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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

X
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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

Copyright © National Academy of Sciences. All rights reserved.


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

PREFACE xi

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-
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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
(ECQ) 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

e 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.

e 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.

e 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.

e 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.

e 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.

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

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

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

e 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.

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

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

e 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

15
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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 rthabdomyolysis 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
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TABLE 1-1 Technology Forecast for Practical Metabolic Assessment Measures
(Measured Endpoints and Conceivable Technologies)

Past

Present”

Energy balance and fuel availability
Blood and urine biochemistry
Home test glucose monitors, laboratory
tests
Ratings of perceived exertion
Brain metabolic function
Paper and pencil tests

Hydration and water balance
Urine-specific gravity

Bone and muscle turnover
“Hot spots”
Loss of strength and delayed onset mus-
cle soreness
Thermography
Stress and Immune Function
Psychological measures of: performance,
stress, mood
Sleep patterns
Stress hormones

Activity-based predictions
“Gluco-watch”
Reverse iontophoresis, actigraphy

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

Balance based on intake and predicted
losses

Instrumented canteen/camelbak, bioelec-
trical resistance

Whole-body water estimates

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

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

“ 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 Future’

Far Future®

Semi-invasive implantable sensors and
“tattoos”

Subdermal continuous glucose, lactate,
pH, free fatty acids

Saccades and pupil responses

Voice analysis

Task-embedded psychological tests

Doppler, etc., in combat service member
helmet/spectacles

Intercellular fluid assessment

Subdermal wicks, boot-sensor body
weight tracking with electrolyte and BIA
sensors

Whole body water changes

Altered biomechanics

Sweat markers of calcium and protein
metabolism

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

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

Noninvasive physiological sensors built
into clothing

Brain blood flow

Chemical nose, respiratory sampling, per-
sonal intrahelmet brain imaging systems

Sweat/exhaled cytokines

Volatile compounds/pheromones

Changes in skin properties

Endocrine changes in defense of water
volume

Skin mechanical/electrical changes, semi-
invasive sensing of osmoregulatory
hormones

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

Human odors

Sweat immune and stress biomarkers (e.g.,
neuropeptides, neurohormones, ILs,
1Gs)

P BIA = bioelectrical impedance analysis.

“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 (¢) 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 (Astrand 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.,
S,0, 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°-34°C; relative humidity = 4655 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 Age Height Weight Body Fat Load  VOp. (ml
Member (y) (cm) (k) (%) (kg)  Oy/kg' min™)
Cadet 21 175 79.3 18 453 47

509th combat 22 170 68 13.3 353 53

service member

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/m?%; wind speed = 1-2 ms™), 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

37
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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 x size of the study
or more concretely for a two-group test:

F = mean square error of interest + mean square error of noninterest
X df&enominator

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 1II 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:

Yigg =W+ o)+ (Bt ) + &y

where Y4 is the j” blood pressure reading for person i, taken in the & location;
M is the weighted grand mean of an individual’s average awake blood pressures,
weighted by the number of readings per person; ¢ is the deviation of person i’s
average awake blood pressure (from the grand mean 4 ); f; is the average intra-
individual (main) effect of being in location k (the weighted average of the fs
equals zero); d; is the deviation of the effect for person i of being in location k
from £, the person by location interaction effect (the weighted average of the &
equals zero for each person); &;4 is the deviation of person i’s j™ observation
from its predicted value, based upon the preceding parameters (the mean of
these deviations for all observations of person i taken in the #” location equals
zero); the first term on the right side of the equation (¢ + ;) is the interindi-
vidual variance; and the second term on the right side (f; + J) is the intraindi-
vidual variance. (Full details for estimation of the model are given in Schwartz
etal., 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 I'Vs 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-

53

Copyright © National Academy of Sciences. All rights reserved.


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

54 MONITORING METABOLIC STATUS

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 wuse 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
[II). 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 (VCO,) and the volume of oxygen consumed (VO,)
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can be calculated (VCO,/VO,). 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
(*H,) and "Poxygen (**0) from body water following a load dose of water labeled
with these two stable isotopes. The *H, is eliminated as water, while the '*O 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 (» = 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:

e 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).

e 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).

e 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

Core Body
Condition Pulse Rate Respiratory Rate Temperature
Moderate activity Moderately high Increased Normal
> 120)
Intense activity High (> 160) Elevated for a pro- Prolonged elevated
longed period respiratory rate
may lead to in-
creased core body
temperature
Cold exposure Normal to low Normal to low Low
Sleep Lower than awake  Lower than awake Slightly lower to
pulse rate pulse rate normal
Systemic inflamma- > 90, but usually Elevated, but less Higher
tory responses <120 than intense activity

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

Exercise
WBGT Recommendations Comments
Less than 80°F All can exercise Most individuals without a risk of heat
(<~27°C) problems can perform activities
80° to 85°F Exercise with caution  All individuals should drink frequently;
(~27° t0 29°C) 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 Limited exercise Physical activity for unconditioned or
(~29° to 31°C) unacclimatized individuals should be
suspended
Frequent water breaks should be taken by
exercising individuals
Greater than 88°F Suspend exercise All activities should be suspended or
(>~31°0) 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
65°F (18°C), 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/m®) 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 x 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
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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 (VOomax). Group II scored significantly higher than Group I on VO, 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 (Astrand 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 VO,a On one day, and were retested at 80 percent of VO, 0n
two subsequent days in the walking and running modes. Heart rate, VO,, Vcoa,
minute ventilation, end tidal CO,, 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 lampietro, 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 VO, 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 VOy.x, 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 VOpmax. 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:

e clevated heart rate and blood pressure;

e clevated cortisol, creatine kinase, epinephrine, and norepinephrine at
rest, along with greater increases in these values following a standard
exercise stimulus; and

e 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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e 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 VOy.x 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 4-3 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 J4P 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 (I0OM,
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):

e inability of the sodium-potassium pump to maintain the membrane ex-
citability necessary for contraction,

e inability of the muscle fiber to maintain normal contractility because
calcium ions are not efficiently removed from the intermyofibrillar space into
the sarcoplasmic reticulum,

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

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

e 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 11
(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 Bersheim, 2003).
The most common stress indicator is increased blood or urinary cortisol levels
(I0OM, 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 Bersheim, 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 Bersheim, 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 Bersheim, 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 Bersheim,
2003). Studies by Wolfe and Bersheim (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 Bersheim, 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 downbhill skiing at 70 percent of maximum heart rate
(HR), IL-1B 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 (Macias 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 (Striider 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
Striider 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). Striider 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 Binkley et al.,
long period of time and the blood pools in the 2002; Sutton,
vasodilated periphery. Dehydration does not 1990

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.

Heat cramps Painful cramps involving abdominal and skeletal Binkley et al.,
muscles that occur after strenuous exercise 2002; NWS,
where sweat losses and fluid intakes were high, 2003

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.

Heat exhaustion  During exercise, plasma volume decreases, caus- Binkley et al.,
ing decreased blood flow from the muscles to 2002
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.

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  Binkley et al.,
lead to loss of consciousness and even death. 2002; Shapiro
Early symptoms of heat injury are excessive and Seidman,
sweating, headache, nausea, dizziness, and a 1990

gradual impairment of consciousness and the
ability to concentrate. Along with an increased
core body temperature (= 104°F or 40°C) 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.

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 pA), 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  Anorexia
and water loss deplete extracellular fluid ~ Nausea
volume 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

Hypernatremia
Increased plasma viscosity with lesser

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

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

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

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 (Thl) response,
and interferon-gamma (IFNY) 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
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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
y-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 Thl or Th2. A
Th1 pattern of cytokines is characterized by production of largely proinflamma-
tory IL-2 and IFNYy 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 Thl 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; OIff, 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 (OIff, 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 Thl (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; Miins, 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 (Miins, 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-a 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 IFNy (Lakier Smith, 2003) are seen. This
pattern of immune responses—an up-regulation of the Th2 humoral response
and suppressed Thl 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.


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):

e Releaser pheromones generate immediate behavioral responses, such as
aggression, sexual attraction, and copulation.

e  Primer pheromones elicit slower physiological, endocrine, and neuro-
endocrine responses, such as estrus synchrony and sexual maturation.

e 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.

e 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 Sa/monella
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 (Riilicke 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,

Copyright © National Academy of Sciences. All rights reserved.


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

128 MONITORING METABOLIC STATUS

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 (MMTYV), a B-type retrovirus that is tightly linked to immune re-
sponses. MMTYV 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
MMTYV, 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 (Concepcion
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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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
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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 (» = 0.7), sometimes correlated with performance only at
about » = 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 (Akerstedt, 1988; Akerstedt and Gillberg,
1982; Harmi, 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 (Akerstedt 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 (Akerstedt, 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-

Copyright © National Academy of Sciences. All rights reserved.


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

STRATEGIES FOR MONITORING COGNITIVE PERFORMANCE 167

szgp | CIRCADIAN OSCILLATORS ey

REGULATION \ . PHJ;SE
- @) PERFORMANCE

MODULATION

R

EFFECTIVENESS i

SLEEP DEBT
FEEDBACK
LooP

SLEEP ACCUMULATION
(Reservair Fill) SLEEP RESERVOIR

SLEEP “QUALITY”
FRAGMENTATION

Blomedlcal Modeling and Analysis Program

PERFORMANCE USE

(Reservoir Depletion)

-
|

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-
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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-uV 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

Copyright © National Academy of Sciences. All rights reserved.


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

STRATEGIES FOR MONITORING COGNITIVE PERFORMANCE 173

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

Copyright © National Academy of Sciences. All rights reserved.


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

STRATEGIES FOR MONITORING COGNITIVE PERFORMANCE 177

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; (€) 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 620 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 (41°C 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
(ECGQG) 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

e 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.

e 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.

e 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.

e 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.

e 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.

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

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

e 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.

e 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.

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

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

e 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 Blood
Arginine Saliva
Blood pressure Urine
Heart rate

Hydration status from
bioelectrical impedance

Sodium
Total body water
Vasopressin
Physical activity/energy Accelerometers Blood
expenditure 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

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

Cognitive performance
De- and overhydration
Fatigue

Heat exhaustion

Heat tolerance
Muscular endurance

Cognition

Hypo- and hyperglycemia
Heat cramps

Heat exhaustion
Sunstroke

Core temperature

Body-weight change

Eye pressure

Plasma volume, osmolarity
Saliva flow

Skin turgor

Urine color

Urine specific gravity, osmolarity
Urine volume

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 Blood
Cortisol Saliva“
Dehydroepiandrosterone Urine”

Growth hormones
Heart rate variability
Impedance
Insulin-like growth factor-1
Neuropeptide Y
Neurotransmitters
Norepinephrine
Other hormones
Prolactin

Stress hormones
Testosterone

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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Measure

Focused attention
Memory
Problem solving

Appropriate relative to situation
Fear

Reaction time
Sleepiness/alertness
Task performance

Appropriate activation relative to situation

Ratings of perceived exertion
Self-assessment scales

Modified STROOP
Profile mood
Self-assessment scales
Visual analog

Self-assessment scales

Self-assessment scales

measures that accurately predict peak performance or catastrophic failure of a given
organ/system or physiological/psychological state.

“ 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 Plasma
Carboxy-terminal telepeptide Urine
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

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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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

Muscle

Pulmonary

Heart rate
Heart rate variability
Impedance

Amino acids (glutamine, histidine, 3-

methyl-histidine)

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

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

Metabolism/catabolism/anabolism
Lactate
Glycogen
Blood ammonia

Protein turnover

Structure/metabolism
3-methyl-/histidine excretion
Glycogen

Trace metals

Expired air

Muscle

Blood
Saliva“
Urine’

Blood
Urine

Blood
Urine

Muscle

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 Delayed onset muscle soreness
Decreased performance Increased muscle atrophy
Decreased strength
Fatigue

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.

“ Salivary cytokine concentrations vary according to salivary gland source from which
saliva is collected and presence and degree of periodontal disease.

% 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
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prolonged exhaustive effort

Environmental Sensors

—
Data

Physiological Sensors ey 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:

e Sensors. Many of these, particularly those for standard physiological
parameters, are readily available, commercial off-the-shelf items.

e 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.

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

e 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.

e 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.

e 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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CPOD logs data.

Nexan ECG/Respiration Sensor Download via RS-
232 or wireless:

Noninvasive ';
Pulse Oximeter ;)m
(SpO,)

OR

- Base Station

“q
Accutracker Il Blood ;) R !/

Pressure Monitor

CPOD Data Logger/‘

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.

Acknowledgments: NASA-Johnson Space Center/National Space Biomedi-
cal Research Institute: Jim Logan, Rick Pettys, Subhajit Sarkar, M.G. Sriram,
Christopher Stokes; NASA-Ames Research Center/Stanford University: Sekou
Crawford, John Hines, Kevin Montgomery.
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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

10:30

11:00

11:10

11:40

12:10

12:30

Biomarkers of Physiological Strain During Exposure to Hot and Cold
Environments
Dr. Andrew J. Young, USARIEM

Hydration Status Monitoring
Dr. Michael N. Sawka, USARIEM

Break

Technologies for Monitoring Glucose and Lactate
Dr. David C. Klonoff, Mills-Peninsula Health Services

Utility of Insulin-like Growth Factor-1 for Assessing Metabolic Status
Dr. Bradley C. Nindl, USARIEM

Discussion

Lunch

Part II: Biomarkers and Technologies for Monitoring Physiological Status
and Work Capacity (Moderator: William Morgan)

1:30

2:00

The Use of Portable Accelerometers in Predicting Activity Energy Ex-
penditure
Dr. Kong Y. Chen, Vanderbilt University Medical Center

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

3:00

Biomarkers for Changes in Protein Turnover of Muscle and Other
Tissues
Dr. Robert R. Wolfe, University of Texas Medical Branch

Break
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3:10

3:40

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

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

4:40

5:00

Biomarkers of Bone and Muscle Turnover: Effects of Exercise
Dr. Clifford J. Rosen, Maine Center for Osteoporosis Research and
Education, St. Joseph Hospital

Discussion

Adjourn

Thursday January 9, 2003

9:00

9:30

10:00

10:15

Biomarkers for Monitoring Bone Turnover and Predicting Bone Stress
Dr. Michael Kleerekoper, School of Medicine, Wayne State University

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

Discussion

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

11:30

11:45
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Use of Sweat Patch Technology to Monitor Neuroendocrine Status
Dr. Giovanni Cizza, National Institute of Mental Health

Discussion

Lunch

Part VI: Biomarkers and Technologies for Monitoring Mental Status, Cog-
nitive Function, and Alertness (Moderator: Patrick O’Neil)

1:00

1:30

2:00

2:30

3:00

Biomarkers for Brain Hypometabolism Due to Sleep Deprivation
Dr. Nancy J. Wesensten, Walter Reed Army Institute of Research

Electroencephalographic Indicators of Impaired Aviator Status During
Sleep Deprivation
Dr. John A. Caldwell, Air Force Research Laboratory, Brooks Air

Force Base

Circulating Plasma Markers of Cognitive Status
Dr. Harris R. Lieberman, USARIEM

Discussion

Break

Part VII: Future Possibilities for Monitoring Physiological and Cognitive
Function (Moderator: Beverly Tepper)

3:15

4:15

4:45

5:00

5:30

Odors as Biomarkers to Predict the Occurrence of Mental and Physical
Stress
Dr. Gary K. Beauchamp, Monell Chemical Senses Center

Molecular Markers of Mechanical Activity- and Inactivity-Induced
Anabolic and Catabolic States in Striated Muscle

Dr. Kenneth M. Baldwin, University of California, Irvine

Discussion

Summary of the Workshop

Dr. John Vanderveen, Chair, Committee on Military Nutrition

Research

Adjourn
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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 Present”

Energy balance and fuel availability

e Blood and urine biochemistry e “Gluco-watch”

e Ratings of perceived exertion e Activity-based predictions

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

Brain metabolic function
e Paper and pencil tests e Computerized neuropsychological test-
ing
e EEG spectral analysis
e Palm-top test, dry electrodes in a hat

band

Hydration and water balance

e Urine specific gravity ¢ Balance based on intake and predicted
losses

e Whole body water estimates
o Instrumented canteen/camelbak, bio-
electrical resistance

Bone and muscle turnover

e Loss of strength and delayed onset e Specific blood and urinary markers
muscle soreness (e.g., telopeptides, myoglobin, CPK,

e “Hot spots” IGF-1)

e Thermography e Lab tests

“ 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 Future’ Far Future®

e Subdermal continuous glucose, lactate, e Functional outcome (e.g., EMG, nerve

pH, free fatty acids conduction, changes in thermal flux)
e Semi-invasive implantable sensors and e Noninvasive physiological sensors
“tattoos” built into clothing
e Saccades and pupil responses o Sweat/exhaled cytokines
¢ Voice analysis e Volatile compounds/pheromones
e Task embedded psychological tests e Brain blood flow
e Doppler etc. in soldier hel- e Chemical nose, respiratory sampling,
met/spectacles personal intrahelmet brain imaging sys-
tems
o Intercellular fluid assessment e Changes in skin properties
e Whole body water changes e Endocrine changes in defense of water
volume
e Subdermal wicks, boot-sensor body e Skin mechanical/electrical changes,
weight tracking with electrolyte and semi-invasive sensing of osmoregula-
BIA sensors tory hormones
e Sweat markers of calcium and protein ¢ Changes in redox status
metabolism ¢ Regional metabolism/blood flow
e Altered biomechanics changes
e Practical field test systems e Deep muscle biochemical sensors

P BIA = bioelectrical impedance analysis.
“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 (Astrand 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)

Age Height  Weight Body Fat Load VOymax (ml

Soldier ¥) (cm) (kg) (%) (kg) 0,/kg' min™")
Cadet 21 175 793 18 453 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., SaO, 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°-34°C; relative humidity = 46-55 percent;
solar load = 800-875 W/m?; wind speed = 1-2 ms™"), 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 111, 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 (35°-41°C) 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 Slow response, uncomfortable,
ease cultural objections
Auditory canal - Measurement ease Inaccurate (biased by skin and
tympanic membrane ambient temperature), uncom-
fortable
Oral Measurement ease Inaccurate (affected by mouth
breathing)
“Pill” Accurate, measurement Pill movement influences meas-
ease 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.

Copyright © National Academy of Sciences. All rights reserved.


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

APPENDIX D 259

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 Qo 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 35°C, 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 0°C, 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(T¢, — Tep)/(39.5 — Tep) + S(HR, — HR)/(180 — HRy)

in which T and HR, are simultaneous measurements of core temperature and
heart rate at a particular time during the heat stress exposure, and Ty and HR,
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(Tc;— Teo)/(35 — Tep) + 3.33(Tske — Tsko)/ (20 — Tiko)

in which, again, T, and Ts, are the simultaneously measured values for core
and skin temperature at a particular time during cold exposure, and Ty and Tsxy
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-
stittum. 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 pA 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 (Uogmor), 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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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). Ugsmo 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, Uggno 1S
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 ([ABW/startBW] x 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-  Easy, rapid Premeasurement, imprecise

tric impedance

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 pL of
blood and 60 seconds of measuring time. The Lactate Pro requires 5 puL 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

Copyright © National Academy of Sciences. All rights reserved.


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

284 MONITORING METABOLIC STATUS

Military Operational Stress comprises of
multiple physiological stressors
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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-1 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. J4P (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™" vs. post: 75 + 25 ng/mL™"). 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 (» = —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-1.

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-1 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 MlJ/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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COUNTERMEASURES AND STRATEGIES TO OPTIMIZE WARFIGHTER PHYSICAL PERFORMANCE

FITNESS/EXERCISE TRAINING
(Physical Training Programs, Resistance Training Programs, etc.)

Opportunity to augment health,
fitness and occupational physical performance

SOMATOTROPHIC
HORMONAL
INFLUENCES Muscle
Bone
GHAGE iological Matrix Adipose II Soldier Physical Performance
Immune
IT%SCII/}TUhCOI'{Jh Neural Warfighter Readiness
TSH/Thyroid hormones
PTH/Bone Markers Greater susceptibility to Dominance Across
Leptin Overtraining and Injury Full Spectrum of Operations

MILITARY OPERATIONAL STRESS
(Ranger Training, Special Ops, Sustained Operations, etc.) Supporting Vision of OFW

Enablers:

Training Strategies to Optimize Physical Performance and Reduce Risk of Injury

Diagnostic Tests and Measures to Assess Biological Matrix and Physical Performance
Countermeasures to facilitate biological matrix repair and function during increased operational tempo

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-1
(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

Copyright © National Academy of Sciences. All rights reserved.


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

294 MONITORING METABOLIC STATUS

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 (EEct) 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 EE,cr. 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. EEcr 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, EE,ct 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, “H,'*O (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 '*O 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 EEAcr 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 EEacr 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 EE,cr are dependent
upon), single-site monitoring that is unable to detect movements from various
body segments, limited prediction algorithms to estimate EEscr 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, EE,cr 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 EEcr predictions. The room calorimeter is a small,
airtight environmental room (2.6 x 3.3 x 2.3 m>, 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 EEcr (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 (4) measured
by the Tritrac-R3D were fitted into a nonlinear two-parameter model:

— rl P2
EEACT =ax Ahorizontal + b x Avertical

where coefficients a, b, pl, 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, pI, 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 EE,cr 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/m?). 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:

— pl p2 p3
EEACT =ax Ahip, horizontal +bx Ahip, vertical tcx Aarm

We found that the Tritrac-R3D and the ActiWatch combined model accu-
rately estimated EEscr in all intensity categories compared with measured
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FIGURE D-16 Total energy expenditure of physical activity (EEsct) 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.

EEAcr 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 EE,ct 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 EEacr 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 EE,cr 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 EEAcr 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 EEcr 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 EEcr 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 EEzcr.

In addition, other assessment techniques that involve physiological meas-
urements may also be incorporated with simultaneous accelerometry monitoring
to further improve EEsct 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
EExcrt.

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 EExcr
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 EEscr 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

Copyright © National Academy of Sciences. All rights reserved.


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

APPENDIX D 307

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 (Vi,.x). 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 (7.). 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/¢.)
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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:

Emetab :FWb X l/tc xC (l)

Where E,.., is metabolic rate, Fy, is the force required to support the
weight of the body, 1/¢. 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:

Emetab/FWb = l/tc xC (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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