the brain, ammonia participates in numerous reactions 
that could lead to neurotoxicity. The levels produced with exercise are compara-
ble with neurotoxic levels (Banister et al., 1985), but exercise-induced increases 
are transient�they resolve soon after the termination of exercise. In the case of 
clinically induced hyperammonemia, reducing the ammonia load has been of 
benefit. 

A potential marker for fatigue is the blood ammonia level. However, al-
though this hypothesis is viable, there is little actual experimental evidence. 

SUMMARY 

The only amino acid-derived parameter with the potential for predicting fu-
ture fatigue is measurement of the fasting plasma aminogram during a period of 
strenuous training (Kingsbury et al., 1998). If the findings on Olympic athletes 
can be reproduced with soldiers, measurement of the fasting plasma aminogram 
during training could have the potential for early identification of subjects prone 
to early fatigue. The measurement appears to have both the specificity and 
technical simplicity needed to be used in a real-life situation (Kingsbury et al., 
1998). Moreover, Kingsbury and colleagues (1998) reported that in a small sub-
set of their cohort with low plasma amino acid levels, increasing dietary intake 
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did lead to improved performance. Thus, there is also the possibility of treat-
ment. Replicating Kingsbury�s results in the population of interest to the Army 
would be important.  

The potential gain for the Army in following up Kingsbury�s observations is 
great, the risks negligible, and the cost small. The results are scientifically plau-
sible. Indeed, the Army suspected that amino acids intake might be a key factor 
in improving performance and in 1999 commissioned the Committee on Mili-
tary Nutrition to investigate the role of amino acids in improving performance. 
The British study was published after the committee completed their report. One 
wonders what would the committee have concluded had it seen Kingsbury�s 
data?  
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BIOMARKERS OF BONE AND MUSCLE 
TURNOVER: EFFECTS OF EXERCISE 

 
Clifford J. Rosen, Wesley G. Beamer, Leah Rae Donahue,  

The Jackson Laboratory 

Bone is a hard tissue with multiple components that provide mammals with 
a structural framework and a never-ending source of calcium for most homeo-
static processes. Traditionally, the skeleton has been classified into trabecular 
and cortical elements. As such, the cortical shell has been classically viewed as 
protective with relatively slow remodeling rates, whereas the trabecular skeleton 
has been considered metabolically active due to its proximity to marrow ele-
ments and its large surface area. This, however, is a relatively simplistic model 
for the skeleton since it is clear that there are other major differences for these 
two components, both in respect to cell constitution and vascular supply. In ad-
dition, the regulation of bone growth, modeling, and acquisition differs in time, 
sequence, and outcome between cortical and trabecular sites. Thus, as growth 
occurs, modeling of the skeleton takes place at the growth plate and at periosteal 
sites along long bones. Muscle insertion also occurs on the periosteum, and re-
petitive stresses strongly influence periosteal expansion and turnover.  

The process of remodeling and subsequent bone acquisition represents a 
complex consolidative process occurring at the endosteal surface as well as the 
periosteum, ultimately resulting in attainment of peak bone mass. For the 
trabecular skeleton, that point occurs around the time of linear growth cessation, 
whereas cortical bone continues to consolidate until people reach their early 
thirties. The control over growth and remodeling, as well as skeletal 
maintenance, has been the subject of intense investigation over the last two 
decades. However, less attention has been paid to the differential compartments 
as they relate to growth and remodeling. Recent evidence from our laboratory 
and others have provided significant insight into the role of periosteal growth 
and remodeling in the acquisition of bone mass and the potential role of the 
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periosteum in modulating exercise-induced skeletal changes. This paper 
discusses one marker of bone and muscle turnover, IGF-I, insulin-like growth 
factor-I, and its role in the process of cortical peak acquisition and skeletal 
homeostasis. 

THE PERIOSTEUM AND ENDOSTEUM 

The periosteum is a highly specialized surface overlying the cortical 
envelop of all long bones. Although it contains all the necessary cells for bone 
remodeling (i.e., osteoclasts, osteoblasts, and osteocytes), the origin of these 
cells remains in doubt. Because of the prominent vascular supply to the 
periosteum and its role in fracture healing, it seems likely that these osteoblasts 
are, at the least, unique in respect to their signaling and origin from primitive 
cells outside the bone marrow. Indeed, there is some suggestion that periosteal 
osteoblasts may be derived from pericytes in the blood vessels of the outer 
cortical shell. Regardless of their site of origin, it is apparent that periosteal 
function changes with various stages of life, and that certain periosteal 
osteoblasts may work in opposition to their counterparts on the endosteum. In 
fact, there is likely to be differential regulation of these two compartments, and 
this in turn becomes important for targeting approaches aimed at strengthening 
bone or preventing stress fractures. 

Several recent lines of evidence support differential regulation of periosteal 
and endosteal bone turnover. First, our group was the first to report that among 
inbred strains of mice, there are strong genetic differences in peak bone acquisi-
tion (Beamer et al., 1996). Initially due to the level of resolution of our scanning 
devices in mice, we hypothesized that the differences among inbred strains was 
purely genetic and not confined to a single skeletal compartment. However, re-
cently we reported that although one inbred strain, C3H/HeJ, had much higher 
cortical bone mass than did another strain, C57BL6, that difference was reversed 
when we examined trabecular bone mass by uCT analysis (Beamer et al., 2001). 
Hence, within a given strain, one can find both high and low bone mass depend-
ing on the compartment being measured. Moreover, we had assumed that all 
bone mass was acquired in the mouse by 16 weeks of age (Beamer et al., 1996). 
This also proved incorrect! Cortical bone density reached peak at 4 months of 
age, but trabecular bone mineral density is more rapidly acquired and main-
tained by 6 weeks of age (Beamer et al., 1996; Bouxsein, personal communica-
tion). These findings confirm that there is dual regulation of skeletal compart-
ments in mice. 

More emerging evidence supports this thesis. A recent abstract from a 
group in Sweden confirmed that in humans, these two skeletal compartments 
work in opposite directions (Ahlborg et al., 2002). The authors followed more 
than 100 postmenopausal women for 19 years using single energy X-ray absorp-
tiometry of the distal radius. They noted about a 1.7 percent/year rate of bone 
loss, principally from the endosteal surface, in these women over the two dec-
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ades. By contrast, periosteal circumference increased 0.6 percent/year and hence 
expanded by nearly 12 percent over the two decades of observation. This expan-
sion is associated with an improvement in the cross-sectional moment of inertia, 
and almost certainly results in modest, but not complete, structural protection 
against rapid bone loss. The third line of evidence is derived from unloading 
experiments in C3H animals with high cortical bone mass. Despite significant 
endosteal bone loss after sciatic neurectomy, cortical expansion becomes a ma-
jor compensatory pathway that preserves bone strength, at least in the short run.  

Very recently, Kim and colleagues (2003) examined the differential regula-
tion of the periosteum and endosteum in growing rats of both genders. To begin 
with, they reported that male rats tend to have nearly 25 percent greater bone 
width than females, and this is associated with greater bone strength. They noted 
that growth hormone (GH) and androgens in males independently stimulate ex-
pansion of bone, but that GH deficiency alone does not significantly reduce 
bone fragility because of the androgen-mediated effects on periosteal growth. 
By contrast, in females, GH stimulates periosteal expansion, but estrogen inhib-
its such growth. Hence, gonadectomy in females results in trabecular bone loss, 
but periosteal expansion as the inhibitor of such activity is removed. As such, it 
is clear that under certain hormonal manipulations, as well as with mechanical 
influences, changes in the periosteal envelope differ considerably from that in 
the endosteum. 

What controls periosteal and endosteal remodeling and growth? Since the 
origin of periosteal osteoblasts is not known, many questions remain about the 
control mechanisms involved in periosteal expansion during growth and with 
aging. Utilizing inbred strains of mice, our group has defined the importance of 
genetic determinants in periosteal and endosteal expansion. It is also clear that 
there are at least two principal regulators of the periosteum: skeletal muscle with 
its insertion into bone, and systemic hormones that likely make their way 
through the vascular network in the periosteum to alter the behavior of specific 
bone cells. As noted above, the sex steroids certainly are considered within this 
latter category, although many investigators would maintain that both types of 
regulators work through a single common pathway, the IGF regulatory system. 

THE REGULATION OF THE PERIOSTEUM: A ROLE 
FOR IGF-I? 

Several lines of evidence support a major role for circulating IGF-I in de-
termining bone size. These data are principally derived from in vivo manipula-
tions using genetic engineering and inbred strains of mice. IGF-I is a ubiquitous 
polypeptide that is expressed in most tissues and also circulates in very large 
concentrations bound to a series of IGF-specific binding proteins. Bone is a ma-
jor site of IGF-I production, principally from early and mature osteoblasts. It is 
stored within the skeletal matrix bound to IGFBP-5 and IGFBP-2 and released 
during osteoclast-mediated bone resorption. Because the marrow bathes trabecu-
lar elements, it is not surprising that the relative content of IGF-I in sites such as 
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the vertebrae is quite substantial. As such, the principal source of IGF-I in these 
areas is likely to be local synthesis. On the other hand, although the periosteum 
is rich in osteoblasts, IGF-I content in this region appears to be a function of 
both circulatory and local synthesis. Impressive in vivo data supporting this con-
tention have recently been published by our group and others. 

Technology that permits selective knockout or knockdown of ligands and 
receptors in mice has opened an exciting era for testing functional correlates of 
peptide growth factors and their signals. Yakar and colleagues (2002) recently 
demonstrated that with selective knockout of the IGF-I gene in liver, there are 
significant skeletal changes. The LID mice were generated by using an albumin 
promoter tied to Cre-recombinase and mating those mice with another group of 
mice carrying a floxed IGF-I gene. The resultant animals had normal expression 
of IGF-I in all other tissues besides the liver, including the skeleton, but a 75 
percent reduction in serum IGF-I. Despite growth curves that were not markedly 
abnormal, the long bones of the LID mice were shorter and had markedly re-
duced bone volume despite normal skeletal IGF-I expression. All the skeletal 
changes were in the cortical component and reflected a reduction in periosteal 
circumference as well as cortical thickness. Trabecular bone was entirely nor-
mal. These data suggest that alterations in circulating IGF-I affect skeleton mod-
eling and principally the cortical component. Similarly, recent work from Tom 
Clemens and from our laboratory have shown that knockout of the IGF-I Type I 
receptor in mature osteoblasts using an osteocalcin-specific promoter and Cre 
lox P recombinase resulted in a dramatic skeletal phenotype of reduced trabecu-
lar bone density and slow bone mineralization, but no change in the cortical en-
velop, periosteal circumference, or femur length (Zhang et al., 2002). These data 
are remarkably similar to over-expression studies of IGF-I in bone, in which the 
animals have significantly enhanced bone density but no change in size, volume, 
or length of their bones (Zhao et al., 2000). Finally, our laboratory has con-
firmed that in a spontaneous mutant mouse, little, which does not make growth 
hormone and has low serum IGF-I, periosteal size and circumference are mark-
edly reduced (as is femur length), but that trabecular bone mass is not altered, 
nor is skeletal expression of IGF-I. In sum, it appears that circulating, but not 
skeletal, IGF-I controls periosteal growth and modeling, whereas local IGF-I 
almost certainly plays an important role in trabecular mineralization and acquisi-
tion. 

Further support for that tenet comes from work with congenic mice at The 
Jackson Laboratory. Bouxsein and colleagues (2002) created a congenic mouse 
that has a knockdown in serum IGF-I of approximately 20 to 25 percent. This is 
associated with no change in skeletal IGF-I expression, but a significant reduc-
tion in periosteal circumference, femoral length, and cortical osteocyte apop-
tosis. This congenic (6-T) also has reduced free levels of IGF-I compared with 
parental C57BL6 controls, suggesting that alterations in the circulating concen-
tration of IGF-I can have a significant impact on bone growth and consolidation. 
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WHAT IS THE ROLE OF EXERCISE, LEAN MASS, 
AND MUSCLE IN PERIOSTEAL GROWTH? 

Particular animal models have allowed us to dissect the regulation of indi-
vidual skeletal compartments by careful phenotyping. Another approach is to 
define how the second major regulator of cortical bone, skeletal muscle, affects 
periosteal growth and expansion. Once again, we can turn to animal models. 
Currently, at The Jackson Laboratory, a major endeavor is underway to com-
pletely characterize a number of phenotypes related to body composition and 
bone mass in 40 different strains of mice. Not surprising, there are major differ-
ences not only in bone mass, but also in IGF-I and body composition among 
these strains. The �Phenome Project� will provide tremendous insight into the 
role of muscle and lean mass, as well as adiposity in periosteal and endosteal 
growth. Several strains have been identified that have similar lean body mass 
but major differences in bone mineral content. Experimental manipulation of 
these mice, followed by public dissemination of this information, will allow 
investigators to dissect how muscle mass, or repetitive muscle action, affects 
peak cortical and trabecular bone mass on various genetic backgrounds. Other 
approaches are likely to include repetitive exercise and muscle stimulation stud-
ies to define how muscle determines the structure of bone envelopes. In the 
meantime, more studies are needed to define how circulating IGF-I may predict 
risk for failure of the cortical skeleton, principally in respect to stress fractures. 
Randomized controlled trials are needed with periosteal changes as an important 
end point to define how particular interventions may improve both mineral and 
structure, thereby optimizing bone strength. Serum IGF-I is regulated by genetic 
factors, nutritional determinants, age of the individual, growth hormone secre-
tion, insulin status, and systemic cytokine elaboration. As such, this test may 
prove to be extremely useful as an integrative measure of physiological homeo-
stasis, as well as an indirect indicator of periosteal status. 
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BIOMARKERS FOR MONITORING BONE 
TURNOVER AND PREDICTING BONE 

STRESS 
 

Michael Kleerekoper, Wayne State University 

BONE TURNOVER (REMODELING) 

Bone is a structural tissue that, in common with all structural materials, is 
subject to fatigue damage and fracture if left unprepared. As living tissue, one 
has the unique potential for self-repair of fatigue damage via a process termed 
bone turnover or bone remodeling. This process is continuous throughout life 
and is governed by a variety of systemic hormonal and nutritional factors, local 
factors (cytokines), and local mechanical stress. During intrauterine and early 
postnatal life, remodeling is very rapid as the cartilaginous �scaffolding� is re-
moved and replaced with early bone elements. This rapid phase in early infancy 
results in positive skeletal balance as bone is modeled into its adult shape. Dur-
ing childhood, the process slows dramatically but remains in slight positive bal-
ance, only to accelerate again coincident with the pubertal growth spurt, again 
maintaining positive balance. Once peak adult bone mass and maturity is 
reached in the third or fourth decade, the balance between removal of older, 
�damaged� bone (resorption) and replacement with new bone at the same site 
(formation) is in equilibrium with no net gain or loss of bone. Beginning late in 
the fifth decade or early in the sixth decade, this balance is upset. For unknown 
reasons, resorption exceeds formation with net negative skeletal balance such 
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FIGURE D-29 Relative changes in bone mineral density (BMD), bone resorption, and 
bone formation as a function of age. 
 
 
that bone loss is a universal phenomenon in human aging. The natural meno-
pause in women results in a decline in estrogen levels to a point that local cyto-
kine production is stimulated and bone remodeling rate increases again, but to 
nowhere near the levels seen during early skeletal development. This process is 
reversed by replacement of estrogen, by administration of antibodies to the local 
cytokines, or by administration of pharmacological agents that inhibit bone re-
sorption. The rapid bone loss of the early menopause is short-lived (5�7 years), 
again via unknown mechanisms since estrogen levels remain low in the un-
treated state, but age-related bone loss continues as seen in Figure D-29. 

The cells involved in bone remodeling are osteoclasts (responsible for bone 
resorption), osteoblasts (responsible for bone formation), and osteocytes (re-
sponsible for bone nutrition, channels for transport of nutrients and chemicals, 
and possibly also as local stretch or stress receptors). A number of metabolic 
diseases and pharmacological agents have direct effects on the bone remodeling 
process resulting in accelerated negative skeletal bone balance. Menopausal and 
age-related negative skeletal balance results in osteoporosis. 
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FIGURE D-30 A cartoon depicting the cross-linking between molecules of type I colla-
gen and the breakdown products.  
SOURCE: Reprinted, with permission Watts (1999), American Association for Clinical 
Chemistry. 

BIOCHEMICAL MARKERS OF BONE TURNOVER  

As osteoclasts breakdown, the skeleton to begin the process of turnover. 
There is removal of bone mineral (mainly calcium) and bone matrix (mainly 
type I collagen), and these breakdown products enter the circulation and are sub-
sequently excreted in the urine, largely unchanged. The rise in serum calcium 
resulting from bone resorption is imperceptible in most circumstances because 
of rapid renal clearance. While urine calcium increases, it is a very nonspecific 
marker of the bone turnover process. The breakdown of type I collagen begins 
with cleavage of pyridinium cross-links between adjacent collagen molecules. 
Collagen is a triple helix consisting of two α1 chains and one α2 chain. At each 
end of the helix is a straight portion known as telopeptides with one at the amino 
terminal (NTX) and one at the carboxy terminal (CTX). The cross-links are be-
tween the telopeptide of one collagen molecule and the helical portion of the 
adjacent molecule. There are two main cross-links, pyridinoline (PYR), which is 
the more abundant moiety but less specific for type I collagen, and deoxypyridi-
noline (DPD), which is less abundant but more specific for type I collagen. 
These breakdown products of bone resorption may be excreted as free moieties 
or bound to the telopeptides. Thus NTX, CTX, PYR, and DPD constitute the 
main biomarkers of bone resorption. The cross-linking and breakdown products 
are depicted in Figure D-30. Tartrate-resistant acid phosphatase (TRAP),
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TABLE D-6 Biochemical Markers of Bone Turnover 
Stage Location Biochemical Marker 
Resorption Serum Amino-terminal telopeptide of collagen cross-links 

  Carboxy-terminal telopeptide of collagen cross-links 
  Tartrate-resistant acid phosphatase  
  Carboxy-terminal telopeptide of type I collagen 
 Urine Amino-terminal telopeptide of collagen cross-links 
  Carboxy-terminal telopeptide of collagen cross-links 
  Deoxypyridinoline 
  Pyridinilone  

Formation Serum Bone specific alkaline phosphatase 
  Carboxy-terminal fragment of type 1 procollagen  
  Amino-terminal fragment of type I procollagen  

Turnover Serum Osteocalcin 
  Osteoprotegerin  
  Bone sialoprotein  

 
 

particularly the 5b epitope (TRAP 5b), are specific gene products of the osteo-
clast and can also be measured as an assessment of bone resorption. 

Type I collagen is a secretory product of the osteoblast. It leaves the cell as 
a larger procollagen molecule from which an amino terminal and a carboxy ter-
minal propeptide are cleaved before incorporation into the bone matrix. These 
extension peptides remain in the circulation where they can be measured (P1NP 
and P1CP) as markers of osteoblastic activity. Alkaline phosphatase (AP) is an 
enzyme secreted by the osteoblast and is involved in bone mineralization. There 
are many isoenzymes of AP that differ in post-translational glycosylation. While 
total AP is a useful marker when levels are quite elevated, the bone-specific 
isoenzyme has better sensitivity and specificity. Osteocalcin (OCN) is also a 
secretory product of the osteoblast and is incorporated into the bone matrix as a 
noncollagenous protein. While this could qualify OCN as a marker of formation, 
as part of the bone matrix it is also released during bone resorption so is really a 
marker of �turnover,� with some resultant loss of sensitivity. A summary of the 
biochemical markers of bone turnover is presented in Table D-6. 

CLINICAL UTILITY OF BONE MARKERS 

In those conditions where a specific disease process directly alters bone 
turnover (e.g., Paget�s disease of bone, osteomalacia, rickets), the level of bio-
chemical markers is usually quite elevated, and changes in these levels can be 
used to monitor progression or regression of the disease in individual patients. In 
contrast, in diseases that result from a primary abnormality in the remodeling 
balance, most notably osteoporosis, the markers have lesser sensitivity and 
specificity for monitoring progression or regression of disease in individual pa-
tients. Population studies do suggest that the higher the turnover, the greater the 
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FIGURE D-31 Serial changes in urine amino-terminal telopeptide of collagen cross-links 
(NTX) following ankle fracture.  
SOURCE: Osteoporosis International, Ingle et al. (1999a), with permission from 
Springer-Verlag. 
 
 
anticipated rate of bone loss, but there are only weak correlations between base-
line levels of markers and prospectively measured changes in bone mineral den-
sity (BMD). Similarly, population-based studies in the elderly have demon-
strated that high levels of markers can predict hip fracture risk almost as well as 
can hip BMD, but here too that is of limited sensitivity and specificity in indi-
vidual patients. Patients with osteoporosis who are treated with drugs that inhibit 
bone resorption generally have low levels of markers while compliant with ther-
apy. A high level of marker on therapy in a compliant patient suggests that an-
other metabolic bone disease might have supervened on the osteoporosis. With 
the recent introduction of teriparatide (synthetic amino-terminal parathyroid 
hormone) as a therapy to directly stimulate bone formation, there are likely to be 
expanded roles for markers in selecting patients for specific therapies and in 
monitoring the therapeutic response (Watts, 1999). 
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BONE TURNOVER MARKERS AND FRACTURES 

An acute fracture is a potent stimulus to bone repair, and there are resultant 
changes in markers of bone turnover. However, this has been surprisingly little 
studied and those few studies that have been reported have yielded disappointing 
results. This is not really a surprise as fracture repair is a local process and the 
markers of bone turnover reflect global skeletal remodeling. 

The most extensive work has come from two back-to-back articles by Ingle 
and colleagues (1999a, 1999b). The first followed serial changes after distal 
forearm fracture and the second after ankle fracture (see Figure D-31). The fore-
arm fracture study followed 20 women, mean age 63 years, for 52 weeks follow-
ing the fracture. In individual subjects there were marked changes in some of the 
markers studied, but not in any consistent pattern. Overall there was minimal 
serial change in the studied markers. 

BONE TURNOVER AND STRESS FRACTURES 

Only one group has studied changes in bone markers before and after the 
development of stress fractures in athletes (Bennell et al., 1998). There were no 
differences in baseline levels of markers between those who did or did not sus-
tain a stress fracture. The serial data demonstrated no change in markers from 
before to after fracture during a total of 12 months of follow-up. 

SUMMARY AND CONCLUSIONS 

Bone turnover is an efficient mechanism for ongoing repair of microdamage 
to the skeleton. Stress fractures occur when the rate of accumulation and propa-
gation of microdamage exceeds the capacity of the repair process. Several bio-
chemical markers are available to monitor the global rate of bone turnover and 
have proven useful in monitoring progression or regression of systemic meta-
bolic diseases resulting in abnormal turnover or resulting from abnormalities in 
the remodeling cycle. Changes in these markers undoubtedly occur during the 
repair phases following acute traumatic fracture, but the extent of skeleton in-
volved is too small to be reflected in these markers of global skeletal activity. It 
is likely that changes in markers occur during the development and repair of 
stress fractures. However, here too the extent of skeleton involved is too small to 
be reflected in these markers of global skeletal activity. 

THE FUTURE? 

It is extremely unlikely that a marker of bone turnover with sufficient sensi-
tivity to detect change when only small area of the skeleton is damaged will be 
developed in the foreseeable future. Functional imaging studies (magnetic reso-
nance imaging, positron emission tomography, regional bone scintigraphy) are 
far more likely to detect changes in local skeletal remodeling that precede stress 
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fractures, even in the asymptomatic state. Whether it will ever be economically 
feasible to apply these technologies to asymptomatic recruits in the hopes of 
predicting stress fracture will require extensive and expensive prospective stud-
ies. Whether such early prefracture detection will decrease the �down-time� for 
recruits recovering from stress fractures is questionable.  
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BIOMARKERS TO PREDICT THE 
OCCURRENCE OF BONE STRESS AND 

MATRIX ABNORMALITIES DUE TO 
SUSTAINED AND INTENSIVE PHYSICAL 

ACTIVITY 
 

Wendy M. Kohrt, Catherine M. Jankowski,  
University of Colorado Health Sciences Center 

There are two major competing hypotheses for the pathogenesis of stress 
fractures that occur as a result of high-intensity repetitive mechanical loading, 
such as in basic training for the military. The first hypothesis is that it is me-
chanical stress, per se, that causes bone to fail. The second hypothesis is that 
mechanical loading triggers an increase in bone remodeling activity that causes 
a transient reduction in bone mass, thereby increasing the vulnerability of bone 
to damage if mechanical loading continues. This brief review will focus on the 
concept that the initiation of vigorous exercise training could trigger an increase 
in bone resorption through three general pathways: (1) a normal, mechanical 
stress-induced increase in bone remodeling, (2) an increase in bone resorption to 
repair microdamage caused by mechanical stress, and (3) the effects of exercise 
training on other physiological factors that influence bone resorption or forma-
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FIGURE D-32 Theoretical model for an increase in bone resorption in response to (a) 
loading-induced remodeling activity, (b) microdamage that occurs as a result of mechani-
cal loading, and (c) exercise-induced changes in physiological factors that increase bone 
resorption. The �hyper-resorptive� state would result in a transient reduction in bone 
mass, increasing the vulnerability of bone to stress fracture. Physiological factors may 
also exacerbate risk of stress fracture through other mechanisms (e.g., reduced calcium 
absorption consequent to increased cortisol excretion). 
 
 
tion (see Figure D-32). Finally, biomarkers thought to be potential predictors of 
risk for stress fracture will be identified. 

EPIDEMIOLOGY OF STRESS FRACTURES 

Stress fractures are nontraumatic fractures that are due to repeated loading 
of the skeleton (Burr, 1997). They typically occur in physically active individu-
als, including soldiers, runners, and dancers. The most common fracture sites are 
the tibia (soldiers, runners), metatarsals (dancers), and calcaneus. In military 
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recruits, incidence rates of stress fracture are elevated within 2 to 3 weeks of the 
onset of training, and peak rates occur after 5 to 8 weeks (Burr, 1997).  

In a recent study of 3,758 female U.S. military recruits, the incidence of 
stress fracture was 8.5 percent during 8 weeks of basic training (Lappe et al., 
2001). Women who fractured, compared with those who did not, were: older, 
more likely to use depo-medroxyprogesterone acetate, had a lower adult body 
weight, and were more likely to report current or past smoking, alcohol con-
sumption of more than 10 drinks per week, and use of corticosteroids. A history 
of regular exercise was protective. Such findings suggest that risk for stress frac-
ture is influenced by a number of physiological and behavioral factors. 

DEVELOPMENT OF STRESS FRACTURES�
MECHANICAL LOADING FACTORS 

There is a wealth of evidence from a variety of animal models that repeti-
tive mechanical loading results in bone damage (Burr, 1997; Burr et al., 1997). 
Furthermore, the rate of development of lesions is consistent with the observa-
tion in humans that stress fractures develop in a matter of weeks in response to 
an abrupt increase in mechanical stress (Burr et al., 1990). Based on theoretical 
modeling and empirical data from studies of animals, very high levels of bone 
strain (e.g., 8,000 microstrain) will cause bone to fail after only 103 to 104 load-
ing cycles. However, in humans, peak shear strains of the tibia measured during 
walking and running under a variety of conditions (e.g., uphill, downhill, zigzag, 
while carrying extra weight) are typically less than 2,000 microstrain. At this 
level of strain, it has been estimated that bone can withstand at least 106 loading 
cycles, or roughly 1,100 miles of running (Burr, 1997). 

Although these observations suggest that mechanical stress, per se, is not 
likely to be the sole cause of stress fractures that occur after only a few weeks of 
basic training, definitive evidence to rule this out is lacking. It is possible that 
bone strain is increased under certain conditions, such as when muscles are fa-
tigued (Christina et al., 2001), or that brief periods of mechanical stress in ex-
cess of 2,000 microstrain induce damage. Although higher degrees of strain may 
not occur during planned activities (Milgrom et al., 2000), they may occur dur-
ing unplanned movements. For example, in patients with hip prostheses outfitted 
with telemetrically monitored force sensors, the highest forces were recorded 
during unexpected movements, such as stumbling (Bergmann et al., 1993, 
1995). However, even when all these factors are considered, it seems unlikely 
that the development of stress fractures after only a few weeks of intensive 
physical activity is attributable solely to mechanical stress. In an animal model, 
more than 30,000 loading cycles applied to a limb over a 3-week period resulted 
in bone damage, whereas applying the same number of loading cycles in 1 day 
did not (Burr, 1993). The temporal factor suggests that physiological responses 
to the mechanical stress contribute to the propensity for fracture. 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


APPENDIX D 359 

DEVELOPMENT OF STRESS FRACTURES�BONE 
REMODELING FACTORS 

Mechanical stress is thought to trigger an increase in bone remodeling activ-
ity that begins with an increase in bone resorption, leading to a transient de-
crease in bone mass, followed by an increase in bone formation. The transient 
reduction in bone mass would increase the vulnerability of bone to damage if 
mechanical loading continues during this period because forces of the same 
magnitude would now represent a greater relative stress. This hypothesis is con-
sistent with theoretical models and empirical data on the time course of remodel-
ing and of the development of stress fractures (Burr, 1997). The recruitment of 
osteoclasts, the bone resorbing cells, typically occurs in a few days. The period 
of bone resorption lasts about 3 to 4 weeks, with subsequent activation of bone 
formation activity. 

If the induction of bone resorption and consequent decrease in bone mass 
does, indeed, increase the susceptibility of bone to stress fracture, it could be 
postulated that use of an antiresorptive agent would diminish this risk. However, 
it is likely that mechanical loading results in microdamage to bone, and that an 
increase in remodeling activity is an obligatory step in the repair of microdam-
age. In this scenario, use of antiresorptive agents could result in an accumulation 
of microdamage and an increased, rather than a decreased, risk of stress fracture. 

The temporal nature of the response of bone to severe mechanical stress was 
evaluated by Bentolila and colleagues (1998). In their experiment, the right ul-
nae of rats was loaded to fatigue on day 1 and the left ulnae underwent the same 
fatigue loading on day 10; both bones were harvested immediately after the sec-
ond loading session. Microcrack density was significantly higher in the acutely 
loaded ulnae than in the ulnae that had been stressed 10 days earlier, suggesting 
that some healing had occurred in the intervening period. However, bone resorp-
tion activity was evident only in the bones that had been stressed 10 days earlier 
and tended to be concentrated in regions of microcracks. Three-quarters of all 
microcracks were associated with resorption spaces, but resorption spaces were 
also visualized in regions of bone in which there was no detectable matrix dam-
age. This suggests that resorptive activity was initiated as part of the normal 
remodeling response to mechanical stress (in undamaged regions) and also to 
repair areas of microdamage. Thus, it seems plausible that the degree of activa-
tion of bone resorption and the extent of transient bone loss depends on the se-
verity of the mechanical stress and the extent of damage that it causes. 

The notion that inhibiting bone remodeling could lead to an accumulation of 
microdamage and increased bone fragility has been studied in animals using 
bisphosphonate therapy (Hirano et al., 2000; Mashiba et al., 2001a, 2001b). One 
year of etidronate therapy at a dose 100 times higher than the recommended 
clinical dose in humans resulted in increased osteoid volume and a high inci-
dence of spontaneous fractures. At a dose 10 times the clinical dose, there was 
evidence of microdamage accumulation, but no significant increase in spontane-
ous fractures. The relevance of these findings to the concept of using antiresorp-
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tive therapy to prevent stress fractures remains uncertain. It will be important to 
determine the effects of lower doses of bisphosphonates and other antiresorptive 
agents and to specifically evaluate the effects on bone microdamage and fragil-
ity under conditions of increased mechanical stress. 

DEVELOPMENT OF STRESS FRACTURES�OTHER 
PHYSIOLOGICAL FACTORS 

The fact that stress fractures develop in only a few weeks in response to an 
increase in mechanical loading is temporally consistent with the hypothesis that 
an increase in bone resorption triggers a decrease in bone mass that transiently 
increases the vulnerability of bone to fracture. In this context, other physiologi-
cal factors that may further exaggerate bone resorption or impair the coupling 
with subsequent bone formation activity should be considered. The following 
discussion is not meant to be an exhaustive list of possible factors, but rather an 
overview of a few factors that can be influenced by vigorous exercise training 
and are known to affect bone metabolism. 

Sex Hormones 

Both estradiol and testosterone have potent effects on bone metabolism 
(Riggs et al., 2002), and levels of these sex hormones have been reported to be 
decreased in highly trained athletes (Laughlin et al., 1998; Roberts et al., 1993). 
There is emerging evidence that it is low energy availability during vigorous 
training, rather than the exercise per se, that causes this hormonal dysregulation, 
at least in women (Loucks, 2001; Loucks and Thuma, 2003). Whatever the 
cause, if estradiol levels decrease during vigorous exercise training, this would 
be expected to stimulate an increase in bone resorption, because even normal 
fluctuations in estradiol across the menstrual cycle are inversely associated with 
bone resorption rate (Chiu et al., 1999). There have been few studies of bone 
metabolism and testosterone levels in young male athletes, but the suppression 
of androgens in men results in a dramatic increase in the rate of bone resorption 
(Stoch et al., 2001). Because estradiol appears to play a more important role than 
testosterone in maintaining bone mass in men, it is important to note that reduc-
tions in serum testosterone in men will be accompanied by reductions in estra-
diol because the primary source of estradiol in men is the aromatization of tes-
tosterone (Riggs et al., 2002). 

Sex hormones have independent effects on bone metabolism, but they may 
also influence risk for stress fracture through other mechanisms. Recent studies 
have found an increase in apoptosis of rat (Tomkinson et al., 1998) and human 
(Tomkinson et al., 1997) osteocytes in response to estrogen withdrawal. The 
investigators suggested that, because the capacity of bone to repair microdamage 
and to modulate the effects of mechanical strain may be dependent on osteocyte 
viability, this could be a mechanism by which estrogen deficiency leads to bone 
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fragility. It has also been demonstrated that estrogen receptor alpha is involved 
in generating the bone response to mechanical stress (Cheng et al., 2002; Da-
mien et al., 2000), and that the combined effects of estradiol and mechanical 
stress on bone formation activity are additive or synergistic (Cheng et al., 1997; 
Kohrt et al., 1995). Thus, the effectiveness of mechanical loading to favorably 
affect bone metabolism may be diminished in the estrogen-deficient state or 
when estrogen receptor function is alerted. 

Glucocorticoids 

The physical and psychological stresses of basic training and survival train-
ing can increase the secretion of stress hormones, including cortisol 
(Hellhammer et al., 1997; Morgan et al., 2002), which has a potent, negative 
effect on bone. With respect to direct actions on bone metabolism, cortisol both 
increases bone resorption, by stimulating osteoclastogenesis and inhibits bone 
formation, by inhibiting osteoblastic cell replication and differentiation and in-
creasing apoptosis of mature osteoblasts (Canalis and Delany, 2002). Cortisol 
may also influence bone metabolism through indirect actions (Manelli and 
Giustina, 2000). Glucocorticoids have been found to decrease calcium absorp-
tion, modify vitamin D metabolism, and inhibit activity of both the gonadotropic 
and the somatotropic axis. 

Growth Hormone and IGF-1 

Growth hormone and growth factors such as IGF-1 have potent and com-
plex effects on bone metabolism (Rosen and Donahue, 1998). The effects of 
physical stress to suppress the somatotropic axis and the potential adverse con-
sequences on bone metabolism were presented by other participants in the work-
shop (Nindl and Rosen, respectively) and are reviewed elsewhere in this       
publication. 

Use of Nonsteroidal Anti-inflammatory Drugs 

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) is known to im-
pair fracture healing (Simon et al., 2002). In animal models, NSAIDs also im-
pair the bone formation response to mechanical loading (Cheng et al., 1997; 
Chow and Chambers, 1994). The likely mechanism of this action is the inhibi-
tion by NSAIDs of cyclooxygenase activity, which catalyzes the conversion of 
arachidonate to prostanoids. Prostaglandin E2 has been identified as an important 
signaling factor in mechanotransduction in bone (Chow, 2000) and has been 
found to increase in response to mechanical loading in humans (Thorsen et al., 
1996). Currently, there are no controlled studies of the potential adverse effects 
of NSAIDs on the bone formation response to mechanical stress in humans. 
However, the compelling findings from animal studies suggest that attention 
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should be directed to this issue, particularly since NSAID use is likely to be in-
creased during periods of vigorous physical activity. 

POTENTIAL BIOMARKERS FOR THE 
DEVELOPMENT OF STRESS FRACTURES 

Based on the discussion above, potential biomarkers to predict the devel-
opment of stress fractures could fall within three general categories: mechanical 
stress, bone metabolism, and physiological factors. 

Biomarkers of Mechanical Stress 

Although it is unlikely that stress fractures develop solely as a result of me-
chanical loading, the extent of mechanical stress may influence other predictors 
of stress fracture. The number of loading cycles is thought to be of less impor-
tance than the stress magnitude, which could potentially be monitored by load 
sensors in the shoes. However, of even greater importance would be the ability 
to monitor the bone response to mechanical stress, that is, strain. Strain gauges 
positioned on regions of bone prone to stress fracture (e.g., anterior tibia) could 
potentially measure strain magnitude and strain rate, since both are important 
determinants of the bone remodeling response. Because bone is weaker in shear 
than in compression, it may be particularly important to monitor shear strain. A 
more futuristic goal would be the early detection of microdamage in bone. The 
development of such methodologies as vibration analysis, ultrasound, or periph-
eral quantitative computed tomography for this purpose should be considered. 

Biomarkers of Bone Metabolism 

If the concept put forth above is correct, that an exaggerated increase in 
bone resorption in response to multiple stimuli increases the vulnerability of 
bone to fracture, it will be very important to monitor markers of bone resorption 
and formation. However, the methodologies currently available measure these 
markers in serum or urine, which reflect whole-body bone metabolism and are 
not likely to be useful in identifying the targeted changes in bone remodeling 
that occur in response to localized strain and microdamage. Methodologies to 
measure local changes in markers of resorption and formation are not currently 
available. 

Other Physiological Factors as Biomarkers 

The identification of appropriate physiological factors that predict the de-
velopment of stress fractures will depend on extending the current state of 
knowledge of the mechanisms for the pathogenesis of stress fractures in humans. 
Candidate markers that are likely to be important include those that change in 
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response to vigorous physical training and have potent effects on bone metabo-
lism, such as estradiol and cortisol.  

Currently, the signaling pathway by which mechanical stress generates the 
appropriate cellular responses in bone remains poorly defined. It will be impor-
tant to promote research directed toward furthering our understanding of the 
cellular mechanisms of mechanotransduction. However, it will be equally im-
portant to support clinical research that evaluates these mechanisms in humans 
using applied, integrative approaches to determine the relative importance in 
maintaining bone health. For example, prostaglandin E2 has been found to play a 
critical role in the bone formation response to mechanical stress in both isolated 
cell and in vivo animal models, and the response is abrogated by NSAIDs. De-
spite the widespread use of NSAIDs by humans, particularly in conjunction with 
exercise training, there is no knowledge of the potential adverse effects on bone 
metabolism. Because it is likely that risk for stress fractures is multifactorial, 
involving both localized parameters of strain and bone metabolism and systemic 
hormonal modulators of bone metabolism, understanding the pathophysiology 
of stress fracture development in humans will likely require collaborative re-
search that considers these factors in an integrative fashion. 
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AUTONOMIC NERVOUS SYSTEM 
ACTIVITY AND ITS RELATIONSHIP TO 
ATTENTION AND WORKING MEMORY 

 
Julian F. Thayer, National Institute on Aging; Bjorn Helge Johnsen, 

University of Bergen 

In this paper we describe a model of neurovisceral integration in which a set 
of neural structures involved in cognitive, affective, and autonomic regulation 
are related to heart rate variability (HRV) and cognitive performance. Neural 
network studies in humans have reported increased activity in the prefrontal 
cortex during tasks involving executive function and working memory (Gold-
man-Rakic, 1998). Compte and colleagues (2000) have proposed that the pre-
frontal cortex holds sensory information temporarily online through sustained 
activity. This continued activation of a neural network is essential for the linking 
of �input� with �output� to achieve flexible responding to changing environ-
ments. As such, optimal prefrontal functioning is necessary for the formation of 
associations and the representation of acquired relationships between disparate 
pieces of information, including information separated in time (Miller, 2000). In 
addition, these cortical regions are implicated in inhibitory functions that are 
known to be critical for the performance of executive function tasks. Relatedly, 
performance on working memory tasks have been reported to be significantly 
related to general intelligence as indexed by standard intelligence quotient tests. 
Direct and indirect pathways by which the frontal cortex modulates parasympa-
thetic activity via subcortical inputs have been identified (Ter Horst, 1999; Ter 
Horst and Postema, 1997). A number of researchers have hypothesized inhibi-
tory cortical-subcortical circuits (Benarroch, 1993, 1997; Masterman and Cum-
mings, 1997; Mayberg et al., 1999; Spyer, 1989). However, Thayer and Lane 
(2000) have been the first to tie these circuits to HRV.  

We will provide an overview of the neural structures linking the central 
nervous system to HRV. Next, we will review a number of studies from our 
group showing that individual differences in HRV are related to performance on 
tasks associated with executive function and prefrontal cortical activity. We 
propose that these findings have important implications for the development of 
biomarkers related to performance in modern warfighters. 

THE CENTRAL AUTONOMIC NETWORK 

Investigators have identified functional units within the central nervous sys-
tem (CNS) that support goal-directed behavior and adaptability. One such entity 
is the central autonomic network (CAN; Benarroch, 1993, 1997). Functionally, 
this network is an integrated component of an internal regulation system through 
which the brain controls visceromotor, neuroendocrine, and behavioral re-
sponses that are critical for goal-directed behavior, adaptability, and health. 
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Structurally, the CAN includes the anterior cingulate, insular, orbitofrontal, and 
ventromedial prefrontal cortices, the central nucleus of the amygdala, the 
paraventricular and related nuclei of the hypothalamus, the periaquaductal gray 
matter, the parabrachial nucleus, the nucleus of the solitary tract, the nucleus 
ambiguus, the ventrolateral medulla, the ventromedial medulla, and the me-
dullary tegmental field. These components are reciprocally interconnected such 
that information flows bidirectionally between lower and higher levels of the 
CNS. The primary output of CAN is mediated through preganglionic sympa-
thetic and parasympathetic neurons that innervate the heart via the stellate gan-
glia and vagus nerve, respectively. The interplay of these inputs to the cardiac 
sinoatrial node produces complex variability that characterizes the heart-rate 
time series (Saul, 1990). Thus, the output of CAN is directly linked to HRV. 
Notably, vagal influences dominate cardiac chronotropic control (Levy, 1990). 
In addition, sensory information from peripheral end organs such as the heart 
and the immune system are fed back to the CAN. As such, HRV is an indicator 
of central-peripheral neural feedback and CNS-autonomic nervous system 
integration. 

Other functional units within the CNS serving executive, social, affective, 
attentional, and motivated behavior in humans and animals have been identified 
(Damasio, 1998; Devinsky et al., 1995; Masterman and Cummings, 1997; 
Spyer, 1989). One such network has been termed the anterior executive region 
(AER; Devinsky et al., 1995). The AER and its projections regulate behavior by 
monitoring the motivational quality of internal and external stimuli. The AER 
network has been called the �rostral limbic system� and includes the anterior, 
insular, and orbitofrontal cortices, amygdala, periaquaductal gray, ventral stria-
tum, and autonomic brainstem motor nuclei. Damasio (1998) has recognized a 
similar neural �emotion circuit,� for which there is considerable structural over-
lap with CAN and AER (Thayer and Lane, 2000). 

We propose that CAN, the AER network, Damasio�s �emotion circuit�, and 
related systems (Masterman and Cummings, 1997; Spyer, 1989) represent a 
common central functional network recognized by different researchers from 
diverse approaches. This CNS network is associated with the processes of re-
sponse organization and selection and serves to control psychophysiological 
resources in attention and emotion (Friedman and Thayer, 1998a, 1998b; Thayer 
and Friedman, 1997). Additional structures are flexibly recruited to manage spe-
cific behavioral adaptations. This sparsely interconnected neural complex allows 
for maximal organism flexibility in accommodating rapidly changing environ-
mental demands. When this network is either rigidly coupled or completely un-
coupled, the ability to recruit and utilize appropriate neural support to meet a 
particular demand is hampered and the organism is thus less adaptive. 

It has been proposed that the prefrontal cortex is taken �off-line� during 
emotional stress to let automatic, prepotent processes regulate behavior (Arnsten 
and Goldman-Rakic, 1998). This selective prefrontal inactivation may be adap-
tive by facilitating predominantly nonvolitional behaviors associated with sub-
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cortical neural structures (e.g., the amygdala) to organize responses without de-
lay from the more deliberative and consciously guided prefrontal cortex. In 
modern society, however, inhibition, delayed response, and cognitive flexibility 
are vital for successful adjustment and self-regulation, and prolonged prefrontal 
inactivity can lead to hypervigilance, defensiveness, and preservation. 

ATTENTIONAL REGULATION AND EXECUTIVE 
FUNCTION 

Attentional regulation and the ability to inhibit prepotent but inappropriate 
responses is also important for health and optimal performance in a complex 
environment. Many tasks important for survival in today�s world involve cogni-
tive functions such as working memory, sustained attention, behavioral inhibi-
tion, and general mental flexibility. These tasks are all associated with prefrontal 
cortex activity (Arnsten and Goldman-Rakic, 1998). Deficits in these cognitive 
functions tend to accompany aging and are also present in negative affective 
states and dispositions such as depression and anxiety. Stress can also impair 
cognitive function and may contribute to the cognitive deficits observed in vari-
ous mental disorders and in extreme environments. It is also possible that auto-
nomic dysregulation contributes to deficits in attention and cognitive perform-
ance. A series of experiments in our lab have been conducted to examine this 
issue and are described below.  

In a recent experiment, Johnsen and colleagues (2003) examined inhibitory 
responses in an emotional Stroop paradigm. Dental phobics were first exposed 
to recorded scenes of dental procedures and then administered the emotional 
Stroop test. In addition to the traditional color congruent and color incongruent 
words, phobic subjects also were asked to respond to neutral words and dental-
related words (e.g., drill and cavity) that were threatening to them. All subjects 
exhibited longer reaction times to the incongruent color words and the dental-
related threat words and, thus, displayed a difficulty in inhibiting prepotent re-
sponses. However, greater HRV was associated with faster reaction times to 
these words, consistent with the link among vagally mediated HRV, inhibitory 
ability, and frontal lobe function. These results support the idea that vagally me-
diated HRV is associated with efficient attentional regulation and greater ability 
to inhibit prepotent but inappropriate responses.  

Subsequent studies further examined executive function and working mem-
ory in healthy individuals in a military context. In the first experiment, subjects 
performed a number of tasks involving continuous performance, including a 
simple reaction-time task, a choice reaction-time task, and three tasks that in-
volved delayed responding and working memory (Hansen et al., 2003; Johnsen 
et al., 2002). The California Computerized Assessment Package Abbreviated 
version, (CalCAP; Norland Software, Los Angeles, California; Miller, 1999) 
was chosen as a continuous performance task. CalCAP is recognized as a test of 
sustained attention and consists of four subtests, two with nonexecutive compo-
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nents (simple reaction time and response latencies to specific stimuli compo-
nents) and two with executive components (detection of identical stimuli and a 
simple addition task). The test was self-explanatory and needed only minimal 
supervision by the investigator. In addition, a modified version of a working 
memory test developed by Hugdahl and colleagues (2000), based on Baddeley 
and Hitch�s research (1974), was chosen. This test consisted of a continuous 
flow of digits and subjects were to detect identical digits to the one presented 
two trials previously. The stimuli were numbers from one to nine. These latter 
three tasks involved aspects of delayed responding and working memory and 
have been shown to be associated with prefrontal activity (Goldman-Rakic, 
1998). HRV and cortisol responses were recorded, and subjects were grouped 
into low- and high-HRV groups.  

Performance on tasks involving simple and choice reaction times did not 
differ between these groups. However, on tasks associated with prefrontal activ-
ity, subjects in the low-HRV group performed more poorly in terms of reaction 
time, number of errors, and number of correct responses than those in the high-
HRV group. In addition, the groups did not differ in baseline, morning, or eve-
ning cortisol, but the low-HRV group showed larger cortisol responses to cogni-
tive tasks that lasted into the post-task recovery period. Stress is associated with 
an increased cortisol release, and cortisol plays a major role in immune function 
through its association with proinflammatory cytokines (Kiecolt-Glaser et al., 
2002). Cortisol is also known to impair function on cognitive tasks associated 
with the prefrontal cortex (Lupien et al., 1999). Thus, the low-HRV group was 
less stress tolerant as indexed by cortisol responses and more impaired cogni-
tively than the high-HRV group. 

In another study in the series, military subjects performed the same tasks as 
above, but half did so under threat of electric shock (Hansen et al., 2002). Again, 
subjects were divided into two groups based on resting HRV levels. In the shock 
threat condition, task performance involving delayed responding and prefrontal 
activity was significantly impaired in the low-HRV group. Thus, persons with 
high HRV were more stress tolerant and less affected by the threat compared 
with those with low HRV. In yet another study, HRV was manipulated by hav-
ing half of the subjects in a physically active group undergo mild detraining for 
four weeks. Aerobic capacity and HRV were significantly reduced in this group 
compared with those that maintained their fitness and HRV levels. All subjects 
again performed the above cognitive tasks: once before the four-week detraining 
period and once after. The detrained, low-HRV group failed to show the ex-
pected learning effect associated with repeated performance of the cognitive 
tasks and, thus, did not reap the typical benefit of previous task exposure.  

CONCLUSIONS 

Taken together, these results support the use of HRV to index efficient allo-
cation of attentional and cognitive resources needed for efficient functioning in a 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


370 MONITORING METABOLIC STATUS 
 
challenging environment in which delayed responding and behavioral inhibition 
are key. In addition, these data show that low HRV marks increased risk to 
stress exposure. Significantly, these results provide a connection among stress-
related cognitive deficits, high negative affect, and negative health consequences 
via the common mechanism of autonomic imbalance and low parasympathetic 
activity. 
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SWEAT PATCH AS A NOVEL APPROACH TO 
MONITOR THE LEVEL OF ACTIVITY OF THE STRESS 
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CONDUCTED IN THE FIELD 

 
Giovanni Cizza, National Institute of Mental Health; Farideh Eskandari, Na-
tional Institute of Mental Health; Terry Phillips, National Institutes of Health; 

Esther M. Sternberg, National Institute of Mental Health 

THE STRESS SYSTEM: GENERAL 
CHARACTERISTICS  

The stress system has evolved to maintain homeostasis in response to dis-
ruptive internal or external stimuli (Chrousos et al., 1995). A highly conserved 
system, the stress system is represented in lower species and has a central as 
well as a peripheral component. The central component involves several areas in 
the central nervous system, including the paraventricular nucleus of the hypo-
thalamus, the main source of corticotrophin-releasing-hormone (CRH); the locus 
coeruleus, the main source of catecholamines; and the prefrontal cortex, the cor-
tical coordinating center. The afferent limbs of the stress system include the pi-
tuitary-adrenal axis with its main effector molecule, cortisol, and the sym-
pathoadrenal system with its two main effectors, the catecholamines 
norepinephrine and epinephrine, produced by the sympathetic terminal nerves 
and by the adrenal medullary gland, respectively.  

These effectors of the stress system regulate a highly coordinated response 
aimed at mobilizing energy, increasing arousal, and restoration of homeostasis 
in the face of threatening stimuli. Other endocrine systems, including the growth 
hormone/insulin-like growth factor-1 (GH/IGF-1) and the reproductive and the 
thyroid hormone axes are inhibited by the stress. During acute and chronic 
stress, complex alterations of the immune system also take place, which result in 
a switching from a cellular immune pattern of response to a humoral response 
(T-helper 1 to T-helper 2) (Chrousos and Elenkov, 2000). Such a coordinated 
series of responses is essential to survival. A complex network of inhibitory 
feed-back loops within and among the above components of the stress system 
has evolved to ensure that the stress response is effective, but contained.  

The Stress Response: Specific or Nonspecific?  

Initially, the stress response was thought to be homogeneous in response 
and independent of the nature of the perturbatory challenge, a concept originally 
formulated by Hans Selye and known as the doctrine of the nonspecificity of the 
stress response. More recently, it is being recognized that different stressful 
stimuli may elicit different patterns of stress responses. In addition, there is 
growing evidence suggesting that genetic variability, as well as differences in 
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experiences during the first years of life, or even during intrauterine life, may 
�imprint� the stress responsivity of any given individual in a stable fashion. A 
corollary of the specificity of the stress response is that different stressful stim-
uli, if protracted and/or severe enough, are associated with different diseases. 

The Stress System: Theoretical and Practical Challenges in 
Monitoring Its Activity in Vivo 

There are several challenges to measuring the levels of activity of the stress 
system (Eskandari and Cizza, 2002): (a) the complexity of the system and the 
multiplicity of the effector molecules to be measured, (b) the methodology used 
to measure the activity of the stress system must not perturb the system, (c) the 
intrinsic variability of several hormones due to their circadian rhythmicity, (d) 
the importance of measuring stress reactivity, as well as baseline stress response 
measures, and (e) for studies conducted in the field, the feasibility of collecting 
integrated measures without using large volumes of blood or other biological 
samples. 

The approaches currently used to measure the activity of the stress system 
in field studies originally evolved from the approaches used to measure the ac-
tivity of the hypothalamic-pituitary-adrenal axis in selected categories of pa-
tients, including patients with hyperactivity of the stress system such as those 
with Cushing�s disease, with a major depression, or with a rare tumor of the 
adrenal gland, the pheochromocytoma (Cizza and Chrousos, 1997). The clinical 
methods used in these cases involve measurements of the relevant circulating 
hormones during both basal and stimulated conditions, and often, given the di-
urnal rhythmicity of these hormones, around the clock measurements. Biological 
fluids collected in clinical settings include blood and sometimes cerebrospinal 
fluid or hypophysial portal blood for specific research purposes; more fre-
quently, in an outpatient setting urine or saliva are collected. However, in the 
field it would be necessary to collect biological fluids in a noninvasive manner 
with a nonbulky collection apparatus, minimal discomfort, and cooperation from 
the subject. The purpose of this paper is to provide support for the sweat patch 
method (in which sweat collected by means of a commercially available, cuta-
neously applied patch) as a viable option for monitoring indices of stress system 
activity in the field. 

Biology of the Stress Response and Bone Mass  

An example of a serious medical consequence resulting from chronic stress 
is osteoporosis. Bone loss and fractures are often observed as a consequence     
of hypercortisolism resulting from endogenous Cushing�s syndrome or the 
chronic use of steroids (Cizza et al., 1996). It is becoming more evident          
that subjects suffering from major depression also exhibit bone loss likely due to 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


374 MONITORING METABOLIC STATUS 
 

 
FIGURE D-33 The proposed endocrine mechanisms contributing to bone loss in sub-
jects suffering from depression.  
SOURCE: Reprinted from Cizza et al. (2001), with permission from Elsevier. 
 
 
hypercortisolism (Figure D-33) (Cizza et al., 2001). CRH hypersecretion        
and hypercortisolism in turn lead to the inhibition of the reproductive axis and 
hypogonadism. The latter is an established risk factor for bone loss in both gen-
ders. CRH hypersecretion and hypercortisolism also decrease the activity of the 
GH-IGF-1 axis, an important enhancer of bone formation. In depression, a dys-
regulation of several inflammatory mediators, including interleukin-6, has also 
been reported. Interleukin-6, a major mediator of bone resorption, is elevated in 
depressed subjects, especially at an older age. Increased sympathetic activity, 
often observed in depressed subjects, also is associated with increased inter-
leukin-6 secretion. This cytokine may be implicated in some of the other medi-
cal consequences of major depression, such as cardiovascular disease and insu-
lin resistance. 

Stress fractures are often observed in young military recruits of both gen-
ders during intense military training or operations (Imeida et al., 1999). In addi-
tion to the obvious physical component of mechanical overload associated with 
marching for a long period time with heavy loads, it is reasonable to hypothesize 
that some of the endocrine responses associated with the psychological stress 
may accelerate bone resorption and decrease bone formation. Specifically, an 
increase in cortisol and a decrease in IGF-1 (an important contributor to skeletal 
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integrity) may, with mechanical overload, synergistically decrease bone mass at 
specific skeletal sites below the threshold for fractures (Munoz-Torres et al., 
2001). Stress fractures are a common problem in young people who engage in 
vigorous physical activity, especially endurance training. For example, stress 
fractures during basic training occur in approximately 7 percent of male and 14 
percent of female recruits. It is therefore important to identify subjects at greater 
risk; known risk factors include low level of physical fitness, current or past 
history of smoking, more than ten alcoholic beverages per week, use of corticos-
teroids, and low body weight. In women, additional factors include amenorrhea, 
delayed menarche, and use of depo-medroxyprogesterone acetate. In young 
men, low levels of testosterone, a hormone with an anabolic effect on bone, in a 
hypogonadal range are reported during intense training. To the best of our 
knowledge, there are no studies addressing the potential association between 
patterns of the individual stress response and subsequent risk of stress fractures, 
most likely because of the lack of a feasible method to measure the stress re-
sponse in the field in an integrated fashion. 

SWEAT: BACKGROUND AND PHYSIOLOGY 

Summarized below is information supporting the notion that sweat may rep-
resent a biological fluid from which it is feasible to measure endogenous sub-
stances released during stress in ambulatory or field situations (Guyton, 2000). 
In humans, three types of sweat glands are present. Apocrine sweat glands are 
largely confined to the axillary and perineal regions and their ducts open directly 
into hair follicles. The apoeccrine sweat glands are present in adult axillae. They 
develop from eccrine-like precursor glands and their ducts open directly onto the 
skin surface. The eccrine sweat glands are distributed over the entire body. Gen-
eralized eccrine sweating is the physiological response to an increased body 
temperature. This is the most effective means by which humans regulate their 
body temperature through evaporative heat loss. 

The eccrine sweat glands develop from the epidermal ridge as a cord of 
epithelial cells growing downward. These glands are stimulated by the choliner-
gic sympathetic nervous system. The preoptic hypothalamic area plays an essen-
tial role in regulating body temperature. Efferent nerve fibers originating from 
the hypothalamic preoptic sweat center descend through the ipsilateral brain 
stem and synapse in the intermediolateral cell columns of the spinal cord with-
out crossing. The myelinated axons rising from the intermediolateral horn of the 
spinal cord (preganglionic fibers) pass through the anterior roots to reach the 
sympathetic chain and synapse. Unmyelinated, postganglionic sympathetic class 
C fibers arising from sympathetic ganglions join the major peripheral nerves and 
end around the sweat glands. The major neurotransmitter released from the 
periglandular nerve endings is acetylcholine. In addition, adenosine triphos-
phate, catecholamine, vasoactive intestinal peptide, natriuretic peptide, calci-
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tonin gene-related peptide, and galanin have been localized in the periglandular 
nerves. 

The eccrine sweat gland consists of two segments: a secretory coil and a 
duct. The secretory coil secretes an ultrafiltrate of plasma-like fluid called the 
primary secretion. The concentration of sodium is about 142 mmol/L and chlo-
ride about 104 mmol/L, with much smaller concentrations of the other solutes of 
plasma. In addition, sweat glands excrete heavy metals, organic compounds, and 
macromolecules. As this precursor solution flows through the duct portion of the 
gland, it is modified by reabsorption of most of the sodium and chloride ions. 
This reduces the osmotic pressure of the sweat fluid to such a low level that 
most of the water is then also reabsorbed. The degree of this reabsorption de-
pends on the rate of sweating. When the sweat glands are stimulated only 
slightly, the primary secretion passes through the duct slowly and essentially all 
the sodium and chloride ions are reabsorbed. The concentration of each of these 
falls to as low as 5 mmol/L, followed by reabsorption of water, which concen-
trates most of the other constituents. Conversely, when the sweat glands are 
strongly stimulated by the sympathetic nervous system, large amounts of pri-
mary secretions are formed and the concentrations of the sodium and chloride 
ions are then at a maximum of about 50 to 60 mmol/L and little of the water is 
reabsorbed. 

Content of Human Sweat in Hormones or Cytokines  

Several studies have been reported using skin biopsy specimens or sweat 
specimens collected over an oil barrier on a plastic film or in a polypropylene 
sack. Traditionally, sweat is collected after exercise or exposure to intense heat. 
Interleukin (IL)-1 and IL-1β, IL-6, IL-8, and tumor necrosis factor have been 
identified in human sweat. Interestingly, to the best of our knowledge, there are 
no published reports on the presence of cortisol or catecholamines in sweat in 
humans.  

Why the Sweat Patch? 

We propose to use a cutaneous patch as a convenient and noninvasive tech-
nique that may overcome several of the limitations intrinsic to blood and urine 
collection. Such a technique would have the advantage of being noninvasive, of 
being easily applied at any time of the day, and of being worn for an extended 
period of time with minimal discomfort. A series of biochemical markers of 
bone turnover, cytokines, and neurohormones may be measured in microliters of 
specimen, using state-of-the art technologies, such as recycling immunoaffinity 
chromatography and cytokine chip technology. These techniques require a 
minimum amount of biological sample, thus overcoming the need for collection 
of large volumes of blood. Once validated, the cutaneous patch, in conjunction 
with an ultramicro analytical immunochemistry method, should substantially 
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expand our ability to examine and understand the interactions between the endo-
crine, immune, and nervous systems and their role in stressful conditions in the 
field. 

Current Clinical Application of the Cutaneous Patch in 
Diagnostic Testing 

A cutaneous patch is approved by the Food and Drug Administration for 
qualitative detection of a variety of drugs and their metabolites, including 
opioids, benzodiazepines, and methamphetamines. It can also be used to meas-
ure methadone, caffeine, and nicotine. This device is commercially available 
under the trade name of Osteopatch and has been used for determinations of free 
pyridinoline cross-links in sweat. It has been validated in healthy subjects and in 
subjects affected by metabolic bone disease, including postmenopausal osteopo-
rosis, and hyperparathyroidism. The Osteopatch has been used in subjects 
treated with estrogen replacement therapy and treated with alendronate. Sweat 
determinations of pyridinoline reflected true changes in bone resorption due to 
metabolic disease and antiresorptive treatments, indicating that these measure-
ments were valid and accurate (Sarno et al., 1999, 2001). In addition, as pyridi-
noline in sweat arises from plasma, measurements of pyridinoline in this bio-
logical fluid reflect true bone resorption more closely than urine measurements.  

To correct for sweat volume, determinations of potassium are performed. 
Potassium is consistently recovered from the patch and its secretion is reasona-
bly well correlated with sweat volume. In contrast to sweat sodium and chloride, 
potassium is relatively insensitive to subject age, diet, and methods of fluid re-
placement (i.e., intake of water only as compared with glucose-electrolyte solu-
tion) in situations of extreme heat. The latter characteristics make this test poten-
tially valuable for field studies.  

In order to validate the reliability and sensitivity of use of the Osteopatch 
for collection of stress, neuroendocrine, and immune biomarkers in sweat, it is 
necessary to: (1) determine the range of stress, neuroendocrine, and immune 
biomarkers that can be measured in sweat and the stability of these biomarkers 
under various collection conditions, and (2) determine the degree to which these 
sweat biomarkers reflect their concentrations in other biological fluids, including 
blood, urine, and saliva.  

METHODS  

Description of the Sweat Patch: Advantages and Pitfalls  

The transdermal diagnostic skin patch is a device that provides easy, nonin-
vasive, reliable and relatively nonvariable access to body sweat. The patch is a 
nonocclusive sweat collection device. It consists of an adhesive layer on a thin 
transparent film of surgical dressing with a cellulose-absorbent pad attached. 
The patch passively collects and concentrates nonaqueous components of sweat. 
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The outside surface of the patch forms a barrier for substances in the environ-
ment. The potential disadvantage of the nonocclusive design is that the volume 
of the secreted sweat is not measurable and, thus, the concentrations of analytes 
cannot be normalized to sweat volume. This limitation may be overcome by 
normalizing against potassium measurements. The patch can be worn over an 
extended period of time (usually a few days) and is reported by the manufacturer 
as being well tolerated. However, we propose to limit its application to a period 
of time not longer than 24 hours. In our limited experience we have observed no 
adverse reaction with the exception of one subject, a 36-year-old female normal 
volunteer who, 6 months after the application of a patch, had an area of discol-
oration on the abdomen in the area in which the adhesive part of the patch had 
been applied.  

Analytical Procedures 

Two major challenges are encountered from an analytical perspective when 
measuring biological analytes in sweat: (1) the available assays are not suffi-
ciently sensitive to detect some analytes, and (2) there may not be sufficient 
volume to perform all the measurements needed. The application of newer tech-
nologies, including recycling immunoaffinity chromatography and the cytokine 
chip technology, described below, should address both challenges (Brown et al., 
2000; Phillips et al., 1997). 

Recycling Immunoaffinity Chromatography 

Specimens can be analyzed for cytokines, hormones, biochemical markers 
of bone turn-over, or any other substance of interest using a 25-µL sample in-
jected into a modified liquid chromatography system, equipped with a panel of 
25 to 30 immunoaffinity columns packed with antibody-coated glass beads. The 
specimen passes through the columns in a serpentine fashion, each column ex-
tracting a single analyte, while allowing the nonreactive materials to pass to the 
next column. The bound analytes are measured by sequential acid elution of 
each column, followed by laser-induced fluorescence detection. Concentrations 
of each recovered analyte is calculated by comparing them with standard curves 
constructed by running known amounts of pure analyte through identical condi-
tions.  

Cytokine Chip Technology  

Glass chips are constructed by covalently immobilizing 200 nL spots of 
avidin to the glass surface via a robotics system. The chips are heat annealed, 
washed in 0.01 M phosphate buffer, pH 7.4, and blocked with 0.1 percent bo-
vine albumin. The chips are then rewashed in phosphate buffer, dried, and stored 
under nitrogen at �70°C. Biotinylated antibodies, directed against the analytes of 
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TABLE D-7 Substances Detected in Sweat Collected by the Osteopatch 
Type Substance 
Cytokines  Tumor necrosis factor α, interleukin (IL)-1αa, IL-1 β, 

IL-6, IL-8 
Hormones  Cortisol, substance P, calcitonin gene-related peptide, 

neuropeptide Y, β endorphin, prolactina, vasoactive 
intestinal peptide, angiotensin, insulin-like growth 
factor (IGF)-1a, growth hormone 

Miscellaneous compounds Pituitary adenyl cyclase-activating peptidea, neurotro-
phin-3a, transforming growth factor ß, leukemia in-
hibitory factora, gamma interferon-inducible protein 
10a, epidermal growth factor, ciliary neutrophic fac-
tor, nerve growth factor, ß fibroblast growth factora, 
macrophage inflammatory protein αa 

a Substance that can be detected in sweat only after a 12-min walking-running test. 
 
 

interest, are spotted in appropriate patterns onto rehydrated chips and incubated 
in a moist chamber for 60 minutes at 37°C. The chips are then incubated with 
fluorescent-labeled specimens for 60 minutes at 37°C, washed in phosphate 
buffer, and read in a laboratory-built, laser-induced fluorescence reader (Instru-
ment Development Resource, Division of Bioengineering and Physical Science, 
Office of Research Services, National Institutes of Health). The concentration of 
each analyte is calculated from calibration curves constructed by subjecting 
known standards to the same analytical procedure. 

RESULTS  

Table D-7 lists analytes that can be detected either under baseline condi-
tions or after a brief bout of exercise in sweat collected by the means of the 
patch. The panel of substances that can be measured in sweat includes inflam-
matory cytokines such as IL-1, tumor necrosis factor-alpha, IL-6, and IL-8; neu-
ropeptides stimulated by pain such as substance P; hormones increased during 
the stress response, such as cortisol or prolactin; IGF-1, an important factor for 
bone regeneration; and several chemokines. In addition, this device is already 
marketed for the measurements of several markers of bone turnover.  

SUMMARY 

In summary, we have collected sweat at baseline conditions and after a 
short course of exercise from which we measured several biomarkers, including 
stress hormones, neuropeptides, and cytokines, by applying ultrasensitive tech-
niques requiring minute amounts of biological samples. Many of the analytes 
that we have detected in sweat have never been described in this biological fluid. 
As the endocrine and immune responses to stress are highly interconnected, the 
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ability to measure many of the molecules involved in these responses in the 
same sample greatly enhances the ability to more precisely define those complex 
interactions at an individual level. Since the Osteopatch is designed and ap-
proved for measurements of biomarkers of bone turn-over, the integration of 
these bone measures in sweat, together with stress hormone and immune cyto-
kine measures that contribute to bone loss, should provide a sensitive method for 
detection of predictive conditions leading to deleterious effects. 

In conclusion, the sweat patch provides the opportunity to conduct natural-
istic studies outside of the laboratory on a very large number of subjects. Once 
validated in a reference population, this technique would allow for the early 
identification of subjects who, because of their individual physiological re-
sponses to stress, may be at greater risk during intense training of stress frac-
tures, acute infections, or other stress-related accidents. 
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BIOMARKERS FOR BRAIN 
HYPOMETABOLISM DUE TO SLEEP 

DEPRIVATION 
 

Nancy Wesensten, Walter Reed Army Institute of Research 

Both acute and chronic sleep deprivation (roughly surge and sustained op-
erations, respectively) degrade cognitive performance (Belenky et al., 2003). 
The neurobiological basis of this cognitive performance degradation appears to 
be a global decrease in brain energy metabolism, with the greatest decreases 
occurring in the prefrontal cortex (Thomas et al., 2000). The prefrontal cortex 
governs the highest-order cognitive processes, including anticipation, planning, 
situational awareness, and common mental models; the ability to envision the 
desired end state; and the paths to achieving it. In military operations, these 
functions translate into the ability to adapt at all levels of command and control 
to take advantage of tactical, operational, and strategic opportunities in real time.  

Surge operations and sustained operations differ in their effects on perform-
ance and thus presumably on underlying neurobiology. During surge operations 
(less than 4 hours of sleep per 24 hours), performance degrades in a linear fash-
ion, while brain metabolism declines over the first 24 hours and then stabilizes 
at this lower level (Thomas et al., 2000). Because recovery from surge opera-
tions is rapid and generally complete within 24 to 48 hours with adequate (8 
hours per night) recovery sleep, it is assumed that brain metabolism also recov-

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


382 MONITORING METABOLIC STATUS 
 
ers completely. The effects of sustained operations (more than 4 but less than 7 
hours of sleep per 24 hours) on performance has received far less attention, and 
therefore are less well understood�however, results from a recently completed 
study by our group indicate that with less than 8 hours of sleep per night, per-
formance degrades over the first few days and then stabilizes at a lower sub-
maximum level of performance (Balkin et al., 2000; Belenky et al., 2003). 
Unlike surge operations, recovery from sustained operations can take days or 
weeks (Belenky et al., 2003). The effects of sustained operations on brain me-
tabolism are not known, but our performance data suggest that sustained opera-
tions are associated with a more enduring down-regulation of brain metabolic 
capacity.  

As both military and civilian industrial endeavors become increasingly con-
tinuous (24 hours per day) operations, the potential for sleepiness-related inci-
dents�ranging from operational inefficiencies to errors resulting in serious ac-
cidents�is increasing. The task of determining how, or what, to measure to 
predict human performance degradation is difficult and complex. Because brain 
hypometabolism is assumed to underlie performance deficits, the former would 
be the �gold standard� biological signal to monitor. Biomarkers of brain metabo-
lism changes during sleep deprivation include blood flow (Braun et al., 1997) 
and glucose metabolism (Thomas et al., 2000). Clearly, however, these markers 
are not fieldable�and to date evidence indicating that they are predictive of 
performance degradation is lacking. Since in most operational settings changes 
in actual performance are of concern, the question could be rephrased as, �Are 
measures of actual performance as good as (or perhaps better than) measures of 
brain hypometabolism?� If the answer to the latter is positive, the question then 
becomes, �What constitutes a promising metric of general sleep-related per-
formance capacity for use in the operational environment?� To this end, we 
tested, compared, and judged several candidate measures across seven consecu-
tive days in which subjects were allowed 9, 7, 5, or 3 hours in bed per night. 
This design constituted an in-laboratory simulation of sustained operations (as 
defined above). 

MATERIALS AND METHODS 

General Design and Procedures 

A complete description of the study subjects, design, and procedures can be 
found in Balkin and colleagues (2000). Briefly, 66 commercial motor vehicle-
licensed drivers (16 women, 50 men; age range 24�62 years) participated. They 
spent 14 days in the laboratory. The first 2 days were adaptation/training (T1, 
T2) and the third served as baseline (B). Subjects were allowed 8 hours in bed 
(TIB) from 2300 to 0700 on the nights prior to T2 and B. Beginning on the 
fourth day and continuing for a total of 7 days (E1�E7) subjects were assigned 
to one of four sleep conditions: 9 hours TIB (2200�0700); 7 hours TIB (2400�
0700); 5 hours TIB (0200�0700); or 3 hours TIB (0400�0700). On the eleventh 
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day and continuing for a total of 3 �recovery� days (R1�R3), subjects were 
again allowed to sleep from 2300 to 0700 (8 hours TIB). Data from these recov-
ery days are not reported here.  

Cognitive/Psychomotor Tests 

Subjects performed a series of cognitive and alertness tests daily, including 
psychomotor vigilance (PVT) (Dinges and Powell, 1985); synthetic work (Els-
more, 1994); simulated driving (StiSim) (Balkin et al., 2000); running memory; 
grammatical (logical) reasoning; Stroop color naming; serial addition/subtrac-
tion; 10-choice reaction time (RT); time estimation or �interval reproduction�; 
code substitution; subjective sleepiness via the Stanford Sleepiness Scale (SSS) 
(Hoddes et al., 1973); objective sleepiness via a sleep latency test (SLT) (Car-
skadon et al., 1986); 4-choice RT (Thorne et al., 1985); and an oculomotor func-
tion test (FIT). A detailed description of these tests can be found in Balkin and 
colleagues (2000). 

Data Analyses  

Analysis of Variance  

Data were first analyzed using conventional analysis of variance (ANOVA; 
Kirk, 1995) techniques: a mixed ANOVA for sleep group (between subjects) × 
day (within subjects) was applied to all data, with additional factors for time of 
day as appropriate. Greenhouse-Geisser corrections (Kirk, 1995) were applied to 
repeated measures effects. Significant sleep group × day interactions were fol-
lowed by simple effects analyses for sleep group at each day. Significant sleep-
group simple effects were then analyzed using post-hoc Tukey honestly signifi-
cant difference (HSD) comparisons (Kirk, 1995) among all possible pairs of 
sleep groups (maximum of six comparisons: 3 hr vs. 5 hr, 7 hr, and 9 hr; 5 hr vs. 
7 hr and 9 hr; 7 hr vs. 9 hr). All performance data were normalized by convert-
ing to percent baseline.  

Effect Size Analysis  

Data were also explored by generating an effect size estimate (also known 
as a d statistic) for the relationship between nightly sleep time and each 
task/dependent variable listed above independent of sleep group assignment 
(Balkin et al., submitted). Variability of the effect size was estimated using a 
bootstrap procedure to determine whether the effect size differed from zero. The 
bootstrap procedure also provided estimates of confidence intervals.  
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RESULTS 

Analysis of Variance 

ANOVA revealed that nightly total sleep time (TST) increased significantly 
in the 9-hour group and decreased significantly in the 3-, 5-, and 7-hour groups 
across the sleep restriction/augmentation phase (E1�E7) compared with baseline 
(B) (group × night, p < 0.05). TST significantly differed among all sleep groups 
on nights E1 through E7 (Tukey HSD, ps < 0.05).  

Table D-8 summarizes the number of significant post-hoc comparisons 
among sleep groups for each task and dependent variable baseline (B) through 
experimental day 7 (E7) for which both the sleep group × day interaction and 
significant simple effects of sleep group at each day were significant. The 
tasks/dependent variables are rank-ordered by total number of significant post-
hoc contrasts summed across baseline and E1 through E7. As indicated in Table 
D-8, by this criterion PVT relative speed was most sensitive.  

Effect Size Analyses 

Figure D-34 shows results of the effect size analysis (Balkin et al., submit-
ted). Using this technique, SLT accounted for the largest percentage of variance 
in nocturnal sleep during the experimental phase (45 percent), followed by PVT 
speed (21 percent), StiSim lane deviations (19 percent) 4-choice RT speed (13 
percent), and SSS (10 percent); the effect sizes for these tasks/dependent meas-
ures were statistically significant (ps < 0.05). Note that although StiSim acci-
dents showed a relatively large effect size, the confidence intervals for this 
measure also were large; thus, the effect size was nonsignificant. On the other 
hand, effect sizes for StiSim lane position (7 percent), 10-choice RT number 
correct (7 percent), serial addition/subtraction speed (5 percent), and 4-choice 
RT correct (3 percent) were relatively small but significant since the confidence 
intervals were relatively narrow.  

DISCUSSION AND CONCLUSIONS 

Although it is assumed that biomarkers of brain hypometabolism (presumed 
to underlie performance deficits) would be the preferred biological signal to 
monitor to predict sleep deprivation-induced performance impairments, such 
markers are currently not fieldable. Therefore, the question of what constitutes a 
promising metric of general sleep-related performance capacity for use in the 
operational environment is addressed.  

Of the various measures compared, the most sensitive (as reflected by the 
number of statistically significant post-hoc comparisons from the ANOVA) was 
PVT (Dinges and Powell, 1985). The most sensitive test as reflected by the ef-
fect size analysis was SLT. Although the rank ordering of tasks differed some-
what between ANOVA and effect size analysis, in general those tests found to 
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be most sensitive by one technique also ranked highly using the other technique. 
Tasks in the top rankings for both included PVT, simulated driving lane devia-
tions and lane position, SLT, SSS subjective sleepiness self-ratings, and serial 
addition/subtraction speed.  

That SLT accounted for the most variance by the effect size technique is 
perhaps not surprising since it could be argued that SLT is the most �direct� 
measure of sleep loss in that it actually gauges sleep (onset) itself. However, 
under most circumstances the SLT is not practical�and more important, sleep 
latency does not necessarily predict performance. PVT speed most frequently 
mirrored the gradations in total sleep times�and, by inference, the differential 
levels of recuperation that result from spending 3, 5, 7, or 9 hours in bed over 7 
consecutive nights. That PVT speed did not account for a greater proportion of 
variance in nocturnal sleep time (effect size analysis) may indicate that total 
sleep time, rather than PVT speed, is not a particularly sensitive index of recu-
peration processes. It may be that some other index of sleep-mediated recupera-
tive processes, such as slow-wave activity, might better predict performance.  

The present results suggested relatively poor sensitivity of FIT for detecting 
sleepiness. It is possible that sensitivity could have been increased by increasing 
FIT test duration. In its current configuration, FIT is a short (45 sec) test. Even 
extremely sleepy subjects can perform adequately for short periods of time, sug-
gesting that any short-duration task will lack sensitivity. For example, had PVT 
been administered only for 45 seconds, it likely would have been relatively in-
sensitive and, in fact, our analyses of PVT data across time on task indicate that 
decrements do not become evident until the third or fourth minute on task. SLT 
may also constitute a 20-minute vigilance task, the sensitivity of which would be 
decreased by shortening the test to 1 to 2 minutes.  

In the near-term, progress in developing the means to measure and monitor 
the effects of sleep loss in the operational environment will require further, simi-
lar studies�systematic, head-to-head comparisons of the sensitivity and reliabil-
ity of multiple measures (with consideration of the likelihood that these meas-
ures could be obtained in the operational environment of interest). At the core of 
these near-term (within 2�5 years) studies will be performance metrics, with a 
vision toward integration of newer, �high-risk/high-payoff� technologies, such 
as analyses of changes in gene expression across sleep deprivation/sleep restric-
tion, and how such changes in gene expression relate to specific performance 
metrics. Also needed in the near-term are studies describing the exact relation-
ship between sleep deprivation-induced brain hypometabolism and specific as-
pects of cognitive performance to determine whether there is actually a need for 
measuring hypometabolism directly. That is, does a marker of brain hypome-
tabolism (blood flow, metabolism) confer some predictive advantage beyond 
that of performance measures? Do markers of brain hypometabolism better de-
termine individual differences in response to sleep loss? Far-term (10�20 years 
out) studies will consist of aggregate measures of sleep/wake history over 
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FIGURE D-34 Effect size for each task and dependent measure. Significant effect sizes 
are denoted by filled gray squares; nonsignificant effect sizes are denoted by a solid dash. 
Vertical lines indicate confidence intervals. StiSim = simulated driving, SynWork = syn-
thetic work, FIT = oculomotor function test. 
 
 
weeks, analogous to glycosylated hemoglobin as an index of blood glucose con-
trol over a period of weeks.  

In both the near and far terms, investigations into the underlying neurobiol-
ogy of sleep and wakefulness are critical; for example, no chemical has yet been 
identified in the blood that accumulates during sleep deprivation and causes per-
formance impairments. The analogous state of affairs would be alcohol-induced 
impairment, where alcohol levels are measurable in exhaled air, and levels of 
alcohol have been correlated with degree of performance impairment. The latter 
is the end result of a long and complex (and still ongoing) process.  
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ELECTROENCEPHALOGRAPHIC 
INDICATORS OF IMPAIRED AVIATOR 

STATUS DURING SLEEP DEPRIVATION 
 

John A. Caldwell, Brooks Air Force Base 

Monitoring the brain activity of aviators for indications of degraded cogni-
tive/performance capacity is desirable for enhancing flight safety. Research has 
shown that degraded pilot status has caused serious mishaps. For instance, 
McCann and Schulze (1963) reported that a substantial number of fatal aviation 
accidents have resulted from pilot incapacitation due to hypoxia, hyperventila-
tion, or blackout; Yacavone (1993) found that serious flight mishaps have been 
associated with inadequate crew coordination or decrements in the physical or 
mental status of pilots. Pilot fatigue is now recognized as a serious threat to 
aviation safety, especially in operations that involve sleep loss from circadian 
disruptions, extended duty periods without sleep, and episodes of night duty 
during which alertness is typically impaired due to circadian factors (Akerstedt, 
1995). Aviator fatigue degrades response accuracy and speed, impairs the capac-
ity to integrate information, and narrows attention (Perry, 1974). Fatigued pilots 
tend to decrease their physical activity, withdraw from social interactions, and 
lose the ability to effectively divide mental resources among different tasks. 
These effects are compounded by the fact that increased sleepiness in the cock-
pit is associated with less consistent performance and deteriorations in vigilance 
(Dinges, 1990).  

Kirsh (1996) estimates that fatigue may be involved in 4 to 7 percent of 
civil aviation mishaps, and data from the U.S. Army suggest fatigue is involved 
in 4 percent of Army accidents (Caldwell and Gilreath, 2002). Furthermore, 25 
percent of the Air Force�s night tactical fighter Class A accidents were attributed 
to fatigue between 1974 and 1992, and 12.2 percent of the Navy�s total Class A 
mishaps were thought to be the result of aircrew fatigue from 1977 to 1990 
(Ramsey and McGlohn, 1997). Especially noteworthy mishaps in the commer-
cial aviation sector include the crash of Korean Air flight 801 in which 228 peo-
ple died (NTSB, 1999), the near crash of China Airlines flight 006 in which two 
people were severely injured while numerous other passengers were traumatized 
(Kostad, 1989), and the accident involving American Airlines flight 1420 in 
which 11 people died (Krause, 1999). In each of these cases, crew fatigue from 
insufficient sleep and/or circadian factors was implicated. 

It is regrettable that a suitable metric has not been developed to determine 
the point at which aviator fatigue becomes a hazard to safe flight. In fact, neither 
the military nor the civilian aviation sector has identified a better fatigue coun-
termeasure than the age-old strategy of flight-time or duty-time limitations. Un-
fortunately, this approach fails to account for the known effects of fatigue-
inducing factors such as: (1) the quality of sleep prior to reporting for duty, (2) 
the deleterious impact of chronically restricted sleep periods, and (3) the hour-
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by-hour fluctuations in physiological alertness that stem from circadian rhythms. 
What is needed is a validated, objective measurement of aviator status that ulti-
mately can be monitored continuously and in real time. 

Since the electroencephalogram (EEG) is the most direct indication of cen-
tral nervous system functioning (which presumably underlies all cognition and 
performance), this measure holds great promise for objectively and accurately 
monitoring the fatigue state of operators. The fact that EEG activity can be col-
lected without interfering with the primary task of flying the aircraft (Caldwell 
et al., 2002) supports the feasibility of continuous, real-time monitoring. In addi-
tion, numerous ground-based studies have established the sensitivity of EEG 
activity to work-related stressors such as sleep deprivation. Several researchers 
have shown that slow-wave EEG activity (i.e., delta and/or theta) is significantly 
elevated by even moderate sleep loss (e.g., Caldwell et al., 1996; Comperatore et 
al., 1993; Lorenzo et al., 1995; Pigeau et al., 1987). Recently, Caldwell and Hall 
(2001) reported that both delta and theta are reliably accentuated after 23 to 26 
hours of continuous wakefulness, approximately the same time that both mood 
and performance are adversely affected. 

Although studies relating in-flight EEG data to the readiness level of avia-
tors are virtually nonexistent, a few investigators have suggested a link. Sterman 
and colleagues (1987) demonstrated changes in EEG theta and alpha as a func-
tion of increased flying demands, as well as increased EEG asymmetries as a 
function of increased workload, and Wilson and Hankins (1994) found differ-
ences in EEG theta activity attributable to alterations in attention and cognitive 
demands in flight. With regard to the appearance of EEG indications of in-flight 
fatigue, several researchers have reported EEG microsleeps (bursts of slow-
wave EEG) in aircrews during trips ranging from 8 to 15 hours in duration 
(Cabon et al., 1993; Rosekind et al., 1994; Samel et al., 1997; Wright and 
McGown, 2001). Since such events signal an impaired ability to respond to in-
coming stimuli (Belyavin and Wright, 1987; Ogilvie et al., 1989, 1991), these 
findings are relevant to aviation safety. 

In this study, EEG data were systematically collected from sleep-deprived 
subjects in a specially-instrumented, rotary-wing aircraft to determine whether 
the typical increases in theta and reductions in alpha (recorded under controlled 
conditions in the laboratory) would occur in the in-flight environment, particu-
larly while pilots were at the controls of the aircraft. The magnitude of differ-
ences at selected points during 29 hours of continuous wakefulness was exam-
ined. In addition, the extent to which EEG changes were associated with fatigue 
was assessed by collecting cognitive and mood data between flight times. 

MATERIALS AND METHODS 

Ten UH-60 current and qualified aviators served as subjects. The average 
age of the participants was 31.2 years (with a range of 26�46). Resting (eyes 
open/eyes closed) EEG evaluations were completed both in the laboratory and in 
the aircraft (while the safety pilot was on the controls). In addition, EEG evalua-
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tions were performed while the pilot was flying the aircraft. Performance and 
mood evaluations were conducted between flights in the laboratory.  

In-flight EEG evaluations were conducted using a Cadwell Laboratory Air-
borne Spectrum 32, which transmitted data to a standard ground-based Cadwell 
Spectrum 32 for review and analysis. Laboratory EEG evaluations were made 
with a standard Cadwell Spectrum 32. The low filters were set at 0.53 Hz, the 
high filters were set at 100 Hz, and the 60 Hz notch filters were used. Grass 
E5SH electrodes were used to detect EEG.  

Subjective mood evaluations were made in the laboratory using the Profile 
of Mood States (POMS) (McNair et al., 1981), a 65-item test that measures:    
(1) tension-anxiety, (2) depression-dejection, (3) anger-hostility, (4) vigor-
activity, (5) fatigue-inertia, and (6) confusion-bewilderment. Subjective sleepi-
ness/alertness was measured via the Visual Analog Scale (VAS). Several items 
were included, such as sleepy, alert, energetic, and talkative. 

Basic cognitive abilities were examined in the laboratory with the Multi-
Attribute Task Battery (MATB), a test that requires subjects to track a target and 
tune a communications radio while monitoring fuel levels and warning lights 
and dials. 

The test schedule included three training sessions on the first day of partici-
pation. These were followed by three testing sessions that began on the second 
day of participation, continued during the night, and ended on the morning of 
the third day. On the training day, subjects arrived at the laboratory at approxi-
mately 1000 and were released by approximately 2200. On the following (test-
ing) day, subjects awakened at 0700, reported to the laboratory at 1700, and 
remained in the laboratory (except for the flights) until approximately 1200 the 
next day (no sleep was permitted).  

On the testing day, EEG electrodes were attached, and the subject pro-
ceeded to the first EEG test in the laboratory. The subject was instructed to sit 
quietly for 5 minutes with eyes open, followed by 5 minutes with eyes closed. 
Following EEG testing, the subject completed one VAS, one POMS, and per-
formed the MATB for 30 minutes. Afterward, he completed another resting 
EEG, VAS, and POMS. Once laboratory testing for the session was complete, 
the subject was driven to an airfield for the first flight at 2300. After reaching 
altitude, with the safety pilot at the controls, the subject completed an eyes-
open/eyes-closed EEG while the safety pilot was in control of the aircraft. Af-
terward, the subject flew several standard flight maneuvers. At the conclusion of 
the flight, the subject was driven back to the laboratory for the next test session 
(EEG, VAS, POMS, and MATB) at 0200. Afterward, the subject departed for 
the second flight (at approximately 0400). Following this flight, there was one 
final laboratory test session at 0700 and one final flight at 0900. 
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RESULTS 

A variety of detailed analyses were conducted in this study. For the sake of 
brevity these will be summarized here, but a detailed account is available in 
Caldwell and colleagues (2002). 

Electroencephalogram Laboratory Data 

The analysis of variance (ANOVA) on delta activity included two factors: 
session (2045, 2140, 0145, 0240, 0645, and 0740) and eyes (eyes open and eyes 
closed). There were session main effects at Fz , Cz , and Pz; eyes main effects at 
Fz, Cz, and Pz; and session-by-eyes interactions at Cz and Pz (p < 0.05). Delta 
power increased from 2045 to 0740 and was greater under eyes closed than eyes 
open. The session-by-eyes interaction at Cz was due to the fact that there was a 
small increase in delta from eyes-open to eyes-closed early in the deprivation 
period (at 2045), followed by a much larger increase later in the deprivation pe-
riod (at 0645). A similar pattern occurred at Pz. The analysis of theta activity 
revealed session main effects at Fz, Cz, and Pz primarily because of linear in-
creases from the first to the last sessions of the deprivation cycle. Eyes main 
effects at all three electrodes were due to less theta at eyes-open than at eyes-
closed. Session-by-eyes interactions at Fz, Cz, and Pz were all because of more 
theta under eyes-closed than eyes-open at various points in the deprivation cycle 
(particularly at 2045, 0145, 0645, and 0740), with the differences being more 
noticeable at certain times than at others. The ANOVA on alpha activity indi-
cated session main effects and eyes main effects at Fz, Cz, and Pz. There were 
session-by-eyes interactions at Fz and Cz (p < 0.05). A decrease in alpha activity 
occurred from the first to the last part of the deprivation period at Fz and Cz, and 
an increase in alpha occurred under the eyes-closed versus the eyes-open condi-
tion at all three electrodes. The session-by-eyes interactions were the result of 
large differences between the eyes-open and eyes-closed conditions at 2045, 
2140, 0145, and 0740, with smaller or more variable differences at 0240 and 
particularly at 0645. Beta activity revealed a session difference only at Pz (p < 
0.05) which was the result of higher amounts of beta during the first part of the 
deprivation period (from 2045 to 0145) than at 0645, after which there was a 
rebound at 0740. Eyes main effects occurred at all three sites (p < 0.05) because 
of greater amounts of beta under eyes-closed than eyes-open. There were no 
significant interactions. 

Electroencephalogram In-Flight Data 

In the in-flight (aircraft) setting, EEG data were collected under a resting 
eyes-open condition (with the safety pilot on the controls) at the beginning of 
each flight and subsequently during each of the 15 maneuvers (with the partici-
pant on the controls). Only time-related effects will be reported here. 
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The ANOVA on delta activity for flight (2300, 0400, and 0900) and seg-
ment (resting, maneuver 1, maneuver 2, maneuver 3, � maneuver 15) indicated 
there was a flight- (or session) related difference only at Pz (p < 0.05). This was 
due to increased delta from the first two flights to the third. Theta power at Fz, 
Cz, and Pz increased from the first to the last flight, and theta at Pz showed a 
particularly striking increase by the time of the third flight. Alpha power at Fz, 
Cz, and Pz increased from the 2300 flight to the 0900 flight as well, but EEG 
beta activity did not change as a function of flight time. 

Profile of Mood States 

One-way ANOVAs of the scales from the POMS given at 2100, 2155, 
0200, 0255, 0700, and 0755 revealed main effects on tension-anxiety, vigor-
activity, fatigue-inertia, and confusion-bewilderment (p < 0.05). These occurred 
because mood deteriorated as the hours of continuous wakefulness increased.  

Visual Analog Scale 

The one-way ANOVAs on the VAS given after the POMS (at 2100, 2155, 
0200, 0255, 0700, and 0755) indicated significant session differences on six of 
the eight subscales: alertness, energy, confidence, irritability, sleepiness, and 
talkativeness (p < 0.05). Once again, these were due to linear deteriorations in 
mood from the first to the last test sessions. Alertness, energy, confidence, and 
talkativeness declined generally from the beginning to the end of the deprivation 
period, whereas irritability and sleepiness increased. 

Multiattribute Task Battery 

There were statistically significant effects on the reaction times to warning 
lights and dials, the standard deviation of reaction times to the dials, and the 
root-mean-square (RMS) errors in the tracking task, due to a linear deterioration 
in performance from the 2105 session to the 0705 session in all four cases (p < 
0.05). In addition, there were quadratic trends in the reaction times to lights, the 
standard deviation of reaction times to dials, and the tracking RMS errors due to 
more pronounced decrements towards the end of the deprivation period than the 
beginning. 

DISCUSSION 

There were EEG effects in both the laboratory and the in-flight testing 
situations, and theta activity was affected consistently across the two settings. 
Theta activity (3.0�8.0 Hz) progressively increased from the beginning to the 
end of the deprivation period, suggesting that fatigue from sleep deprivation was 
exerting a negative impact on the physiological alertness of the pilots. In addi-
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tion, lower-frequency delta (1.5�3.0 Hz) activity also was accentuated as a func-
tion of sleep deprivation in both testing situations, but the effect was localized to 
Pz in the aircraft, whereas it was seen at all three recording sites in the labora-
tory. Increases in delta activity are primarily associated with sleep in normal 
adult subjects (Ray, 1990). Differences in alpha activity were not consistent 
from the laboratory to the aircraft, possibly because of environmental effects 
(the laboratory environment is more soporific than the noisier and less comfort-
able in-flight environment). However, the uniform effects in both delta and theta 
strongly suggest that: (1) participants were becoming more fatigued as the dep-
rivation period progressed, and (2) this increase in fatigue was detectable via 
EEG recordings both in the more traditional laboratory setting and in the less-
well-researched aircraft setting.  

These EEG findings agree with the subjective mood data (from the POMS 
and the VAS), which indicated that the pilots were adversely affected by sleep 
deprivation. Ratings of fatigue, sleepiness, irritability, tension, and confusion all 
increased significantly as a function of prolonged wakefulness, whereas ratings 
of vigor, alertness, energy, confidence, and talkativeness decreased. These dec-
rements no doubt contributed to the deterioration in basic cognitive abilities ob-
served on MATB. Although less than half of MATB outcome measures appar-
ently were sensitive to the effects of sleep loss and fatigue, the ones that did 
degrade seem particularly pertinent to aviator performance. Degradations in the 
reaction time to warning lights and out-of-bounds dial indications, along with 
more variable performance and increased tracking errors, became more pro-
nounced as the amount of sleep deprivation progressed. Thus, not only were 
self-perceptions of alertness declining with increased hours awake, but objective 
measures of performance were deteriorating as well.  

Overall, the findings from this study suggest that it is feasible to monitor in-
creases in the fatigue levels of pilots via the real time acquisition of EEG activ-
ity from the in-flight environment. Thus, it is possible to gain insight into the 
functional status of aviators without disrupting performance on the primary task 
of flying the aircraft. However, future studies are needed to establish whether 
there are significant correlations between in-flight physiological changes and in-
flight performance changes. 
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CIRCULATING PLASMA MARKERS OF 
COGNITIVE STATUS 

 
Harris R. Lieberman, Mark D. Kellogg, Gaston P. Bathalon,  

U.S. Army Research Institute of Environmental Medicine 

BACKGROUND 

Basic scientists and clinicians have been searching for biochemical markers 
of cognitive state for many years. Unfortunately, little progress has been made 
with regard to identification of markers that, in normal individuals, relate meta-
bolic status to cognitive function or assess general cognitive state. It would be a 
significant breakthrough for basic science and clinical practice to have reliable 
plasma markers of cognitive function. Many devastating diseases are either cog-
nitive in nature or produce secondary cognitive deficits. Biochemical tests for 
the cognitive deficits associated with Alzheimer�s disease, depression, or Atten-
tion Deficit Hyperactivity Disorder (ADHD) would be of extraordinary value to 
society. In addition, it would be very useful for understanding the biological 
basis of human behavior to have objective plasma markers of cognitive state. On 
the battlefield, such markers could also be of significant value. They could po-
tentially be employed to optimize warfighter cognitive function and to prevent 
errors associated with the stress of combat and illnesses associated with combat, 
such as Post-Traumatic Stress Disorder (PTSD) or Gulf War Syndrome-like 
diseases. 

Current State of the Field 

Many peripheral metabolic diseases such as diabetes, hyperthyroid syn-
dromes, and Cushing�s disease (elevated cortisol), are associated with impaired 
cognitive function. Frequently, the metabolic markers of the disease are bio-
chemical markers of cognitive state, and sometimes these indicators can provide 
information about cognitive status in healthy humans. For example, elevated 
plasma cortisol is an indicator of acute stress and is negatively correlated with 
various aspects of cognitive function. The adverse effects of elevated cortisol on 
cognitive function can be observed in various disease states and also when ex-
ogenous cortisol is administered to normal humans (for a review, see Jameison 
and Dinan, 2001). Unfortunately, cortisol and similar markers appear to provide 
little information about normal human cognitive function beyond serving as an 
index of stress-induced declines in cognition. Decrements in military operational 
performance can be stress-related, but in many instances are not (Johnson and 
Merullo, 2000). We will provide data that suggest that another endogenous glu-
cocorticoid, dehydroepiandrosterone sulphate (DHEA-S) is, at least in a popula-
tion we have recently studied, a better marker of normal cognitive status than 
cortisol. 
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Plasma glucose, as discussed in detail below, is also an indicator of im-
paired cognitive function in diseases such as diabetes. When it is artificially 
lowered to below physiological levels using the insulin clamp technique, cogni-
tive deficits result. However, it often seems to provide little information about 
cognitive status in healthy individuals, in part because it is tightly regulated. We 
will provide data that suggest that other metabolic factors associated with energy 
and carbohydrate metabolism, in particular free fatty acids (FFA) and triglyc-
erides, may, in healthy individuals, be better markers of cognitive state, and per-
haps metabolic status, than glucose. 

The Inherent Difficulty of Identifying Biochemical 
Markers for Cognitive State 

Although there is great need for objective markers of cognitive state, there 
are a variety of reasons why it has been extremely difficult to define reliable 
markers for brain function in normal humans. The greatest difference in normal 
human cognitive states is between sleep and waking. Classical electrophysio-
logical techniques (polysomnography), as well as functional measures (e.g., 
monitoring physical activity), can distinguish sleep from waking state. However, 
it is not possible to biochemically distinguish these states. The only biochemical 
measure that, under certain conditions, corresponds to sleep state is the hormone 
melatonin, but it is not a marker of sleep state. If states as disparate as sleep and 
waking�which exhibit the most extreme differences in human cognitive func-
tion�are not biochemically distinguishable, we cannot expect to easily find a 
marker for more subtle differences in human cognitive state, such as optimal 
alertness versus sleepiness. 

The lack of markers for cognitive state is reflected by the fact that there are 
no biochemical markers for any common psychiatric or neurological disease. 
Diagnosis and assessment of most psychiatric and neurological disorders typi-
cally rely on labor-intensive, often subjective, clinical evaluations and self-
reports. Common diseases such as depression, schizophrenia, ADHD, PTSD, 
narcolepsy, and Alzheimer�s and Parkinson�s diseases, cannot be diagnosed or 
their progression followed by a biochemical test. Progress has been made using 
scanning technologies to assess cognitive function, as well as to diagnose and 
follow the progression of certain central nervous system (CNS) diseases. How-
ever, it is difficult to conceive of how such technologies could be practically 
employed in military field operations to assess cognitive state until significant 
technological advances occur. 

Why has there been so little progress in discovering biological markers of 
CNS function? It has been known for many years that specific neurotransmitter 
systems were involved in various CNS disorders, including depression, schizo-
phrenia, and Parkinson�s disease. However, no biochemical test has been devel-
oped to diagnose or follow the course of these diseases. Clearly, the develop-
ment of biochemical tests to assess brain function and behavior has been 
hampered by the unique, protected status of the brain. The blood-brain-barrier 
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(BBB) isolates, and thereby protects, the brain by preventing the transfer of me-
tabolites from the periphery into the brain. However, the BBB also isolates the 
periphery from brain metabolites. Therefore, when biochemical markers are 
assessed in the periphery, usually no direct information regarding central func-
tion is provided. Limited exceptions to this principle include hormones released 
by the brain into the periphery and a few substances that cross from the brain to 
the plasma. 

Usually glucose is the major source of energy for the brain and, under cer-
tain limited conditions; plasma glucose is a predictor of cognitive state. When 
plasma glucose is reduced from normal euglycemic levels of about 5.0 mmol/L-1 
(90 mg/dL) to 2.6 mmol/L-1 (47 mg/dL) in nondiabetic individuals and using a 
hyperinsulinemic clamp, cognitive function is impaired (Strachan et al., 2001). 
Although this nonphysiological paradigm demonstrates the importance of glu-
cose to the brain, peripheral glucose is tightly regulated in healthy individuals 
and rarely reaches levels below 3.6 mmol-1 (Wilson et al., 1998). Studies of sus-
tained military training scenarios that simulate combat (e.g., Ranger Training) 
support these clinical observations. In Ranger trainees who are in a chronic state 
of semistarvation due to several months of severe undernutrition in harsh field 
conditions, plasma glucose levels fell to no lower then 3.8 mmol/L�1 (Friedl et 
al., 2000; Moore et al., 1992).  

In military as well as civilian populations, a consistent relationship between 
plasma glucose within the normal range and cognitive performance has never 
been demonstrated. Carbohydrate administration can clearly enhance physical 
performance when high levels of energy are being expended. However, the data 
relating cognitive performance, carbohydrate administration, and plasma glu-
cose are not consistent. Both beneficial and adverse effects on cognition of in-
creasing plasma glucose and providing carbohydrate have been reported (for a 
review, see Bellisle et al., 1998). Overall, while it is clear that carbohydrate sup-
plementation can, in certain circumstances, alter cognitive function (Lieberman 
et al., 2002b); these effects are probably not associated in any simple manner 
with plasma glucose levels in healthy, nondiabetic individuals.  

NEW MARKERS OF COGNITIVE STATE: STUDIES 
ON MILITARY POPULATIONS IN WHICH 

COGNITIVE AND BIOCHEMICAL FACTORS WERE 
ASSESSED 

On several occasions, as part of field studies, we have examined the rela-
tionship between cognitive performance and plasma or saliva metabolites. Ini-
tially, neurotransmitter precursors like tryptophan and tyrosine were of interest 
as they are actively transported into the brain across the BBB. In an early study, 
the volunteers were soldiers participating in an evaluation of a lightweight ration 
and were modestly undernourished for several weeks (Askew et al., 1987). In 
that study, the ratio of plasma tryptophan to the other large neutral amino acids 
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(LNAA), which predicts the rate of transport of tryptophan across the BBB, was 
correlated with cognitive performance (r = 0.40�0.44, p < 0.02). We believe that 
the tryptophan/LNAA ratio was associated with cognitive performance because 
tryptophan is the precursor of a critical brain neurotransmitter, serotonin. Levels 
of other plasma amino acids were not related to cognitive performance (Lieber-
man et al., 1997). In a previous presentation to the Committee on Military Nutri-
tion Research, we discussed these findings and addressed the overall importance 
of a variety of neurotransmitter precursors (Lieberman, 1999). In the last few 
years we have focused on hormones and metabolic factors that can be measured 
in saliva or that do not require assessment of multiple amino acids (all the 
LNAAs). 

Study I: A Brief, Intense Training Exercise Conducted by 
an Operational Ranger Unit 

Recently, we evaluated cognitive function and several biochemical markers 
of stress of soldiers engaged in a brief (52 h) high-intensity training operation. 
The exercise was conducted by U.S. Army Rangers and had been designed to 
evaluate junior leaders (Lieberman et al., 2002a). The scenario simulated com-
bat-like conditions, specifically a high-intensity, light infantry operation in a 
hostile environment, by combining multiple stressors: near total sleep depriva-
tion; continuous physical activity; substantial physiological, environmental, and 
psychological stress; and simulated combat-like activities. All volunteers (N = 
31) were Ranger officers (mean age = 32 years) with the rank of Captain, and 
had served on average 9 years on active duty. The exercise was conducted in a 
hot, humid environment. 

The exercise consisted of three phases: a garrison preparation phase, a field 
exercise, and a concluding garrison phase. Cognitive performance, mood, and 
body composition were assessed once during each phase. We used a battery of 
cognitive tests that were administered on notebook computers and took less than 
an hour to complete. The battery was designed to assess a wide range of militar-
ily relevant cognitive functions. To assess mood we employed the most widely 
accepted measure of mood state, the Profile of Mood States (POMS), which has 
been used in hundreds of civilian and military studies (McNair et al., 1971). It is 
a standardized, validated self-report questionnaire consisting of 65 mood-related 
adjectives that are rated on a five-point scale in response to the question, �How 
are you feeling right now?� It takes less than 5 minutes to complete. The adjec-
tives factor into six mood subscales: tension, depression, anger, vigor, fatigue, 
and confusion.  

Carefully selected measures of mood state are excellent predictors of cogni-
tive performance and sensitive indicators of functional capability. Depressed 
patients perform poorly, and drowsy normal subjects have impaired cognitive 
function. Drugs, environmental stress, foods, and dietary supplements that affect 
cognitive performance have repeatedly been shown to have analogous effects on 
related mood states. Compounds that enhance cognitive performance, such as 
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amphetamine, caffeine, and tyrosine, improve corresponding moods, while 
treatments that degrade performance, such as benzodiazepines (e.g., valium), 
melatonin, and antihistamines, invariably impair mood (Dollins et al., 1993; 
Fine et al., 1994; Lieberman et al., 1986; Newhouse et al., 1989). Advantages of 
mood questionnaires include: the brief period of time required to administer 
even comprehensive versions of them and the fact that no equipment is needed 
for their administration. In situations like Marine basic training, where volun-
teers are available for only brief periods of time and a large number of subjects 
must be tested simultaneously, they are the only practical way of gathering fre-
quent and detailed data on cognitive state.  

At both the in-field and post-field testing sessions we observed very large 
decrements in cognitive performance, including changes in fundamental func-
tions like vigilance (p < 0.001; Figure D-35) and choice reaction time (p < 
0.001), as well as more complex abilities: learning (p < 0.001), memory (p < 
0.001), and logical reasoning (p < 0.001; Figure D-35). All mood states assessed 
were adversely affected, including vigor (p < 0.001), fatigue (p < 0.001; Figure 
D-35) , confusion (p < 0.001; Figure D-35), tension (p < 0.02), depression (p < 
0.002), and anger (p < 0.01) (Lieberman et al., 2002a). We also assessed corti-
sol, testosterone, and melatonin in saliva samples collected three times per day. 
As in previous short-duration studies conducted with soldiers exposed to multi-
ple stressors (for example see Opstad, 1994), rather than an increase in cortisol 
or testosterone, we observed suppression in their circadian pattern of release. 
Patterns of melatonin release did not change. We did not observe any consistent 
relationship between hormone levels and impairments in cognitive performance 
over the course of the exercise, although pre-exercise cortisol did predict, in 
several instances, pre-exercise and subsequent cognitive performance. This as-
sociation suggests Rangers who perceived the exercise as likely to be stressful, 
or who were already stressed when they reported for the exercise, performed 
worse than their peers. In this study, conducted with soldiers who were sub-
jected to a variety of stressors, but not severe psychological stress, saliva corti-
sol, testosterone, and melatonin levels provided limited information on cognitive 
state. 

Study II: Marine Basic Training Relationships Between 
Cognitive and Biochemical Changes in Female Trainees 

Recently, our laboratory conducted a comprehensive study of a large group 
of female trainees enrolled in the 12-week Marine basic training course at Parris 
Island, South Carolina (Bathalon et al., In press). Every 4 weeks, on the same 
day, plasma was collected and a POMS mood state questionnaire was adminis-
tered.  A variety of other parameters was also regularly assessed. The mood 
questionnaire was administered in the morning and blood samples were obtained 
in the afternoon. Mood was assessed to provide information on the cognitive 
state of the volunteers as they progressed through training. We also attempted to 
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assess the relationship between mood state and biochemical markers of meta-
bolic state, endocrine status, and inflammation.  

All mood states assessed by the POMS in the female Marine basic trainees 
improved substantially over the course of basic training (Figure D-36). The 
trainees began basic training feeling worse than is typical of age-matched fe-
males, but by the time they had completed training their scores were better than 
the norm (McNair et al., 1971). During training there were also significant 
changes in a number of biochemical parameters, particularly FFAs, triglyc-
erides, and DHEA-S (Figure D-37). Other biochemical markers such as glucose 
and cortisol were more stable (Figure D-37). The changes in FFA and triglyc-
erides were consistent with the changing physiological and nutritional status of 
the trainees. Over the course of the study, the women lost substantial body mass 
overall (mean = 1.7 kg), especially fat (mean = 4.4 kg), but gained muscle mass 
(mean = 3.3 kg) as assessed by dual-energy X-ray absorptiometry. A gain in 
muscle mass would be expected given the rigorous nature of basic training. The 
trainees� diets also changed, with a significant reduction in total food intake and 
reduced fat in the diet, compared with their prerecruit diets. Levels of stress ap-
peared elevated as indicated by chronically elevated levels of cortisol (near the 
upper limits of normal) and high levels of tension on the POMS, particularly 
during the earlier phases of training (Figures D-36 and D-37).  

There were robust, highly significant correlations between mood and 
DHEA-S, substance P, FFA, and triglycerides (Table D-9) over the course of 
training. Plasma levels of fructosamine, which reflects average blood glucose 
levels for the last 17 to 21 days, thyroid-stimulating hormone, and substance P 
also were associated with mood states, but not as frequently or as robustly as 
DHEA-S, FFA, and triglycerides (Table D-9). When stepwise multiple linear 
regression analyses were performed, the most reliable predictor variables for 
mood were DHEA-S, FFA, and triglycerides. The extent of overall individual 
weight loss over the course of training was only associated with the mood state 
of vigor, with the greater weight loss associated with less vigor (r = �0.20, p < 
0.02). Weight loss was often a statistically significant predictor variable in the 
multiple regression analyses, even though the correlations between weight loss 
and moods were modest ranging from ± 0.02 to 0.20. It also appeared that the 
predictive biochemical parameters were associated with a similar underlying 
factor, as they often were individually correlated. When these markers�FFA, 
triglycerides, fructosamine, and DHEA-S�were aggregated in multiple regres-
sion models with weight loss included as a predictor variable, ability to predict 
mood states was increased and r2 values as high 0.40 were obtained, indicating 
the regression model could account for 40 percent of the overall variance associ-
ated with certain mood states.  

The magnitude of the relationships we observed between mood states and 
these biochemical markers, both as individual correlations and within multiple 
regression models, was surprising. We are not aware of any combination of pu-
tative physiological markers for mood or cognitive state where such robust asso-
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������� 
FIGURE D-36 Mean (+ standard error of the mean) changes in mood state in female 
trainees as assessed by the Profile of Mood States (POMS) over the course of Marine 
basic training. A reference value for female college students, of approximately the same 
age as the trainees, is provided for comparison (McNair et al., 1971). Statistical signifi-
cance over time, as determined by a within-subject analysis of variance, is provided.  
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FIGURE D-37 Variation in mean (± standard error of the mean) plasma concentration of 
the indicated marker in female trainees over the course of Marine basic training. A refer-
ence value (± 2 standard deviations) is provided for comparison. Whenever the data were 
available, the reference value is for females of approximately the same age. Statistical 
significance over time, as determined by a within-subject analysis of variation, is pro-
vided. 
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ciations have been observed in healthy individuals. The magnitude of the indi-
vidual relationships between plasma markers and mood (many r values were in 
the range of 0.3�0.45, as shown in Table D-9) should be placed in the context of 
firmly established, clinically significant relationships between other biochemical 
markers and functional outcomes. Widely accepted markers of disease generally 
have only modest associations with the underlying disease state they predict. For 
example, the association of �ratio of high density cholesterol to total choles-
terol� with the extent of coronary occlusion in patients with cardiovascular dis-
ease is only r = �0.20 (Naito et al., 1980).  

The associations we have observed between these peripheral metabolic 
markers and cognitive state during Marine basic training are of the same magni-
tude as those we had previously observed for the tryptophan/LNAA ratio in sol-
diers participating in the lightweight ration study discussed above. The trypto-
phan/LNAA ratio determines the rate of tryptophan transport across the BBB. 
Tryptophan, because it is a rate-limiting precursor of the neurotransmitter sero-
tonin, serves a critical CNS need (Lieberman, 1999; Lieberman et al., 1997). It 
should be emphasized that many of the metabolites and hormones evaluated in 
the Marine basic training study, including glucose, corticotrophin-releasing fac-
tor, cortisol, and leptin which, based on their known associations with brain 
function, might have been expected to be associated with cognitive function, but 
were not (Table D-9).  

CONCLUSIONS AND RECOMMENDATIONS 

There are many obstacles associated with identifying biochemical markers of 
cognitive state. In the study we conducted with U.S. Army Rangers engaged in a 
brief, high-intensity field exercise, saliva cortisol, melatonin, and testosterone 
were not usually associated with performance and mood. However, the prelimi-
nary findings from the Marine basic trainee study we describe suggest that at 
least one endocrine factor (DHEA-S) and several metabolites associated with 
energy status are robust markers for cognitive state in female recruits during 
basic training. Of course, these associations may be unique to the gender of the 
volunteers or to the combination of physiological, nutritional, and psychological 
factors the basic trainees experienced. To determine if these relationships gener-
alize to other populations, this study will have to be replicated and extended, 
including studies of males. Of particular interest will be whether cognitive per-
formance, as well as mood, is associated with these biochemical markers. It will 
require a substantial effort to address these questions since it is more difficult to 
assess cognitive performance than mood state in large samples. Furthermore, the 
unique factors associated with basic training, especially the large changes in 
mood and biochemical state that occur, make attempts at replications in other 
populations of questionable validity. We believe that we observed these bio-
chemical-behavioral relationships because we were evaluating individuals who 
had unusually robust changes in both metabolism and behavior. Rarely are
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metabolic and cognitive changes of this magnitude observed in healthy         
individuals. 
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CIRCULATING PLASMA MARKERS OF 
COGNITIVE STATUS: 

ODORS AS BIOMARKERS 
 

Gary K. Beauchamp, Monell Chemical Senses Center 

Chemical signals (herein termed body odors or just odors) provide informa-
tion on many characteristics of an organism and are involved in coordination 
and regulation of all aspects of behavior and physiology. Typically, body odors 
have been divided into two broad classes, those termed pheromones and all oth-
ers. In the former category are included chemical signals that have evolved to 
convey very specific information, elicit specific behavioral and physiological 
responses, and are in principle rather simple chemically. Examples include 
odorants that elicit behavioral responses such as sexual attraction and aggression 
(often termed releaser pheromones) and those that elicit physiological responses 
such as estrus synchrony and sexual maturation (often termed primer phero-
mones). The other broad class (sometimes included in the pheromone category 
but at other times excluded) encompasses odors that signal information such as 
individual identity, age, emotional status, and health. However, both in practice 
and in principle, the distinctions between these two categories are often difficult 
to discern (Beauchamp et al., 1976; Wysocki and Preti, 1998). In the remainder 
of this paper, this distinction will be ignored. 

Body odors have a number of inherent characteristics that should make 
them particularly useful for those interested in monitoring organic states of indi-
vidual humans. First, many body odors evolved to communicate messages be-
tween individuals. As a consequence, these messages ought to be relatively un-
ambiguous and difficult to falsify. Second, unlike many visual and auditory 
signals, odors often persist in the environment. Indeed, many species make use 
of this characteristic during territorial scent marking, such as dogs urinating on 
posts. Darwin noted that the odor on a handkerchief that he had rubbed on a 
scent gland of an animal persisted on the cloth for years in spite of repeated 
washings. Third, body odors often directly reflect physiological processes. For 
example, odors associated with stress have been suggested to arise from action 
of stress hormones on odor-producing body structures. Fourth, odors can be de-
tected from a distance and hence noninvasively. It has often been noted that 
when a dog follows a scent of an individual person, it does not put its nose di-
rectly on the ground, but instead holds it above the presumed odor source. Fi-
nally, in principle, it ought to be relatively straight-forward to develop devices to 
detect and recognize specific chemical signatures indicative of particular physio-
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FIGURE D-38 Three levels of chemical signals derived from body odors illustrated by 
the mouse system. 1. Core messages largely innately determined and with little variation 
across the life span. 2. Messages that are relatively fixed but do vary in expression across 
the life span of the organism. 3. Messages that vary from time to time and may reflect 
short term physiological fluctuations. 
 
 
logical states. In practice, however, this has remained a challenge as will be de-
scribed below. 

In the following brief paper, the kinds of information that exist in body se-
cretions and excretions are discussed. Next, the possible use of body odor to 
identify messages signaling physiological states, such as stress, will be dis-
cussed. Finally, speculation on the future use of body volatiles in monitoring 
physiological status will be provided. 

MESSAGES IN BODY ODOR 

Work with body odors in nonhuman animals has clearly demonstrated that a 
variety of messages is transmitted and that these messages influence the behav-
ior and physiology of the receiver. The categories of information are illustrated 
in Figure D-38.  

Core Messages 

Core messages (1. in Figure D-38) involve characteristics of the animal that 
are relatively fixed. Thus, animals are able to determine the species of the odor 
producer and its individual identity. For example, a large series of studies have 

Hierarchical organization of body odor messages 

3. Sexual status, Diet, Health, Stress

2. Age, Sex

1. Species, Individual identity
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demonstrated that the individual identity of a mouse is coded in part by the 
genes of the major histocompatibility complex, the same genes involved in self-
nonself recognition within the context of the immune system (Penn and Potts, 
1998; Yamazaki et al., 1999). Presumably an individual mouse�s odor (and very 
likely an individual human�s odor as well) is a fixed characteristic of that ani-
mal. Based on these ideas, we are now attempting to identify the odorous mate-
rials in mouse and human emanations with a long-range goal of developing   
sensors that could recognize individuals by their genetically determined charac-
teristic body odors. 

Life Span Messages 

At a second level (2. in Figure D-38) there are a number of messages that 
are relatively stable yet do vary over the life span of an individual. Two of these 
are age and odor-expressed gender. Consider gender first. Although basic bio-
logical gender is fixed at conception, many data indicate that body odors reflect-
ing this do change over the course on an individual�s life. Most dramatic are 
odor changes that accompany sexual maturation. Indeed, in human males almost 
the first easily observable sign of male puberty is a change in body odor�this 
clearly precedes changes in body hair and voice. These changes clearly reflect 
changes in amounts of circulating sex hormones. As a practical example, it is 
well known that castration reduces male body odor in pigs, reducing �boar taint� 
in male pig meat.  

In many species it has been speculated that information on the age of an 
animal may serve to modulate mate choice. Older males may be preferred mates 
due to the fact since they survived, they must possess �good� genes that are ad-
vantageous for the female to pass on to her offspring. Recently we (Osada et al., 
2003) have identified some of the volatile chemicals in mouse urine that change 
with age and may underlie age-related discriminative odors. Several of these are 
plausibly linked to changes in immune function. This raises the possibility that 
immune system activity could be determined by sensors that detect body odors 
(see below). 

Varying Messages 

Finally, there is a series of odor-based messages that are quite variable (3. in 
Figure D-38). Included here is information on sexual receptivity or willingness 
to mate, incidence of disease, and emotional state. For example, many animal 
studies have documented changes in female odor as a function of estrus cycle, 
and there is some evidence that the body odors of women change over the men-
strual cycle (independent of the odors associated with menses; Stern and 
McClintock, 1998). In nonhuman animals, female odors associated with sexual 
receptivity are often highly attractive to males. 
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That body odors can be indicative of disease has a long history in medical 
practice (Penn and Potts, 1998). Nevertheless, little systematic study of this 
topic has been conducted. For example, there are many anecdotes of dogs identi-
fying the presence of cancers prior to formal diagnosis, but few experimental 
studies document this in a rigorous fashion.  

As a first model system to investigate disease and body odor, we (Yamazaki 
et al., 2002) have recently reported on a model system: the mouse mammary 
tumor virus (MMTV). It is possible in this model to test for changes in odor 
profiles that arise prior to overt disease. Mouse mammary tumors are notably 
lacking in cachectic, metastatic, and other general systemic effects on the host 
that might be expected to alter body odor in a nonspecific manner. Our studies 
revealed that mice can be trained to discriminate female or male intact mice or 
their urine odors as a function of the presence of MMTV, either acquired 
through infection or genetically. Furthermore, odor distinction based on the 
presence of virus occurs in the absence of overt disease. We are currently inves-
tigating the chemical pattern change that occurs following infection and are at-
tempting to identify biologically relevant odorants. More generally, however, 
these studies suggest that it may be possible to identify and diagnose certain 
diseases (e.g., viral diseases such as AIDS and smallpox) before they are other-
wise obvious and via the relatively noninvasive route of body odors. 

BODY ODORS INDICATIVE OF OTHER 
PHYSIOLOGICAL STATES 

Very little experimental work has been conducted on odors indicative of 
emotion (e.g. fear, anger, happiness) or fatigue in humans. Nevertheless, there is 
a widespread belief that an individual�s emotional state is reflected in changes in 
body odor and this belief is reinforced by the results of some animal studies. For 
example, there are a number of studies that indicate that stressed animals emit a 
distinctive odor. It has been suggested that these odors may function to warn 
others of danger; these odors often elicit avoidance.  

Anecdotal evidence in humans is consistent with animal studies. It is said 
that when one is under stress, sweating increases and this in turn leads to in-
creases in body odor. Whether this purported change in odor is qualitative (new 
odorants being produced specifically indicating stress) or quantitative is not 
known. There is a plausible mechanism for a change in odor production with 
stress, however, since it is well known that certain neurotransmitters, such as 
epinephrine, stimulate heightened sweat gland activity. 

As far as can be determined, there are no studies on changes in body odor 
with fatigue. Also, there is very little research on body odor changes with other 
emotional variations, with two exceptions. Chen and Haviland-Jones (2000) 
have reported that arousal of the emotions of happiness and fear by film clips 
results in production of body odors that can be discriminated by human noses. 
Similarly, Ackerl and colleagues (2002) have also reported that women made 
�fearful� by watching a scary movie produce an axillary odor that can be dis-
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criminated (by other women) from axillary odors collected under nonfear condi-
tions. These studies are admittedly tentative but in light of their implications, a 
number of investigators are following them up.  

BODY ODORS AS SIGNALS: FUTURE PROSPECTS 

Based on studies with nonhuman animals and much more limited work with 
humans, it is safe to say that body odor is a rich potential medium for monitor-
ing physiological states. There are, however, a number of problems that make it 
difficult to put this potential into practice at the present time. 

Production and Communication 

The first problem is our current lack of definitive studies on what informa-
tion human body odors contain. Such studies are difficult to conduct for a vari-
ety of reasons, but they are not impossible. It is encouraging that there is consid-
erable interest now in the potential to identify individuals based on their body 
odors. Here it is assumed that there is a genetically based individual odor, but 
whether this can be reliably discriminated in spite of variation in such factors as 
diet, perfume use, and odors associated with home and work place remains a 
major question. Apparently dogs can discern the individual signature of a person 
in spite of these potential distracters indicating that, at least in principle, it 
should be possible for a device to do this as well. 

Similar studies should be encouraged to determine further how odors reflect 
emotional states. The Chen and Haviland-Jones and Ackerl and colleagues work 
represent just the very beginning. Both of these investigations asked whether 
humans can make olfactory discriminations between samples of body odors 
based on the emotional state of the odor donor. Based on nonhuman animal 
work, it is highly likely that human stress induces specific odor changes, but this 
must be rigorously demonstrated before programs to try to identify specific 
odorants and to develop sensors are instituted. It is also important to recognize 
that for volatile signals indicative of emotional states to be useful for monitoring 
emotion, it is not necessary that human noses be able to detect these substances. 
More discriminative devices, be they other biological ones such as rats or dogs, 
or specialized nonbiological sensors (see below), may be able to detect these 
volatile signals and thereby serve as monitors, even if other people find these 
discriminations difficult or impossible.  

Detection and Discrimination 

A second major problem involves techniques to identify and monitor odor-
ants. In nature the olfactory system has evolved to be astoundingly sensitive to 
small molecules. Recently, much progress has been made in our understanding 
of this system, although many mysteries remain. Briefly, it is now thought that 
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mammals have about 1,000 different molecular receptors for odorants (however, 
about two-thirds of these are not functional in humans). Each receptor, located 
on an individual receptor cell that is actually a primary sensory neuron, is re-
sponsive to a variety of structurally similar odorants (Zhang and Firestein, 
2002). It is thus the pattern of receptor activity that is monitored and that deter-
mines odor quality and intensity. Processing and fine-tuning this pattern occurs 
beginning at the first synapse in the olfactory bulbs, but how further central 
nervous system processing occurs remains mostly unknown. 

One strategy is to develop devices that mimic or even use biological princi-
ples to detect specific body odors. Particularly attractive is the idea that one 
might be able to express olfactory receptors in a device that monitors their activ-
ity using, for example, fluorescence to express overall patterned activity. This is 
a promising approach, but it clearly needs much more research.  

A very active research area involves using a variety of artificial sensors to 
develop so-called e-noses, or artificial odor sensing devices. Although success 
of these devices has been mixed (initial claims turned out to be highly exagger-
ated), there is no doubt that progress is being made in sensors and sensor-
interpretation interfaces. It seems likely that for highly accurate sensors, a 
knowledge of the specific odorants of interest will be needed. Hence, detector 
device development must go hand in hand with studies on the biology and 
chemistry of odors of interest. 

CONCLUSIONS AND PROSPECTUS 

Nonhuman animal studies confirm that body odors are a rich source of in-
formation about an organism. Human studies are few; nevertheless it is highly 
likely that our odors serve communicative functions. Because these odors pre-
sumably evolved to communicate, the messages should be much more readily 
useful for monitoring physiological states than, for example, hormones or 
metabolites from body fluids. In this latter case, multiple extraneous factors can 
obviously interfere with what is measured since there have been no evolutionary 
constraints to insure a high signal-to-noise ratio. For an evolved signal like an 
odor, in contrast, the signal-to-noise ratio should be high and the information 
content buffered against disruption from environmental and physiological vari-
ables. Consequently, additional work aimed at investigating odors for monitor-
ing various physiological states is a very promising line of inquiry. Future work 
should reveal what information is available in body odor and the chemical iden-
tity of the odorants. In parallel, devices to accurately and reliably monitor these 
odors will be developed. 
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MOLECULAR MARKERS OF 
MECHANICAL ACTIVITY/INACTIVITY 
INDUCED ANABOLIC AND CATABOLIC 

STATES IN STRIATED MUSCLE 
 

Kenneth M. Baldwin, Fadia Haddad, Gregory R. Adams,  
University of California, Irvine 

BACKGROUND 

Striated muscle is highly plastic in that the individual cells or myocytes 
comprising this complex system have the capacity to change their mass, meta-
bolic capacity, and contractile properties in accordance with the chronic func-
tional demands (or lack thereof) imposed on it (Baldwin and Haddad, 2001). In 
the last 30 years, considerable evidence has accumulated to suggest that several 
key processes involving gene expression are closely linked in the regulation of 
both the amount and types of protein that are expressed in the muscle cells, 
thereby enabling them to adapt to various environmental stimuli (Adams, 2002; 
Baldwin and Haddad, 2001; Booth and Baldwin, 1996). Therefore, the goal of 
this report is to determine if different activity/inactivity paradigms can induce 
altered expression/activity in certain molecular markers (studied in an acute set-

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


APPENDIX D 421 
 
ting) to predict long-term adaptations reflecting changes in either the phenotype 
and/or net protein balance (anabolic and catabolic states) in skeletal muscle. 

Fundamental Concepts of Gene Expression 

Figure D-39 presents a schematic of how the expression of a gene is typi-
cally regulated via collective molecular processes to produce a specific protein 
product. Through these processes as depicted for a single gene, it is now recog-
nized that expression of a variety of genes could contribute collectively to the 
regulation of many fundamental processes occurring in the cell. These are illus-
trated by, but are not limited to, the following processes that are known to un-
dergo dramatic alteration in their functional properties: (a) the contraction proc-
ess (e.g., actin and myosin interaction); (b) aerobic and anaerobic energy 
transformations; (c) muscle growth regulation (growth factor expression); (d) 
protein synthetic pathways; and (e) protein degradation pathways. Also depicted 
are key steps in the cascade that interact to control the amount of protein that is 
expressed, depending on how each step in the cascade is regulated. These steps 
include transcription and pretranslational processes that combine to produce the 
message substrate (mature messenger ribonucleic acid [mRNA]) of the gene for 
producing the protein. The mRNA is then translated into protein, a process that 
is commonly referred to as protein synthesis. This process is known to be regu-
lated by several important steps, the chief of which is at the �protein initiation� 
step. Also operating simultaneously are post-translational events, including the 
process whereby proteins become targeted for subsequent degradation. It should 
be noted that all proteins within the cell undergo turnover (synthesis and degra-
dation). It is through this process of protein turnover that both the type and 
amount of protein expression in the muscle can be changed from one functional 
state to another. 

Factors Defining Protein Balance in Muscle 

Based on the above, it is apparent that the amount of the protein maintained 
in a given muscle cell is controlled by the balance of those processes that tran-
scribe/translate a protein relative to those processes that regulate its degradation. 
When the muscle is in a stable steady state (e.g., neither growing nor atrophy-
ing), the synthetic processes are in balance with the degradation processes. 
However, when the muscle is exposed to stimuli that induce a net accumulation 
of protein (referred to herein as an anabolic state), the transcriptional/transla-
tional processes of the muscle must be greater than those operating on the deg-
radation side. On the other hand, if the conditions are such that the transcript-
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FIGURE D-39 Processes regulating gene function. 
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tional/translational processes cannot match those of degradation, then the muscle 
enters a state of catabolism, which results in net protein loss leading to its atro-
phy. Thus, it is important to note that all of the processes operating in the cas-
cade can undergo altered rates of operation to thereby significantly influence the 
net protein balance in the muscle cell.  

The Importance of Protein Isoforms 

Coupled to this general scheme of gene/protein regulation is the fact that the 
genome of mammalian species contains a variety of multigene families. These 
consist of groups of very similar genes that encode slight variants of the protein 
product that have slightly different functional properties. An example of this is 
the myosin heavy chain (MHC) gene family, which collectively encode several 
different isoforms or species of myosin. Each isoform has distinct functional 
properties that ultimately dictate the intrinsic contraction properties (speed of 
contraction, fatigability) of the cells in which it is expressed. Depending on how 
this gene family is regulated in a given fiber, it is possible to repress one type of 
MHC gene and increase expression of another MHC type. This plasticity of 
gene expression enables the muscle to transform its intrinsic contractile proper-
ties. Thus, it is possible for the muscle to change both its size and its contraction 
phenotype depending on how the complex cascade in Figure D-39 is regulated 
from one functional state to another. 

Signaling Pathways in Adaptive Processes 

Presented in Figure D-40 is a complex array of processes/pathways that col-
lectively operate to modulate those proteins/enzymes that coordinate the func-
tional operation of the cascade depicted in Figure D-39. While it is beyond the 
scope of this short review to describe these signaling molecules and pathways in 
detail, it is important to emphasize that there are both upstream initiation factors 
(e.g., growth factors) and downstream effector proteins that regulate the inte-
grated events governing transcription, translation, and degradation processes, 
thereby enabling the muscle cell to remodel its structure and functional proper-
ties. Importantly, this simplified scheme in no way reflects all of the signaling 
molecules and regulatory factors that control adaptive processes in striated mus-
cle. 

Activity Paradigms for Studying Adaptations in Skeletal 
Muscle: Animals Models 

In this paper we will focus on three different activity/inactivity paradigms: 
(1) a model of chronic functional overload (FO) in which a smaller target mus-
cle is continually overloaded due to the surgical removal of its larger synergist 
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FIGURE D-40 Signaling pathways in adaptive processes. 
 
 
(Adams et al., 2002); (2) intermittent resistance overload training (RT), in which 
the target muscle is trained with a specified contraction regimen spanning 1 or 2 
training sessions (Haddad and Adams, 2002); and (3) the model of spinal isola-
tion (SI) in which the target muscles are rendered almost completely inactive by 
midthoracic/sacral spinal cord transectioning that is coupled to a dorsal 
rhizotomy procedure. This procedure eliminates all sensory and higher center 
input to the motor unit pool of the lower extremity muscles, while keeping the 
muscle-nerve connections intact (Huey et al., 2001). This latter model, in es-
sence, provides a �ground zero� catabolic reference state to which the anabolic 
mechanical overload paradigms can be compared. 

METHODS AND MATERIALS 

All the animal projects involved adult female rats. Functional overload and 
resistance training procedures were as described in detail elsewhere (Adams et 
al., 2002; Baldwin and Haddad, 2001; Haddad and Adams, 2002). The spinal 
isolation model involved surgical procedures as described by (Huey et al., 
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2001). The biochemical/molecular analyses of marker protein phosphorylation, 
RNA concentration, and mRNA levels (via reverse transcriptase-polymerase 
chain reaction techniques) for specific genes were adapted from procedures de-
scribed previously (Adams et al., 2002; Haddad and Adams, 2002). For com-
parative purposes, we report some initial findings (unpublished results) on hu-
mans that have undergone a combination of limb unloading plus resistance 
training in an attempt to ameliorate the atrophy that occurs in unloaded human 
skeletal muscle (Carrithers et al., In press). 

RESULTS AND DISCUSSION 

Early Events Leading to Net Protein Accumulation in 
Response to Mechanical Loading 

Previous studies show that infusing physiological levels of insulin-like 
growth factor-1 directly into the muscle can induce significant hypertrophy 
within several days (Adams and McCue, 1998). The question is whether a me-
chanical stimulus, in and of itself, can induce rapid increases in muscle-derived 
IGF-1 expression in muscle thereby stimulating compensatory growth. If such a 
response occurs, it would suggest the involvement of an autocrine/paracrine 
process in the anabolic cascade following mechanical loading. As shown in Fig-
ure D-41, there is a rapid increase in mRNA expression for both IGF-1, and a 
variant isoform of IGF-1 (Adams et al., 1999, 2002) called mechanical growth 
factor in response to functional overload. This response occurs early in the adap-
tive response, and it is seen in both FO and isometric RT paradigms (Adams et 
al., 2002; Haddad and Adams, 2002; Huey et al., 2001) suggesting that growth 
factors are likely playing a key role in inducing anabolic responses in muscle 
under conditions that produce high mechanical stress on the muscle. 

In addition to the response of growth factors, we also determined if there 
are rapid adaptive changes in the machinery that translates mature mRNA into 
protein (Figure D-39). Therefore, we examined levels of total RNA in skeletal 
muscle, since approximately 85 percent of the RNA pool exists as ribosomal 
RNA. Ribosomal RNA provides the scaffolding to which the mature mRNA is 
attached, providing the template for synthesizing the encoded protein. As shown 
in Figure D-42, there is a rapid increase in the concentration and content of total 
RNA in response to FO, suggesting that this is an important adaptive response to 
provide the machinery for producing more protein. 

Based on the above observations, it is apparent that there are early events 
occurring to enable the muscle to enter into an anabolic state. Therefore, it was 
of interest to determine if adaptive changes occur in the pathways that are con-
sidered to be rate limiting steps in protein synthesis (e.g., the initiation steps in 
protein translation). We examined two different but complementary markers of 
this process. The first involves the phosphorylation of p70S6 kinase (pS6K). 
When this kinase is phosphorylated, it increases phosphorylation/activity levels 
of other proteins involved in the translation of mRNAs encoding proteins 
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FIGURE D-41 Soleus insulin-like growth factor-1 (IGF-1) and mechanical growth factor 
(MGF) mRNA expression in response to overload. 
 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


APPENDIX D 427 
 

0 4 8 12 16
0

100

200

300

400

* *

OL Duration (Days)

To
ta

l R
N

A
 C

on
te

nt
µ

g/
So

le
us

0 4 8 12 16
0.0

0.5

1.0

1.5

2.0
*

*

OLConTo
ta

l R
N

A
 C

on
c.

m
g/

g

 
 
 
FIGURE D-42 Soleus total RNA concentration and content in response to overload. 
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FIGURE D-43 Phosphorylation level of pS6K (A) and 4EBP-1 (B) in overloaded soleus. 
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comprising the ribosomal machinery. As shown in Figure D-43A, there was a 
marked increase in the phosphorylation state of pS6K indicative that this path-
way was activated. This observation is also consistent with the increase in total 
RNA presented in Figure D-42. Also, we examined the phosphorylation state of 
another marker of protein initiation (e.g., eukaryotic initiation factor 4E bind-ing 
protein, or 4EBP-1). This factor normally functions as a negative regulator of 
the formation of the 43 kD pre-initiation complex that is essential for protein 
translation. However, when 4EBP-1 undergoes increased phosphorylation, it 
dissociates from the protein, eIF4E, a key protein subunit that is necessary for 
the 43S complex to form so that the initiation process can occur. As presented in 
Figure D-43B, 4EBP-1 also undergoes increased phophorylation at the early 
stages of mechanical loading, which is also indicative that protein initiation 
processes are being activated. Thus, we have demonstrated that there are several 
molecular markers that can serve as early-event signaling molecules to predict 
that the muscle is entering a state of positive protein balance. All of the markers 
that have been identified above to predict that an anabolic state is occurring in 
response to functional overload show similar adaptive responses when the me-
chanical stimulus is intermittent, rather than continuous. For example, when 
isometric resistant training paradigms are imposed on the muscle, the muscle 
responds in a way similar to that seen in the functional overload paradigm 
(Haddad and Adams, 2002). 

Early Responses of Molecular Markers During Muscle 
Atrophy 

In response to anabolic stimuli, do inactivity paradigms that induce marked 
degrees of muscle atrophy cause the opposite responses of those markers pre-
sented above? The answer to this question appears to be negative, since some of 
the markers (IGF-1, p6SK, 4EBP-1) that are highly responsive to mechanical 
loading either are maintained at normal levels or show some level of increased 
expression or increased activity when the target muscles undergo rapid atrophy 
in response to SI (Haddad et al., submitted). Instead, there appears to be a differ-
ent set of molecular markers that are highly sensitive to the unloading state. 
First, at the onset of muscle unloading, there is a decrease in the transcriptional 
activity of key genes that encode important structural/functional proteins that 
comprise the sarcomere machinery, that is, the system that produces contraction 
(e.g., myosin heavy chain and actin). This is depicted in Figure D-44, which 
shows that transcriptional activity of actin as well as the slow type I MHC gene 
(which predominates in load-sensitive muscle cells) are significantly reduced. 
Second, there is a reduction in total RNA and specific mRNA expression for 
both actin and total MHC. These responses are indicative of a reduction in both 
the substrate and the machinery necessary for carrying out translation of key 
proteins. Third, genes encoding enzymes that are involved in the process of pro-
tein ubiquitination are up-regulated (Figure D-45). These enzymes define the 
process whereby specific proteins become targeted for degradation by the 
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FIGURE D-44 Type I myocin heavy chain (MHC) (A) and actin (B) pre-mRNA expres-
sion in control and 8 days SI soleus muscle. Pre-mRNA is the nascent transcriptional 
product and changes in its expression represent changes in gene transcriptional activity. 
 
 
proteasome system, which is the major pathway for protein degradation in mus-
cle cells. These collective responses provide a mechanism to rapidly reduce 
muscle mass by decreasing the ability of the muscle to accumulate protein while 
increasing the processes for decreasing protein pools, thereby creating a cata-
bolic state and net protein loss. Since those processes that regulate factors such 
as IGF-1 and the phosphorylation of pS6K and 4EBP-1 do not appear to be 
down-regulated, it is apparent that the loss of muscle protein is not necessarily 
the result of a �shutting down� of those processes that cause muscle cell 
enlargement. Thus, one must focus on a different set of molecular markers to 
distinguish a net catabolic state from that which defines a net anabolic state in 
predicting a protein balance profile of the muscle under different physiological 
conditions. 

Do the Molecular Responses Seen in Animal Models Have 
Relevance to Adaptation in Human Muscle? 

While there is abundant evidence that there are viable human models (e.g., 
resistance training, bed rest, and the unique model of unilateral limb suspension 
[ULLS] that can mimic, to a certain extent, the gross responses seen in animal 
models of hypertrophy and of atrophy), questions arise as to whether acute
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FIGURE D-45 Degradation marker mRNAs expression in soleus in response to SI. 
 
 
changes in the mechanical stress imposed on human skeletal muscle induce the 
same type of responses as reported herein for rodent muscle. In an attempt to  
address this issue, we performed preliminary analyses in conjunction with Dr. 
Per Tesch at the Karolinska Institute in Stockholm (Carrithers et al., In press) on 
selected molecular markers in biopsy samples obtained from three groups of 
subjects (n = 8 each): (1) a group subjected to ULLS for 3 weeks (left limb 
unloaded, right limb ambulatory), (2) a group of subjects subjected to ULLS 
plus a resistance training paradigm (Carrithers et al., In press), and (3) a group 
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FIGURE D-46 Changes in total RNA concentration (A), total myocin heavy chain 
(MHC) (B) and actin (C) mRNA expression in human muscle when subjected to unilat-
eral limb suspension (ULLS), resistance exercise (RE) or ULLS+RE. 
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as seen for ULLS-trained group. The results indicated that the ULLS caused a of 
fully ambulatory subjects that received the same resistance training paradigm 
reduction in strength and muscle mass in the suspended limb. This response was 
attenuated in the ULLS plus resistance-trained group. The resistance training of 
the ambulatory subjects did not significantly enhance muscle mass or muscle 
strength beyond that which was observed for the ULLS plus trained group. Bi-
opsies were obtained on each subject at the beginning and end of the experimen-
tal protocol. As presented in Figure D-46A, there was a deficit in the pre- and 
post-change in muscle total RNA concentration for the ULLS versus the two 
resistance-trained groups. Also there were net deficits in both the MHC and ac-
tin mRNA responses in the ULLS group versus that seen for the two resistance 
trained groups (Figures D-46B and D-46C). Thus, we propose that the same 
general adaptive processes that operate in the muscles of animal models also are 
seen in human subjects when they are exposed to perturbations that alter the 
homeostasis of the skeletal muscles under different loading states. 

SUMMARY AND CONCLUSION 

In this report we have demonstrated that skeletal muscle of both animal and 
human subjects possess a high level of plasticity (ability to change in response 
to altered environment) of gene expression in response to altered states of load-
ing and/or mechanical stress. This phenomenon makes it possible to establish 
molecular marker profiles based on adaptive responses to acute disruptions in 
muscle homeostasis that predict impending alterations in catabolic and anabolic 
states that affect outcomes in the net protein balance in muscle cells. This infor-
mation paves the way for the eventual development of technologies with the 
capability of monitoring the muscle�s molecular status for predicting outcomes 
to paradigms that may have either a positive or negative impact on the structure 
and function of the skeletal muscle system. 
 

This research was supported by a grant from the National Space Biomedical 
Research Institute (NCC9-78-70) and National Institutes of Health grants AR 
30346 (KMB) and AR 45594 (GRA). 
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Kenneth M. Baldwin, Ph.D., is a professor in the Department of Physiology 
and Biophysics in the College of Medicine at the University of California, Ir-
vine. His laboratory research focuses on the impact of activity patterns and exer-
cise regimens on the biochemical and physiological properties of cardiac and 
skeletal muscle in mammals. Of primary interest is how the effects of these 
various activities are translated into biochemical events that lead to alterations in 
protein expression in muscle. As a corollary to these experiments, Dr. Baldwin�s 
group, in conjunction with NASA (National Aeronautics and Space Administra-
tion), recently sent rats on a Space Shuttle mission to study the effects of 
weightlessness on skeletal muscle. Recently he received the NASA Public Ser-
vice Medal and the American Physiological Society Edward Adolph Award. He 
received his Ph.D. from the University of Iowa in exercise physiology. 
 
Gary K. Beauchamp, Ph.D., received his B.A. in biology from Carleton Col-
lege in Northfield, Minnesota, in 1965 and his Ph.D. in biopsychology from the 
Pritzker School of Medicine of The University of Chicago in 1971. He then 
went to the newly established Monell Chemical Senses Center, a nonprofit, ba-
sic research institute loosely affiliated with the University of Pennsylvania, as a 
postdoctoral fellow. He has remained at Monell since that time and is currently 
director of the Center. He is also an adjunct professor of anatomy in the School 
of Veterinary Medicine and an adjunct professor of psychology in the School of 
Arts and Sciences of the University of Pennsylvania. His research interests in-
clude genetics of chemosensation, development and aging of taste and smell, 
taste interactions, and the role of smell and taste in food and beverage choice 
and acceptance. During his research career, he has authored or coauthored over 
250 original research papers, book chapters, and review articles. Among his 
awards are the Claude Pepper Award of Excellence from the National Institute 
on Deafness and Other Communication Disorders (NIDCD), National Institutes 
of Health (NIH) (1990�1997) and the Outstanding Achievement in the Chemical 
Senses Award in 1999 from the Association for Chemoreception Sciences. He 
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currently serves on numerous advisory bodies and is a member of the NIDCD 
Advisory Council and the Board of Directors of the American Institute of Wine 
and Food, The Ambrose Monell Foundation, and The G. Unger Vetlesen Foun-
dation. 
 
John A. Caldwell, Jr., Ph.D., is the principal research psychologist with the 
Warfighter Fatigue Countermeasures Program at the Air Force Research Labo-
ratory, Brooks Air Force Base, Texas. He has published over 80 articles in peer-
reviewed scientific journals and laboratory technical reports. He frequently lec-
tures at safety briefings and scientific symposia, and he conducts operationally-
focused workshops on fatigue countermeasures for aviators and industrial per-
sonnel. He is a member of the National Sleep Foundation�s Speakers Bureau and 
Science Advisory Council, and he frequently consults with various organizations 
on the effects of fatigue on pilots and methods for overcoming the adverse im-
pact of fatigue in the aviation environment. Dr. Caldwell received his Ph.D. in 
experimental psychology in 1984 from the University of Southern Mississippi. 
In 1983 he became the assistant director of the Behavioral Medicine Laboratory 
at Children�s Hospital National Medical Center in Washington, D.C., where he 
spent 3 years. Afterwards, he spent 16 years with the U.S. Army Medical Re-
search and Materiel Command (USAMRMC) conducting studies on methods of 
aviator status monitoring and on the effects of medications on aviator perform-
ance in specially-instrumented flight simulators and aircraft. In August 2002 he 
transferred to the Air Force Research Laboratory at Brooks. The focus of his 
research is to fully understand the effects of sleep deprivation on pilots and to 
develop monitoring methodologies and fatigue countermeasures for use in the 
operational aviation environment. Key accomplishments have included the first-
ever controlled aviator flight-performance evaluations of the efficacy of dextro-
amphetamine and modafinil for sustaining performance and the completion of 
several unique protocols investigating the feasibility of real-time monitoring of 
aviator physiological activity in flight. 
 
Kong Y. Chen, Ph.D., is a research assistant professor in the Department of 
Medicine of Vanderbilt University. He also serves as the director of the Energy 
Balance Core Laboratory. His areas of expertise include advanced designs and 
modeling techniques of biomedical engineering and developing new methods 
and improving existing techniques for measuring human energy metabolism, 
body composition, and physical activity. Dr. Chen is a member of the American 
Gastroenterology Association, the North American Association for the Study of 
Obesity, and the American College of Sports Medicine. He was the Young In-
vestigator of the Year for the Vanderbilt Clinical Nutrition Research Center for 
two consecutive years (1999, 2000) and served as a reviewer for numerous jour-
nals. His research is funded by NIH, the Department of Defense, other govern-
ment agencies, and private nonprofit foundations. 
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Giovanni Cizza, M.D., Ph.D., is an endocrinologist who works as a senior staff 
physician at the National Institute of Mental Health, Clinical Neuroendocrinol-
ogy Branch, Mood and Anxiety Program. He is also an adjunct scientist at the 
National Institute of Child Health and Human Development, Bethesda, Mary-
land. Between 1996 and 1999, Dr. Cizza worked as associate director in clinical 
research, Department of Endocrinology and Metabolism, Merck Research Labo-
ratories, in Rahway, New Jersey. An author and lecturer on the medical conse-
quences of depression, including osteoporosis and metabolic alterations, neuro-
endocrinology of aging, the physiology of the hypothalamic-pituitary-adrenal 
axis and its relationships with the leptin axis, Dr. Cizza coedited the book 
Stress: Basic Mechanisms and Clinical Implications, and he authored several 
articles in medical journals, such as the Annals of Internal Medicine, Journal of 
Clinical Investigation, Nature Medicine, Endocrinology, and the Journal of 
Clinical Endocrinology & Metabolism. Awards include the Late Breaking Clini-
cal Trial Symposium at the Endocrine Society in 1999, the Henry Christian 
Award from the American Federation for Clinical Research, the New Investiga-
tor Award for the Neurosciences from the American Geriatric Society, and two 
Trainee Investigator Awards at Clinical Research Meetings. Dr. Cizza is a 
member of the Endocrine Society, the American Society for Bone and Mineral 
Research, and the Society for Neurosciences. Dr. Cizza holds a medical degree 
from Pisa University School of Medicine, Italy, and a Ph.D. in experimental 
pathology from the same university. His training in clinical endocrinology was 
both at Pisa University School of Medicine and at the Interinstitute Endocrine 
Program of NIH. He also attended a 3-year postgraduate program in clinical 
pharmacology at the Mario Negri Institute for Pharmacological Research in Mi-
lano, Italy. Dr. Cizza�s current research interests include the medical conse-
quences of depression, the development of a novel pharmacological treatment, a 
CRH type-1 antagonist for depression and anxiety disorders, prevention and 
treatment of postmenopausal osteoporosis, glucocorticoid-induced osteoporosis, 
and related diseases of bone metabolism.  
 
William J. Evans, Ph.D., is the director of the Nutrition, Metabolism, and Ex-
ercise Laboratory in the Donald Reynolds Department of Geriatrics at the Uni-
versity of Arkansas for Medical Sciences and a research scientist in the Geriatric 
Rehabilitation, Education, and Clinical Center at the VA Medical Center. He is a 
professor of geriatrics, physiology, and nutrition. From 1993 to 1997 he was the 
director of the Noll Physiological Research Center at the Pennsylvania State 
University, and from 1982 to 1993 he served as the chief of the Human Physiol-
ogy Laboratory at the U.S. Department of Agriculture Human Nutrition Re-
search Center on Aging at Tufts University. He is a fellow of the American Col-
lege of Sports Medicine and the American College of Nutrition and an honorary 
member of the American Dietetic Association. Dr. Evans is the author or coau-
thor of more than 190 publications in scientific journals. Much of his research 
has examined the functional and metabolic consequences of physical activity in 
elderly people. Along with Irwin Rosenberg, M.D., he is the author of Bio-
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markers: The Ten Determinants of Aging You Can Control and has recently au-
thored AstroFit. He receives grant support from a variety of sources, including 
NIH, the Veterans Administration, NASA, and private industry. Ongoing re-
search in the Nutrition, Metabolism, and Exercise Laboratory is examining the 
effects of a low protein diet and exercise on renal function, body composition, 
and functional capacity in elderly men and women with chronic renal failure, 
effects of exercise on fatigue in anemic cancer patients, effects of physical activ-
ity and diet on insulin action in elderly people, and the etiology of late life dys-
function. He has been an associate editor for Medicine and Science in Sport and 
Exercise and Journal of Gerontology and is a member of the editorial board of 
the Journal of Clinical Endocrinology and Metabolism. Dr. Evans serves as a 
reviewer for more than ten journals and has been a reviewer of grants for the 
American Federation for Aging Research, NIH, NASA, and the Veterans Ad-
ministration. 
 
Karl E. Friedl, Ph.D., is the research area manager for the Army Operational 
Medicine Research Program at USAMRMC, Fort Detrick, Maryland. Prior to 
this assignment, he was an Army research physiologist in the Occupational 
Physiology Division at the U.S. Army Research Institute of Environmental 
Medicine (USARIEM), where he specialized in physical and biochemical limits 
of prolonged, intensive military training. Previously, LTC Friedl worked in the 
Department of Clinical Investigation at Madigan Army Medical Center in Ta-
coma, Washington, performing studies in endocrine physiology. He received his 
Ph.D. in physiology in 1984 from the Institute of Environmental Stress at the 
University of California, Santa Barbara. 
 
Reed W. Hoyt, Ph.D., is a research physiologist at USARIEM, Natick, Massa-
chusetts. Dr. Hoyt received his Ph.D. in biomedical sciences from the University 
of New Mexico in 1981 and was a postdoctoral fellow and a research assistant 
professor at the University of Pennsylvania before joining USARIEM in 1986. 
He is a member of the American Physiological Society, Sigma Xi, the American 
Institute of Nutrition, and the American Society of Clinical Nutrition. He is a 
recipient of the American Physiological Society Caroline tum Suden Profes-
sional Opportunity Award for Meritorious Research on Exercise and Energy 
Metabolism and the Department of the Army Superior Civilian Service Award. 
He has served on the editorial board of the Journal of Applied Physiology, has 
published over 40 scientific articles, and holds five patents. He is interested in 
using new methods to understand the effects of exercise and environmental ex-
tremes on the metabolic and thermal status of soldiers in the field. 
 

Michael Kleerekoper, M.D., received his medical training at the University of 
Sydney, Australia. After completing a fellowship in endocrinology and metabo-
lism at Washington University-St. Louis, he joined the faculty at Henry Ford 
Hospital and began his research in the area of bone and endocrinology. In 1993 
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he joined Wayne State University in the endocrinology section of the Depart-
ment of Internal Medicine. He serves as the director of research for the areas of 
bone and mineral metabolism and gerontology for the School of Medicine. Dr. 
Kleerekoper is a member of the Institute for Gerontology. 

 
David C. Klonoff, M.D., F.A.C.P., is a practicing endocrinologist. He is inter-
ested in new technology for diabetes, including noninvasive glucose monitoring, 
drug delivery systems, medical economics of interventions, and pharmacology 
of diabetes drugs. Dr. Klonoff is a clinical professor of medicine at the Univer-
sity of California, San Francisco (UCSF) and editor-in-chief of the peer-
reviewed journal, Diabetes Technology & Therapeutics. As medical director of 
the Dorothy L. and James E. Frank Diabetes Research Institute of Mills-
Peninsula Health Services in San Mateo, California, he conducts clinical trials of 
drugs and devices. Dr. Klonoff has authored over 60 publications. He has 
chaired or served on grant review panels for NIH, the Centers for Disease Con-
trol and Prevention (CDC), NASA, the Juvenile Diabetes Research Foundation 
International (JDRFI), the U.S. Army, and the University of Michigan. Dr. 
Klonoff has given invited presentations at the Food and Drug Administration, 
NIH, CDC, and nine U.S. medical schools. He was named best endocrinologist 
in San Mateo County by Bay Area Consumer Checkbook. Dr. Klonoff is a 
graduate of University of California, Berkeley, where he was elected to Phi Beta 
Kappa in his junior year, and University of California, San Francisco (UCSF) 
Medical School, where he was elected to Alpha Omega Alpha in his junior year. 
He completed two years of postgraduate training at UCLA Hospital and three 
years at UCSF hospitals. Dr. Klonoff founded the annual Diabetes Technology 
Meeting in 2001. Dr. Klonoff chaired the JDRFI/NASA Bioartificial Pancreas 
Meeting and the NASA Smart Medicine/Clinical Studies Grant Review Panel. 
Dr. Klonoff is a member of the U.S. Army Technologies for Metabolic Monitor-
ing (TMM) Steering Committee and was scientific chair of the TMM meeting in 
2002 in Washington, D.C. and was on the Scientific Sessions Planning Commit-
tee for the American Diabetes Association 2003 meeting in New Orleans.  
 

Wendy M. Kohrt, Ph.D., is a professor of medicine at the University of Colo-
rado Health Sciences Center (UCHSC) in the Department of Internal Medicine, 
Division of Geriatric Medicine, in Denver. She also holds an adjunct appoint-
ment in the Department of Kinesiology and Applied Physiology, University of 
Colorado, Boulder. Dr. Kohrt�s research interests include aging, exercise, re-
gional adiposity, energy metabolism, and hormone replacement. She is a mem-
ber of the NIH Geriatric and Rehabilitative Medicine study section; the Ameri-
can College of Sports Medicine (ACSM) Strategic Health Initiative for Women, 
Sport, and Physical Activity Committee; the UCHSC Hartford/Jahnigen Center 
of Excellence in Geriatrics Advisory Board; the Executive Committee, Center 
for Human Nutrition, UCHSC; and the editorial board of the Journal of Applied 
Physiology. Dr. Kohrt is the editor of the Yearbook of Sports Medicine. She re-

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


440 MONITORING METABOLIC STATUS 
 
ceived her M.S. and Ph.D. in the field of exercise physiology at Arizona State 
University, Tempe. 
 
Harris R. Lieberman, Ph.D., is a research psychologist in the Military Nutri-
tion Division of USARIEM in Natick, Massachusetts. Dr. Lieberman is an inter-
nationally recognized expert in the area of nutrition and behavior and has pub-
lished over 100 original, full-length papers in scientific journals and edited 
books. He has been an invited lecturer at numerous national and international 
conferences, government research laboratories, and universities. He received his 
Ph.D. in physiological psychology from the University of Florida and then con-
ducted postdoctoral research at the Department of Psychology and Brain Science 
at the Massachusetts Institute of Technology (MIT). From 1980 to 1990 he was 
on the research staff at MIT, where he examined the effects of food constituents 
and drugs on human behavior and brain function. In 1990 Dr. Lieberman joined 
the civilian research staff of USARIEM where he has continued his work in nu-
trition, behavior, and stress. From 1994 to 2000 he was chief or deputy chief of 
the Military Nutrition program at USARIEM. His recent research has addressed 
the effects of various nutritional factors, diets, and environmental stress on ani-
mal and human performance, brain function, and behavior. His work has fo-
cused on developing and applying a variety of emerging technologies in nutri-
tion, neuroscience, and microelectronics to sustain and enhance human 
performance in stressful environments. He holds two patents for novel technolo-
gies to assess and enhance cognitive performance. Dr. Lieberman currently 
chairs an International Defense Panel on Cognitive and Ergogenic Aids. 
 
Bradley C. Nindl, Ph.D., is a research physiologist in the Military Performance 
Division at USARIEM in Natick, MA. Dr. Nindl received a B.S. in biology from 
Clarkson University in 1989, an M.S. in physiology of exercise from Springfield 
College in 1993, and a Ph.D. in physiology from The Pennsylvania State Uni-
versity in 1999. Dr. Nindl served as a captain in the U.S. Army Medical Service 
Corps at USARIEM from 1999�2002. His lines of research are centered on en-
docrine, body composition, and physical performance responses to both exercise 
and military operational stress. Dr. Nindl�s current work involves measuring the 
insulin-like growth factor-I system in response to longitudinal physical training 
as it relates to optimizing warfighter physical readiness for MRMR Science and 
Technology S: Physical Training Interventions to Enhance Military Task Per-
formance and Reduce Musculoskeletal Injuries. Dr. Nindl is an author or coau-
thor of 70 journal articles, book chapters, and government technical reports. He 
is a member of ACSM, the American Physiological Society, The Endocrine So-
ciety, and the National Strength and Conditioning Association. He is on the edi-
torial board of Medicine and Science in Sports and Exercise and The Journal of 
Strength and Conditioning Research and on the executive committee of the New 
England chapter of ACSM. Dr. Nindl was a recipient of the 2002 American Col-
lege of Sports Medicine New Investigator Award.  
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Clifford J. Rosen, M.D., is the executive director at the Maine Center for Os-
teoporosis Research and Education at St. Joseph Hospital in Bangor, Maine; a 
staff scientist at the Jackson Laboratory in Bar Harbor, Maine; and a professor 
of nutrition at the University of Maine, Orono. He is currently the president of 
the American Society of Bone and Mineral Research, editor-in-chief of the 
Journal of Clinical Densitometry, and chairman of the NIH Study Section 
OBM-2. Dr. Rosen has published over 180 peer-reviewed journal articles and 
authored, coauthored, or edited over 20 books and chapters. He received his 
M.D. from the State University of New York at Syracuse, Upstate Medical Cen-
ter. 
 
Michael N. Sawka, Ph.D., is chief, Thermal and Mountain Medicine Division 
at USARIEM. He directs Department of Defense research programs in: cold 
stress physiology, heat stress physiology, high altitude physiology, environ-
mental pathophysiology, and environmental genomics. He received a B.S. and 
an M.S. from East Stroudsburg University, and a Ph.D. from Southern Illinois 
University. Dr. Sawka�s research interests are environmental and exercise 
physiology and rehabilitation medicine. He has published over 250 full-length 
scientific papers and a graduate textbook on environmental physiology. His re-
search has been frequently cited by the national news media and he serves on 
numerous editorial boards, scientific review panels, and professional commit-
tees.  
 
T. Peter Stein, Ph.D., is a professor of surgery and nutrition at the University of 
Medicine and Dentistry of New Jersey. His expertise is in the areas of clinical 
nutrition and protein and energy metabolism during space flight. Dr. Stein was a 
cowinner of the American Institute of Aviation and Astronautics Jeffries Medi-
cal Research Award in 1992 for his work on Spacelab Life Sciences-1. Member-
ships include the American Association for the Advancement of Science, the 
American Institute of Nutrition, the American Society for Clinical Nutrition, the 
American Physiological Society, the American Chemical Society, and the 
American Society for Gravitational Physiology. Dr. Stein received a B.Sc. from 
the Imperial College of Science and Technical University of London, an M.Sc. 
(biochemistry) from University College, University of London, and a Ph.D. 
(molecular biology/chemistry) from Cornell University. 
 
Julian F. Thayer, Ph.D., received a B.A. in psychology from Indiana Univer-
sity and his Master�s and Ph.D. from New York University. After academic po-
sitions at Penn State University and the University of Missouri, he joined the 
National Institute on Aging to initiate a program on emotions and quantitative 
psychophysiology. His research interests are biological and psychological adap-
tation and flexibility in the context of dynamical systems models with applica-
tions to psychopathology, pathophysiology, and health. This work utilizes indi-
ces of autonomic nervous system function derived from cardiac variability 
measures to probe whole organism systems. 
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Nancy J. Wesensten, Ph.D., is a research psychologist and deputy chief of the 
Department of Neurobiology and Behavior, Division of Neuropsychiatry, Walter 
Reed Army Institute of Research (WRAIR), Washington, D.C. She received her 
Ph.D. in experimental psychology from Bowling Green State University, spe-
cializing in electroencephalographic indices of decision-making and psycho-
physiological responsivity to external stimuli across sleep stages. At WRAIR, 
her focus has been on determining fieldability of sleep-inducing agents (via 
evaluation of their hypnotic and amnestic effects) (in collaboration with Lorex 
Pharmaceuticals), and whether fieldability can be improved by amelioration of 
hypnotic side effects using reversal agents. More recently, she conducted studies 
to evaluate the efficacy and fieldability of the novel synthetic stimulant modaf-
inil on performance and alertness during sleep deprivation (in collaboration with 
Cephalon, Inc.) compared with caffeine. These lines of research are aimed at 
determining the role of various neurotransmitter systems in sleep/wake regula-
tion in order to produce more effective countermeasures for military use. Dr. 
Wesensten was a coinvestigator on a recently completed, large-scale study 
funded by the Federal Highway Administration in which the chronic effects of 
different amounts of nighttime sleep on daytime performance (including simu-
lated driving) were evaluated. Her other research efforts include an on-going 
collaborative effort with NIH investigating regional cerebral blood flow changes 
during the various stages of sleep and wakefulness and a collaborative effort 
with USARIEM, which investigated hypnotic efficacy of triazolam on sleep and 
degradation of electroencephalographic indices of cognitive capacities at simu-
lated high altitude. 
 
Peter G. Weyand, Ph.D., is physiologist and biomechanist who specializes in 
terrestrial locomotion. His primary research focus is the relationship between 
skeletal muscle function, metabolic energy expenditure, and performance. Dr. 
Weyand is currently an assistant professor of kinesiology at Rice University. He 
is also a research physiologist at Harvard University�s Concord Field Station, a 
large-animal facility specializing in animal locomotion, and formerly served as a 
senior research fellow at USARIEM. Dr. Weyand combines his research and 
teaching interests by involving numerous undergraduate students in his research 
program. To date, student work has been published in Nature, the Journal of 
Experimental Biology, and the Journal of Applied Physiology. Past courses 
taught include Harvard biology classes entitled �Muscles, Metabolism and 
Movement� and �See Spot Run.� In 1996, he received Harvard University�s 
Joseph E. Levenson Award for excellence in undergraduate teaching. Dr. Wey-
and received his Ph.D. in exercise physiology from the University of Georgia.  
 
Robert R. Wolfe, Ph.D., is a professor and chief of metabolism at the Shriners 
Hospital for Children-Galveston and The University of Texas Medical Branch, 
Galveston. His research focuses on the physiological regulation of metabolism. 
He has made extensive use of stable isotope methodology in his investigations 
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of human subjects. He has served on numerous national and international com-
mittees, including NIH study sections and advising committees to NASA, the 
Federation of American Societies for Experimental Biology, and several re-
search councils of foreign countries. Dr. Wolfe has published over 300 peer-
reviewed papers and 90 review articles and text chapters. 
 
Andrew J. Young, Ph.D., is a research physiologist and chief of the Military 
Nutrition Division at USARIEM in Natick, Massachusetts, and an adjunct asso-
ciate professor in the Sargent College of Allied Health Professions at Boston 
University. He obtained his B.S. in biology and his commission in the U.S. 
Army at the Virginia Military Institute, and his Ph.D. in physiology at the North 
Carolina State University. Following graduate school, Dr. Young served six 
years on active duty in the U.S. Army with assignments at USARIEM (1977�
1981) and at WRAIR (1981�1983). After leaving active duty, Dr. Young con-
tinued government service as a civilian scientist at USARIEM. Dr. Young�s 
research has concerned the biological basis for, and strategies to mitigate, physi-
cal performance degradations in military personnel exposed to physiological 
stressors, such as intense physical exertion coupled with sleep restriction, nutri-
tional deprivation, and exposure to extremes of heat, cold, and high altitude, all 
of which could be expected during continuous or sustained military operations. 
Dr. Young is a graduate of the Command and General Staff Officer�s Course 
and has been awarded the Army Commendation Medal with Oak Leaf Cluster, 
the Department of the Army Achievement Medal for Civilian Service, and the 
Expert Field Medical Badge. He is a member of the American Physiological 
Society, a fellow of ACSM, and has published over 100 scientific papers in 
peer-reviewed professional journals, government technical reports, and other 
open literature.
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Biographical Sketches of 
Committee Members 

John E. Vanderveen, Ph.D. (chair), is a former director of the Food and Drug 
Administration�s (FDA) Office of Plant and Dairy Foods and Beverages in 
Washington, D.C. His previous position at FDA was as director of the Division 
of Nutrition at the Center for Food Safety and Applied Nutrition. He also served 
in various capacities (both military and civilian) at the U.S. Air Force (USAF) 
School of Aerospace Medicine at Brooks Air Force Base, Texas. During his 
time in the Air Force, Dr. Vanderveen participated in the development of USAF 
body composition standards. He has received numerous accolades for service 
from both FDA and USAF. Dr. Vanderveen is a member of ASCN, the Ameri-
can Society for Nutritional Sciences (ASNS), the Aerospace Medical Associa-
tion, the American Dairy Science Association, and the American Chemical So-
ciety. He is a fellow of the Institute of Food Technologists (IFT) and an 
honorary member of the American Dietetic Association (ADA). He has served 
as treasurer of the American Society for Clinical Nutrition (ASCN) and as a 
member of IFT�s National Academy of Sciences Advisory Committee. Dr. Van-
derveen holds a B.S. in agriculture from Rutgers University in New Jersey and a 
Ph.D. in chemistry from the University of New Hampshire.  
 
Bruce R. Bistrian, M.D., M.P.H., Ph.D., is a professor of medicine at Harvard 
Medical School and chief of Clinical Nutrition, Beth Israel Deaconess Medical 
Center. Formerly he was codirector of Hyperalimentation Services, New Eng-
land Deaconess Hospital, and a lecturer in the Department of Nutrition and Food 
Science, Massachusetts Institute of Technology (MIT). He earned his M.D. from 
Cornell University, his M.P.H. from Johns Hopkins University in Baltimore, and 
his Ph.D. in nutritional biochemistry and metabolism from MIT. Dr. Bistrian�s 
primary research interests include nutritional assessment, metabolic effects of 
acute infections, nutritional support of hospitalized patients, and the pathophysi-
ology of protein-calorie malnutrition. He is a fellow of the American College of 
Physicians and received an Award of Merit from Harvard University and the 
Army Commendation Medal for his services as a Captain in the Medical Corps 
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of the U.S. Army 7th Special Forces Group. Dr. Bistrian was president of the 
American Society for Parenteral and Enteral Nutrition, vice-president and presi-
dent of ASCN, and a member of the board of directors of the Federation of 
American Societies of Experimental Biology. He served on the editorial boards 
of numerous nutrition and medical journals and is the author or coauthor of over 
400 articles in scientific publications. 
 
John Caldwell, Jr., Ph.D., is the principal research psychologist with the War-
fighter Fatigue Countermeasures Program at the Air Force Research Laboratory, 
Brooks Air Force Base, Texas. He has published over 80 articles in peer-
reviewed scientific journals and laboratory technical reports. He frequently lec-
tures at safety briefings and scientific symposia, and he conducts operationally 
focused workshops on fatigue countermeasures for aviators and industrial per-
sonnel. He is a member of the National Sleep Foundation�s Speakers Bureau and 
Science Advisory Council, and he frequently consults with various organizations 
on the effects of fatigue on pilots and methods for overcoming the adverse im-
pact of fatigue in the aviation environment. Dr. Caldwell received his Ph.D. in 
experimental psychology in 1984 from the University of Southern Mississippi. 
In 1983 he became the assistant director of the Behavioral Medicine Laboratory 
at Children�s Hospital National Medical Center in Washington, D.C., where he 
spent 3 years. Afterward, he spent 16 years with the U.S. Army Medical Re-
search and Materiel Command conducting studies on methods of aviator status 
monitoring and on the effects of medications on aviator performance in specially 
instrumented flight simulators and aircraft. In August 2002 he transferred to the 
Air Force Research Laboratory at Brooks. The focus of his research is to fully 
understand the effects of sleep deprivation on pilots and to develop monitoring 
methodologies and fatigue countermeasures for use in the operational aviation 
environment. Key accomplishments have included the first-ever controlled avia-
tor flight-performance evaluations of the efficacy of dextroamphetamine and 
modafinil for sustaining performance and the completion of several unique pro-
tocols investigating the feasibility of real-time monitoring of aviator physiologi-
cal activity in flight. 
 
Johanna T. Dwyer, D.Sc., R.D., is director of the Frances Stern Nutrition Cen-
ter at New England Medical Center and a professor in the Departments of Medi-
cine and of Community Health at the Tufts Medical School and School of Nutri-
tion Science and Policy in Boston. She is also a senior scientist at the Jean 
Mayer U.S. Department of Agriculture Human Nutrition Research Center on 
Aging at Tufts University. Dr. Dwyer�s work centers on life-cycle related con-
cerns, such as the prevention of diet-related disease in children and adolescents 
and maximization of quality of life and health in the elderly. She also has a long-
standing interest in vegetarian and other alternative lifestyles. Dr. Dwyer is cur-
rently the editor of Nutrition Today and on the editorial boards of Family Eco-
nomics and Nutrition Reviews. She received her D.Sc. and M.Sc. from the Har-
vard School of Public Health, an M.S. from the University of Wisconsin, and 

Copyright © National Academy of Sciences. All rights reserved.

Monitoring Metabolic Status:  Predicting Decrements in Physiological and Cognitive Performance
http://www.nap.edu/catalog/10981.html

http://www.nap.edu/catalog/10981.html


APPENDIX F 447 
 
completed her undergraduate degree with distinction from Cornell University. 
She is a member of the Institute of Medicine, the Technical Advisory Commit-
tee of the Nutrition Screening Initiative, and a past president of ASNS, a past 
secretary of ASCN, and a past president of the Society for Nutrition Education.  
 
John W. Erdman, Jr., Ph.D., is a professor of nutrition and food science in the 
Department of Food Science and Human Nutrition and a professor in the De-
partment of Internal Medicine at the University of Illinois at Urbana-
Champaign. His research interests include the effects of food processing upon 
nutrient retention, the metabolic roles of vitamin A and beta-carotene, and the 
bioavailability of minerals from foods. His research regarding soy protein has 
extended into studies on the impact of non-nutrient components of foods, such 
as phytoestrogens on chronic disease. Dr. Erdman has published over 110 peer-
reviewed research papers. He has authored or edited six books and major sym-
posia proceedings. In 1994 he received the Borden Award for �distinctive re-
search on the nutritional significance of any food or food component� from 
ASNS. In 1998 he chaired a Gordon Conference on Carotenoids, was a 
Burroughs Wellcome Visiting Professor in Basic Medical Sciences at the Uni-
versity of Georgia, and the G. Malcolm Trout Visiting Scholar at Michigan State 
University. In 1999 he received the Babcock-Hart Award from IFT. Dr. Erdman 
has served on many editorial boards, including: Journal of Food Science, Cereal 
Chemistry, Journal of Nutrition, and Plant Foods for Human Nutrition. He has 
also served on many program and planning committees for ASNS, IFT, and the 
National Academy of Sciences. In 1992 he was elected a fellow of IFT. Dr. 
Erdman received his M.S. and Ph.D. in food science from Rutgers University. 
 
Helen W. Lane, Ph.D., R.D., is the chief nutritionist for NASA (National 
Aeronautics and Space Administration), and chief scientist for the Johnson 
Space Center�s Habitability, Environmental Factors, and Bioastronautics Office. 
She has also served as the assistant to the Director for Advanced Program Coor-
dination and Research and branch chief for Biomedical Operations and Coun-
termeasures. Dr. Lane was an associate professor of nutrition at the University 
of Texas Medical Center from 1977 to 1984 and a professor of nutrition at Au-
burn University from 1984 to 1989. At present she serves as an adjunct profes-
sor, Department of Preventive Medicine and Community Health, at the Univer-
sity of Texas Medical Branch in Galveston. She has led efforts to define 
nutritional requirements for healthy crew members during spaceflight. Dr. Lane 
has completed research on body composition and on nutritional requirements for 
energy, water, electrolytes, protein, calcium, and iron, as well as clinical and 
basic research on selenium and breast cancer. As a registered dietitian, she is 
active in the ADA. She is also a member of ASNS and ASCN.  
 
Melinda M. Manore, Ph.D., R.D., is currently a professor and chair, Depart-
ment of Nutrition, Oregon State University, and is a registered dietitian. Her 
research interests include the interaction of nutrition and exercise in health, ex-
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ercise performance, disease prevention, and reduction of chronic disease across 
the life cycle. Dr. Manore�s research also focuses on factors regulating energy 
balance (i.e., energy expenditure, eating behaviors, and body weight and compo-
sition), and the role of nutrition, exercise, and energy balance on the reproduc-
tive cycle. She is a fellow of the American College of Sports Medicine (ACSM), 
and a member of ADA, ASCN, ASNS, and the North American Association for 
the Study of Obesity. She is currently chair of the ADA Nutrition Research 
Practice Group and received the ADA�s Sports, Cardiovascular and Wellness 
Nutritionists Excellence in Practice award in 2001. Dr. Manore currently serves 
as a member of the USA Gymnastics National Health Advisory Board, the Ga-
torade Sport Science Institute Nutrition Board, and the Arizona Osteoporosis 
Coalition Medical Advisory Board. She is associate editor for Medicine and 
Science in Sports and Exercise and ACSM�s Health and Fitness Journal and is 
on the editorial boards of the Journal of the American Dietetic Association and 
the International Journal of Sport Nutrition and Exercise Metabolism. Dr. 
Manore obtained her M.S. in health education and community health from the 
University of Oregon and her Ph.D. in human nutrition from Oregon State Uni-
versity. 
 
William P. Morgan, Ed.D., is a professor of kinesiology and director of the 
Exercise Psychology Laboratory at the University of Wisconsin-Madison. For-
merly he was a professor of physical education and director of the Sport Psy-
chology Laboratory at the University of Arizona in Tucson. Dr. Morgan also 
spent 2 years as a visiting research psychologist, U.S. Army Research Institute 
of Environmental Medicine in Natick, MA. He earned an M.A. in health and 
physical education from the University of Maryland and an Ed.D. in psychology 
and physical education from the University of Toledo. Dr. Morgan�s primary 
research interests focus on the antidepressant and anxiolytic effects of vigorous 
physical activity and selected psychological states and traits for developing pre-
diction models that could be used for predicting panic behavior (and thus sur-
vival) in individuals performing physical activity in extreme environments. He 
has received numerous awards, including the Service Award of the Wisconsin 
Association for Health, Physical Education and Recreation; the Citation Award 
of ACSM; corecipient (with Dr. Peter B. Raven) of the John M. White Award 
for best research on respiratory protection from the American Industrial Hygiene 
Association; and the Medal of the Swedish Society of Medicine. Dr. Morgan has 
served as vice-president of the North American Society for the Psychology of 
Sport and Physical Activity, vice-president of ACSM, and president of the Divi-
sion of Psychological Hypnosis of the American Psychological Association. He 
has served on the editorial boards of a number of sports, exercise, and psychol-
ogy journals and has authored or coauthored over 200 articles in scientific publi-
cations.  
 
Patrick M. O�Neil, Ph.D., is a professor of psychiatry and behavioral sciences 
at the Medical University of South Carolina, where he is also director of the 
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Weight Management Center. Dr. O�Neil has been involved in the study of obe-
sity and its management since 1977, including clinical trials, basic research, 
teaching, and public education. He has been the principal investigator on a num-
ber of clinical trials of weight-loss agents. He is the author of over 100 profes-
sional publications primarily concerning psychological, behavioral, and other 
clinical aspects of obesity and its management. Dr. O�Neil has served on the 
Education Committee of the North American Association for the Study of Obe-
sity since 1994 and was a member of its Ad Hoc Committee for Development of 
the Practical Guidelines. He is also immediate past president of the South Caro-
lina Academy of Professional Psychologists, former member and chair of the 
South Carolina Board of Examiners in Psychology, and former chair of the Obe-
sity and Eating Disorders Special Interest Group of the Association for the Ad-
vancement of Behavior Therapy. Dr. O�Neil received his B.S. in economics 
from Louisiana State University and his M.S. and Ph.D. in clinical psychology 
from the University of Georgia.  
 
Esther M. Sternberg, M.D., is chief of the Section on Neuroendocrine Immu-
nology and Behavior and associate branch chief of the Clinical Neuroendocri-
nology Branch of the National Institute of Mental Health Intramural Research 
Program at the National Institutes of Health (NIH). Dr. Sternberg received her 
M.D. and trained in rheumatology at McGill University, Montreal, Canada. She 
did post doctoral training at Washington University, Barnes Hospital, St. Louis, 
in the Division of Allergy and Immunology. She was subsequently a Howard 
Hughes associate and instructor in medicine at Washington University and Bar-
nes Hospital before joining NIH. Dr. Sternberg is internationally recognized for 
her ground-breaking discoveries in the area of central nervous system-immune 
system interactions. She received the Arthritis Foundation William R. Felts 
Award for Excellence in Rheumatology Research Publications, was awarded the 
Public Health Service Superior Service Award, and was elected to the American 
Society for Clinical Investigation in recognition of this work. Dr. Sternberg is 
also internationally recognized as a foremost authority on the L-Tryptophan 
Eosinophilia Myalgia Syndrome. She was the first to describe this syndrome in 
relation to a similar drug, L-5-hydroxytryptophan, and published this landmark 
work in the New England Journal of Medicine in 1980.  
 
Beverly J. Tepper, Ph.D., is an associate professor of food science at Cook 
College, Rutgers University. Her primary areas of research are the sensory 
evaluation, perception, and preference for foods; food intake regulation; and the 
effects of genetics, disease, and dietary restraint on food ingestion and eating 
behavior. She has published extensively in these areas. Formerly, she was a 
postdoctoral fellow at the Monell Chemical Senses Center. Dr. Tepper earned 
her M.S. and Ph.D. in nutrition from Tufts University. She currently serves on 
the editorial board of the Journal of Sensory Studies and has served as a re-
viewer for the American Journal of Clinical Nutrition, Appetite, Brain Research 
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Bulletin, European Journal of Clinical Nutrition, Journal of Food Science, Nu-
trition Research, and Physiology and Behavior.  
 
Julian Thayer, Ph.D., is head of the Program on Emotions and Quantitative 
Psychophysiology, which he initiated, at the National Institute on Aging (NIA) 
of NIH. Prior to joining NIA, he held academic positions at Penn State Univer-
sity and the University of Missouri. His research interests concern biological and 
psychological adaptation and flexibility in the context of dynamic systems mod-
els with applications to psychopathology, pathophysiology, and health. This 
work utilizes indices of autonomic nervous system function derived from car-
diac variability measures to probe whole organism systems. He received a B.A. 
in psychology from Indiana University and a Master�s and Ph.D. from New 
York University. 
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