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Abstract

Humans operating in extreme environments often conduct their operations at the edges of
the limits of human performance. Sometimes, they are required to push these limits to
previously unattained levels. As a result, their margins for error in execution are much
smaller than that found in the general public. These same small margins for error that impact
execution may also impact risk, safety, health, and even survival. Thus, humans operating in
extreme environments have a need for greater refinement in their preparation, training,
fitness, and medical care. Precision medicine (PM) is uniquely suited to address the needs of
those engaged in these extreme operations because of its depth of molecular analysis, derived
precision countermeasures, and ability to match each individual (and his or her specific
molecular phenotype) with any given operating context (environment). Herein, we present
an overview of a systems approach to PM in extreme environments, which affords clinicians
one method to contextualize the inputs, processes, and outputs that can form the basis of a
formal practice. For the sake of brevity, this overview is focused on molecular dynamics,
while providing only a brief introduction to the also important physiologic and behavioral
phenotypes in PM. Moreover, rather than a full review, it highlights important concepts,
while using only selected citations to illustrate those concepts. It further explores, by
demonstration, the basic principles of using functionally characterized molecular networks
to guide the practical application of PM in extreme environments. At its core, PM in extreme
environments is about attention to incremental gains and losses in molecular network
efficiency that can scale to produce notable changes in health and performance. The aim
of this overview is to provide a conceptual overview of one approach to PM in extreme
environments, coupled with a selected suite of practical considerations for molecular
profiling and countermeasures.

Impact statement

Humans operating in extreme environments have unique needs that are often not addressed by
traditional medical methods. Moreover, precisionmedicine (PM) applied to humans in extreme
environments has unique requirements beyond those of PM in general practice. Among the
goals of PM in extreme environments are to (1) identify individual deficits in essential and
conditionally essential nutrients, (2) identify elements of the exposome with health and
performance implications, (3) optimize metabolic networks, (4) personalize drug therapeutics
to improve safety and efficacy, (5) improve diagnostic accuracy, (6) reduce unnecessary
variations in diagnosis, (7) improve predictive ability regarding outcomes, (8) personalize
preventive measures, countermeasures, and therapies, (9) improve performance, (10) improve
recovery from training, competition, operations, and injury, (11) better match countermeasures
with the operating environment, (12) improve operator decision-making, (13) improve team
cohesion, (14) provide direction on intervention in cases where research is limited, (15) optimize
career longevity, and (16) optimize health upon retirement. This approach will be important for
astronauts, warfighters (Special Forces, aviators, etc.), athletes (football, basketball, baseball,
soccer, track and field, cycling, motorsports, divers, alpinists/mountaineers, etc.), first
responders (police, firefighters, emergency medicine clinicians), explorers/expeditioners, wil-
derness guides and medics, field scientists, and anyone whose occupation or recreation involves
extreme operating conditions.
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Introduction

Extreme operating environments can be characterized in terms of
two domains of the allostatic load: environmental (context) and
personal. The environmental domain describes an operating envir-
onment where the surroundings or setting are characterized by
harsh environmental conditions that, by virtue of their extremes,
place a unique burden on human thriving. Examples are extremes
of temperature, altitude, atmospheric pressure, wind, biological
threats, chemical threats, radiation, microgravity, hypergravity,
and others.

The personal domain describes an operating condition where
the surroundings are not extreme, but the human is subjected to
extreme performance demands in a nonhostile physical environ-
ment. Examples include but are not limited to extreme levels of
training, competition, athletics, work, risk, psychosocial stressors,
teamdemands, isolation, or combat that stretch the limits of human
tolerance or performance.

Fundamentally, extreme environments are commonly charac-
terized by exposures that may include physical and psychological
pressures, including uncertainty, danger, hardship, interpersonal
pressure, isolation, sleep deprivation, and monotony (Chapman,
2018; Table 1).

Precision medicine definition

For the purpose of this discussion, precision medicine (PM) is
defined as the science and practice of providing methods of treat-
ment and prevention tailored to an individual’smolecular, physio-
logical, morphological, and behavioral characteristics. A related
requirement is that the assessment and countermeasures must be
aligned to the specific environment in which the individual is
operating. Each environment may carry specific exposures, risks
to injury, or risks to illness to which the countermeasures must also
be tailored.

It is important to identify two concepts within the application of
PM in extreme environments (though these are nuanced when
applied to extreme environments): stratification and personalization.

Stratification applies to groups of individuals, whereas personaliza-
tion applies to a single individual. In our view, both stratification and
personalization are foundational to PM in extreme environments.
Stratification applieswhenpatterns of variance are identifiedwithin a
group from which a shared suite of countermeasures can be devel-
oped. This may apply to crews, teams, units, or other types of small
and large groups. Personalization applies when a careful evaluation
reveals a unique pattern of variance whereby countermeasures are
tailored to one individual.

The term countermeasure is commonly used in extreme envir-
onment applications because these are methods that are not typic-
ally centered on the treatment of disease. While there are several
related definitions of the term countermeasure, a useful definition
for our purpose is solutions to prevent the undesirable physiologic
outcomes associated with an extreme environment (Ploutz-Snyder,
2016). In general, PM countermeasures are intended to optimize
individual and team (group, crew) functionality in any extreme
operating environment (Figure 1).

What distinguishes PM in extreme environments?

One key distinguishing feature of PM in extreme environments is
the requirement for optimal performance, which is not inherent to
PM in general practice. Optimal performance is defined as the
degree to which individuals achieve a desired outcome when com-
pleting goal-oriented tasks. By the nature of its difficulty, an
extreme environment commonly renders the completion of specific
tasks much more challenging (Paulus et al., 2009). Therefore, a
smaller number of individuals may be capable of optimally per-
forming a given task. In practice, PMmust always attend to raising
the individual’s capability to operate in pursuit of executing such
tasks.

Performance is not only a requirement for proper execution in
extreme environments, but it is often tightly linked to operational
safety and even survival. Thus, PM applied to extreme environ-
ments must consider incremental factors that can influence endur-
ance, psychomotor speed, cognition, decision-making, execution of

Table 1. Examples of environmental and personal conditions as extreme operating environments

Environmentala Personal

• Extreme cold, heat, or humidity
• High winds, including thunderstorms, tornados, and hurricanes
• Heavy rain, sleet, hail
• Flash flooding
• Lightning
• Severe winter weather such as high snowfall, or ice conditions (e.g.,
ice buildup, slippery conditions)

• High altitude
• High and low atmospheric pressure conditions
• Low visibility (e.g., low/no light, fog, smog, smoke)
• Forest fires
• Chemical fires
• Location – such as a complex terrain (e.g., rocky, uneven, sloped), or
remote work site

• Other extreme conditions, such as ice roads
• Spaceflight and space habitation
• Underwater operations
• Ionizing radiation
• Nonionizing radiation (e.g., electromagnetic fields)

• Military training or combat
• Special Forces training or combat
• Athletic training/competition (football, baseball, basketball, soccer, track and field,
hockey, wrestling, mixed martial arts, etc.)

• Surgeons
• Conflict resolution, hostage negotiation
• Trauma psychology
• Police, SWAT
• Firefighting
• Emergency response
• Hospice care
• Disaster management
• Hazardous materials handling and disposal
• Search and rescue
• Emergency medical services
• Emergency room operations
• Nuclear power plant
• Air traffic control
• Space analogs
• Chemical, biological, radiological, and nuclear suits

aAdapted from the CSA Standard Z1010-2018Management of work in extreme conditions. It defines extreme condition as “existing in a very high degree; exceeding the ordinary, usual, acclimatized
to, or expected condition.”
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tasks, response time, mood, and numerous behavioral dynamics. In
addition, a foundational premise of operating in extreme environ-
ments is not only that one thrives in standard (or nominal) condi-
tions, but that one be able to respond to emergencies (off-nominal)
with often limited access to emergency services or needed resources,
for example, a disabled vessel at sea or an injured teammember in a
remote setting.

Further distinguishing PM in extreme environments is that
there is often insufficient research to guide clinical decisions. This
is typically due to several factors: (1) crews, teams, or groups are
small, (2) study burdens to crews/teams/individuals working on
execution, (3) many suchmissions are the first of their kind and are
not research focused, (4) some are tactical with no place for
research, (5)many are low resource environments where additional
gear for research is impractical, (6) considerable heterogeneity of
operations, (7) some are conducted in protective gear where sample
acquisition is difficult, and (8) funding is limited.

This often presents clinicians who support extreme operators
with the challenge of acting on insufficient data derived from
controlled studies. As a partial solution, PM allows one to conduct
a formal gap analysis of each individual (and group) at the molecu-
lar level. It allows the clinician to piece together a road map derived
from a series of functionally characterized networks (FCN; see
below). It allows the clinician to assign biological meaning to these
discrete patterns of variance, which can then be used as clinical
decision support in constructing individualized countermeasures,

so that these gaps are not carried into the operating environment.
Thus, a foundational premise of PM in extreme environments is
that knowable, actionablemetabolic network deficits be addressed, so
that they are not carried into the operating environment.

The critical role of recovery

Those engaged in extreme environments must always regulate load.
External load consists of the work the individual does in training,
missions, operations, or competition. Internal load consists of the
physical, physiological, and behavioral response to the external
load. The internal and external load can vary considerably between
and within individuals.

This loadmust always be balanced with recovery, so that there is
sufficient adaptive capacity to maintain health, fitness, and per-
formance. Short-term recovery addresses the interval between
training sets. It can also address the day-to-day recovery between
training, competition, or operations. Long-term recovery addresses
recovery across months, a year (season), or a career.

Inattention to recovery can lead to overtraining, overreaching,
or overuse syndromes. Therefore, recovery must be built into
training and clinical care paradigms. Recovery must also be
assessed on a regular basis using a series of subjective, molecular,
and physiological measures. A brief sample is noted and adapted
below (Load, Overload, and Recovery in the Athlete, 2019):

Figure 1. Conceptual view of precision medicine (PM) in extreme environments. PM in extreme environments is rooted in deep molecular profiling and pattern analysis for the
purpose of detecting patterns of variance in molecular networks. Once biological meaning is established, one can proceed to develop countermeasures that members of a team,
crew, or unit may have in common (stratification). Stratification may be needed, for instance, if a team, crew, or unit shares a drug-metabolizing genotype (e.g., CYP4502D6 ultra-
rapid metabolizers), wherein guidance on the drug formulary can be applied to a subgroup. Individual variances typically exist that are most appropriately addressed by
individualized countermeasures (personalization). Individuals operating in extreme environments cover awide spectrum, including but not limited to athletes, soldiers, astronauts,
first responders, expeditioners, and a wide range of occupations. Image credit: Sovaris Aerospace.
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• Laboratory: blood work (e.g., cortisol, CK, hemoglobin, ferritin,
iron, testosterone, lactate, vitamin D, white blood cell count);
urinalysis (e.g., hydration status); targeted and untargeted
metabolomics.

• Questionnaires: psychological (e.g., POMS, REST-Q Sport,
Pittsburgh Sleep Quality Index, scales that measure stress),
perceived exertion (e.g., RPE), wellness scales (e.g., muscle
soreness scale), nutritional (e.g., food journal, food frequency
questionnaire); see Table 8.

• Nonwearable technologies: force plates, VO2max, imaging (e.g.,
MRI, ultrasound, qEEG), isokinetic testing, equipment/devices
to measure velocity and power (e.g., Wingate test), video ana-
lysis systems, internal/external measurements of core tempera-
ture (e.g., ingestive thermometer).

• Wearable technologies: Global Positioning System (GPS), heart
rate monitors, HRV devices, velocity (accelerometers), wear-
able motion-capture devices (e.g., wrist-worn and clothing-
based technology); hydration sensors.

Balancing performance with health and well-being

The nature of operating in extreme environments requires that
individuals constantly push toward and then beyond the limits of
their capability. Once a new limit is set, it is the nature of these
individuals to push beyond this new boundary to set yet a higher
level of capability. This perpetual state of seeking ever-higher
performance places considerable physical and psychological
demands on individuals. The pursuit of these limits naturally
includes efforts at enhancement, some of which can be strongly
beneficial and others that can be detrimental (such as overtraining
or the use of performance-enhancing substances). Thus, clinicians
must be alert for and incorporate means of monitoring for signals
indicating that the rigorous efforts directed at performance do not
conflict with objectives for health and well-being.

Pattern analysis versus diagnosis

Standard PM is traditionally focused on prevention and diagnosis
of disease with greater specificity, so that the intervention and
disease management can be applied to an individual with greater
precision. While this principle applies to PM in extreme environ-
ments, individual operators in these environments are often not in
need of a diagnosis. Rather, they are healthy, fit, highly conditioned
individuals who are focused on elevating performance to meet the
demands of a given operating environment with high external
loads, high internal loads, or both.

Since small decrements in performance can have a notable
adverse influence on success in these environments, PM applied
to extreme environments is focused heavily on identifying patterns
of variance (change) in molecular networks that incrementally add
up to degrade performance. In general, a foundation of PM in
extreme environments is to (1) query a range of molecular net-
works, (2) identify patterns of deficiency or excess, (3) identify fixed
patterns of biological vulnerability (e.g., genetic variants),
(4) describe the biological meaning of these molecular findings,
(5) quantify important features of the operating environment, and
(6) tailor an intervention or training program to incrementally
address patterns found in the individual and the environment.

The pattern analysis approach can be vital when attempting to
elucidate the nature of a problem such as unexplained fatigue in a
submarine crew, astronaut crew, crew at sea, or almost any

occupation. Often, traditional diagnosis has ruled out primary
causes such as thyroid disease, infection, depression, neurological
disease, cardiovascular disease, renal disease, cancer, and others.
The pattern analysis approach rooted in the surveillance of meta-
bolic networks is a well-tested method to identify signals that can
lead to actionable countermeasures.

When diagnosis is required

Beyond pattern analysis, humans operating in extreme environ-
ments are frequently exposed to conditions that apply unique
burdens in allostatic load leading to conditions or diseases in need
of precise diagnosis.

For example, cancer is a leading cause of death among firefight-
ers. In a recent study, cancer incidence and mortality were 9 and
14% higher in the firefighter and nonfirefighting public, respect-
ively. This included increased mortality rates of greater than 30%
for mesothelioma and cancers of the rectum, intestine, and esopha-
gus. Increased cancer incidence has also been reported for skin,
lung, prostate, kidney, bladder, testes, and stomach (Jeong et al.,
2018).

Cardiovascular disease remains the most common chronic
medical condition affecting active-duty members of the military.
In 2011, 18% of active-duty soldiers had been diagnosed with high
blood pressure, while 15% of soldiers were diagnosed with high
cholesterol (Poon et al., 2021).

Vision is an important factor in astronaut and pilot selection,
accounting for more than 40% of disqualifications of astronaut
candidates. However, there is evidence that astronauts are at greater
risk to cataract formation when compared to aviators with lower
exposure to radiation (Cucinotta et al., 2001; Richardson, 2022).

In practice, one must commonly align the elements of pattern
analysis directed at performance with standard diagnostic
approaches associated with known or emergent disease processes.

Where does one begin in addressing PM needs in extreme
environments?

While PM is commonly viewed from the perspective of selecting the
right drug, at the right dose, for the right patient, the approach
herein addresses an important first step that precedes, or at min-
imum, parallels drug selection. This is focused on the identification
of actionable targets within metabolic networks (gap analysis) that
may be responsive to optimized regulation by providing substrates,
precursors, intermediates, and cofactors. Many of these take the
form of macronutrients and micronutrients.

In many cases, correction of these functional errors of metabol-
ism may obviate the need for drugs or modify drug selection in
important ways. When drugs are utilized, it is done so with careful
consideration of their impact on metabolic networks via atten-
tion to drug–gene, drug–drug, drug–herb, drug–food, and drug–
nutrient interactions. Thus, the full impact of drug selection
can be gauged in the context of how they will impact performance
of metabolic networks and, in turn, the human performance
phenotype.

The systems approach begins from the premise that dysregula-
tion across molecular networks can create incremental losses in
network efficiency. Dysregulation typically reveals itself in bio-
markers or analytes that are outside nominal (high or low). It
sometimes also means identifying stable genomic elements (e.g.,
SNPs) that might influence risk or indicate a need to address the
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related pathway(s) by other means. For example, those homozy-
gous (�/�) for methylentetrahydrofolate reductase (MTHFR
677TT) may have a considerable increase in the need for riboflavin
as the FAD precursor (fold-level, supraphysiologic doses), due to
changes in binding affinity of FAD for the modified (variant)
MTHFR enzyme (McNulty et al., 2002).

Since almost any combination of molecular network variance
can contribute to this dysregulation, we can reduce complexity by
examining these networks in a constrained manner. To do this, we
need to utilize analytes to which we can assign biological meaning,
which then guides a level of precision in the intervention.

This can be viewed as a nonhypothesis-driven, data-driven, or
exploratory approach. In some circles, this might be deemed a form
of screening that could subject the participant to unnecessary
testing. For the general population with limited resources or a
national health service with financial constraints, this is certainly
a concern worthy of discussion. However, in the extreme operating
environment where performance, health, safety, and even survival
are foundational, one could argue that the exploratory, data-driven
method is the ideal, perhaps even optimum, approach. This
approach is always enhanced when the clinician is attentive to
the risk of false discoveries and random associations, while aligning
results with the clinical phenotype.

PM return on investment

From a cost–benefit perspective, it is useful to consider the cost to
train a fighter pilot, Navy SEAL, Delta Force operator, NFL
(American football), NBA (basketball), soccer, baseball, or Olympic
athlete. In the professional realm, the investment in the athlete is so
high that the costs themselves begin to aggregate every time an
individual is underperforming or is unavailable to engage in a
respective activity. Further, there is an additional and substantial
cost to training a replacement. The same is true if careers are
shortened due to underperformance, illness, or injury.

For instance, the cost to train a Navy SEAL is roughly 2 million
dollars (USD), while it costs roughly $850,000 to keep a soldier
overseas for 1 year (Shaughnessy, 2012). The cost of training a basic
qualified fighter pilot ranges from $5.6 million for an F-16 pilot to
$10.9 million for an F-22 pilot. Bomber pilot training ranges from
$7.3million for a B-1 pilot to $9.7million for a B-52 pilot (all USD).
And it is generally considered that retaining the successful pilot
pool is more desirable than expanding it (Mattock et al., 2019).

Professional athlete pay scales are even more dramatic. For
example, the 50 highest-paid athletes in the world earned a total
of $2.97 billion (USD) in 2022 (Knight, n.d.). The top 20 salaries in
major league baseball ranged from$25M to $43M annually (Dunn,
2022). The top 10 salaries in professional football ranged from
$25 M to $50 M annually (ESPN Staff, 2023). The top 10 salaries
in professional soccer ranged from $29 M to $130 M annually
(Birnbaum, 2022).

For example, in 2015–2016, we (Schmidt and Penfold) devel-
oped and led the molecular profiling and individualized counter-
measures program for the Golden State Warriors NBA basketball
team when they set the NBA record for wins in a season (73-9).
During that season, theWarriors ranked among the best (lowest) in
the league in salary lost to injury as a percentage of total team salary.
While causality was not directly studied, the association raises
interesting questions that could be addressed in future prospective
studies to further explore how such approaches might benefit high-
performing individuals or groups.

In general, the molecular profiling costs (thousands to tens of
thousands of dollars per individual) required to implement routine
serial testing of an individual often pale in comparison to the
training and maintenance expenditures common in many high-
performance operating environments. In short, there is a case to be
made that PM based on comprehensive molecular profiling is an
important means to support an optimum return on investment by
addressing gaps in molecular networks that might impact individ-
ual operator/performer health, recovery, performance, and avail-
ability. Admittedly, there are those operating in extreme
environments who are well below the pay scales just described.
This simply argues for continued efforts to reduce the costs asso-
ciated with PM wherever possible and work to develop a suite of
standard measures, as we have done with operating environments
such as spaceflight.

A systems approach to optimizingmolecular networks in PM

Because many who operate in extreme environments interface with
complex engineered mechanical systems, there is value in using a
shared language of systems engineering in describing the human
system in relation to those systems. There is also value in this
approach because engineers must integrate humans into their
engineered systems (human systems integration being a subdisci-
pline of its own in these environments). Thus, the better engineers
can understand the medical applications via a common language,
the better they will be able to integrate the human into such
engineered systems (and vice versa).

Systems engineering has long viewed the design and assessment
of complex systems from the vantage point of inputs, processes, and
outputs. The Saturn V rocket, F-22 fighter jet, search-and-rescue
helicopter, and Da Vinci Surgical System are examples of such
complex systems. The systems engineer generally has a clear sense
of how the systems are built, the nature of a system’s key inputs, the
dynamics of its processes, and the desired outputs. In this frame-
work, the engineer can develop explicit plans, act on them, and
expect clear outcomes based on targeted performance metrics.

Applying this same framework to questions about human sys-
tems can also be a useful tool to direct a system toward a desired
state of performance, with one important caveat. Human systems
are also classified as complex adaptive systems (CAS), where another
set of considerations is central in describing and adjusting behavior.
CAS are based on relationships, network effects, connections, and
evolution, though they share the same input-process-output con-
struction (Figure 2). In the CAS paradigm, divergences/variances
must be observed using multivariate molecular measures to act,
learn, and plan simultaneously. The plan is then carried out by
deploying a set of countermeasures using multiple (multimodal)
leverage points and iteratively building on what emerges.

Figure 3 shows a simplified, neural network-based framework for
dealing with complex systems with CAS characteristics. This frame-
work does not attempt to recreate the dynamics of the entire system
itself but rather presents a subset of large effector input nodes that
account for much of the effect size in output. In practice, each of
these layers can be formally assessed (as FCN) and are the basis for
instrument monitoring and troubleshooting systems. Functionally,
incremental gains or losses in the input layer or in the process layer
may aggregate to produce significant changes in the output (and
thereby, performance). However, depending upon the effector size,
even a single input can have a considerable impact on the clinical or
performance phenotype (e.g., water/hydration).
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Figure 2. Basic input–output model for precision medicine. Three types of inputs enter the hidden layer (process layer): essential, conditionally essential, and nonessential. The
process layer can be seen as the sumof the biological and biochemical processes that govern all human function. Driven by the varied inputs, this process layer is heavilymodulated
by the genome, epigenome, and feedback from other molecular forms (proteins, metabolites, gut microbiome, etc.), which influences the adaptive nature of the process. Single
elements within the input layer, process layer, and output layer can be increasingly well characterized. This characterization adds precision to the stratified and personalized
medicine application. Image credit: Sovaris Aerospace.

Figure 3. Artificial neural network (ANN) rendering to display the interaction between inputs, processes, and outputs. This feedforward ANN is used heremerely to represent a set of
relationships, rather than focusing on the traditional use of ANN for modeling, pattern analysis, training, and prediction. It is intended to show howmultiple inputs (Input 1 to Input
N) feed forward into the process layer to interact across multiple processes to arrive at a phenotypic output. The goal is to apply precision in characterizing inputs and networks
within the process layer for the purpose of applying structure to the practice of precision medicine. Image credit: Sovaris Aerospace.
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Characterizing input essentiality

Characterizing the types of inputs is useful because it creates a
formal process for identifying molecular targets of interest to be
measured in an effort to describe the system. This characterization
also acts as guidance as to which inputs might be incorporated into
the individualized countermeasure package and those inputs that
may need to be reduced, remediated, or removed. These inputs can
be divided into three categories (Table 2) (Schmidt and Goodwin,
2013; Schmidt et al., 2020a, 2020b, 2020c):

• Essential: Substances the body cannotmake andmust be obtained
from the diet. Deficits lead to well-defined consequences.

• Conditionally essential: Substances that are ordinarily produced
in sufficient amounts to meet the body’s basic requirements,
though their synthesis can be compromised due to disease,
genetics, essential input deficit, environmental exposures, or
psychosocial stressors (Kendler, 2006). This can result in insuf-
ficient amounts available to support metabolic efficiency and
require preformed exogenous sources.

• Nonessential inputs: Substances the body does not require, but
to which the body is deliberately, incidentally, or accidentally
exposed. These can modify metabolic network efficiency in
complex ways.

What is the origin of input deficits in generally healthy
operators?

Before advancing to how one begins, it is useful to address selected
factors that may contribute to deficits (or excesses) in substrates,

precursors, intermediates, and cofactors (inputs) in generally
healthy people operating in extreme environments. This also
includes exposures to nonessential inputs that may impact per-
formance. A brief summary of selected influences is considered
below:

• Nutrient loss from extreme training or operations (e.g., mag-
nesium loss through sweating via exertion in hot environments;
Institute of Medicine (US) Committee on Military Nutrition
Research Bernadette M. Marriott, 1993)

• Nutrient needs that increase due to the operating environment
or operational demands (Longland et al., 2016)

• Medication use that increases nutrient demands by consuming
phase II conjugation agents or nutrient loss through excretion
(Pickering et al., 2019; Beger et al., 2020; Kim et al., 2021)

• Medication use that impairs the synthesis of metabolically
essential compounds (e.g., statins and ubiquinone), rendering
them conditionally essential (Marcoff and Thompson, 2007)

• Exposure to environmental xenobiotics that place additional
burden on metabolic networks, detoxification pathways, and
nutrient cofactor pools (e.g., sulfur-bearing amino acids; Barros
et al., 2021)

• Reabsorption of metabolites derived from the gut microbiome
that compete for critical nutrients, such as sulfhydryl com-
pounds (e.g., p-cresol and glutathione; Schmidt et al., 2022)

• Deficits in gut microbiome-derived critical nutrients (e.g.,
β-hydroxybutyrate needed tomaintain colonic barrier integrity
and brain epigenetic regulation; Silva et al., 2020)

• Exposure to environmental xenobiotics that poison enzyme
systems (e.g., arsenic complexing with the alpha-lipoic acid
residues on the pyruvate dehydrogenase complex, thus

Table 2. Representative essential, conditionally essential, and nonessential inputs

Essential inputs (Stipanuk and Caudill, 2019) Conditionally essential inputs Nonessential inputs (Patel and Manrai, 2015)

Vitamins (cobalamin, folate, riboflavin,
pyridoxine, ascorbic acid, etc.)

Eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) (Bäck et al., 2022)

Rx Drugs (zolpidem, acetaminophen, etc.)

Minerals (Cu, Zn, Mg, Fe, Cu, Se, Cr, Ca, etc.) Glutathione (Lyons et al., 2000) Illicit Drugs (methamphetamine, cocaine, opioids, steroids)

Electrolytes (Na, K, Cl) Taurine (Kendler, 2006) Botanicals (kratom, hypericum)

Fatty Acids (linoleic acid, alpha-linolenic acid) 5-hydroxytryptophan (Makrides and Uauy,
2014)

Radiation (depleted uranium, solar particles, galactic cosmic
rays; medical; electromagnetic radiation)

Amino Acids (methionine, tyrosine,
tryptophan, etc.)

Carnitine (Kendler, 2006) Heavy metals (Cd, Hg, Pb, As, etc.)

Water Choline (Kendler, 2006) Volatile Organic Compounds (pesticides, herbicides, industrial
chemicals)

Gases (N2, O2, CO2, etc.) Melatonin Gases (heliox, nitrox, trimix)

Temperature Polyphenolics Pathogenicmicrobes (bacteria, viruses, parasites, mold, fungi)

Atmospheric pressure (pO2, pN2, etc.) Probiotics Alcohol

Prebiotics Electromagnetic Fields (EMF)

Halides (Iodine, chloride) Ubiquinone (Kendler, 2006)

Protein Cysteine (Mishra et al., 2020)

Fat Lipoic acid (Kendler, 2006)

Carbohydrate Betaine (Kendler, 2006)

Serine (Holeček, 2022)

Glutamine (Leguina-Ruzzi and Cariqueo, 2017)

Creatine (Ostojic and Forbes, 2022)
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disrupting the TCA cycle and energy metabolism) (Schiller
et al., 1977; Nurchi et al., 2020)

• Illicit drug use that modifies molecular networks (Patkar et al.,
2009)

• Specialized diets that lead to deficits unique to the diet (e.g.,
ketogenic, vegan, vegetarian, intermittent fasting, caloric
restriction, caloric excess; Calton, 2010; Thomas et al., 2016;
Churuangsuk et al., 2019)

• Genetic variants (SNPs) that modify specific nutrient require-
ments (e.g., MTHFR and B12/folate/riboflavin; FAD1 and
EPA/DHA; PEMT and choline; HFE and iron; Mathias et al.,
2014; Amenyah et al., 2020)

Why deficits and excesses scale across molecular networks:
Essential inputs and the participation number

Essential inputs are frequently required in microgram or milligram
amounts. Given these relatively small requirements, the impact of
these inputs is often not given its due consideration. This is why it is
important to view them from the vantage point of their participa-
tion number (PN) (Ames et al., 2002). The PN refers to the number
of fundamental processes dependent upon a given input. In prac-
tice, this usually means the number of genes, enzymes, or signaling
cascades in which a given input (often nutrient) is required. From
this vantage point, it becomes evident that the effect of a single
deficit can spread across 200, 300, or even 400 or more gene,
transcription, signaling, or enzymatic processes comprising as
many as 15% of the primary metabolic reactions in a human for
a single input. As two, three, or more input deficits aggregate, their
effects on molecular networks begin to scale. A glimpse at the
participation number of selected inputs can be seen in Table 3.

Hydration status: An example of critical input quantification

Hydration status can be singled out as a predominant input since it
is one of the single most influential modifiers of human perform-
ance in all extreme environments. Minor states of underhydration
are well known to degrade performance. However, a loss of water
greater than �2% of body mass (hypohydration) leads to substan-
tial decreases in exercise performance, sport performance, work
performance, cognitive function, decision-making, and mood. It
also increases the risk of poor exercise tolerance, exertional heat
illness, or exertional heatstroke for individuals exerting in hot and
humid environments (Sawka et al., 2015). This is amplified in
careers where protective suits must be worn in extreme heat/
humidity environments (firefighters, military). However, hypohy-
dration can also occur due to diuresis from both cold and altitude
exposure. Concomitant relative hypovolemia and absolute hypo-
volemia appear to be a prerequisite for hypohydration that impairs
aerobic performance.

Watson et al. have demonstrated that mildly dehydrated sub-
jects in a driving simulator made as many errors (like crossing over
a rumble strip, late braking, and lane drifting) as those who oper-
ated with a blood alcohol concentration of 0.08%. The brain EEG
data showed that impairment in mood, decision-making, and
vigilance were likely to translate into greater actual driving errors
in the real world.

Moreover, the error rate in driving in this mildly dehydrated
state was similar to what they found in their previous studies
of those consuming 2.5 oz of vodka (Watson et al., 2015). In a
study of dehydration and decision-making, thosewho ingested only

6 oz of water in one day (compared to a norm closer to 125 oz)
committed 12% more errors in a cognitively loaded game scenario
(Stachenfeld et al., 2018).

Deliberate attention to hydration status and hydration strategies
is essential in all extreme operations. It bears noting that all meas-
ures of hydration status have limitations and should be viewed
accordingly (Barley et al., 2020).

Beyond inputs: The process layer and performance

While this overview has highlighted the importance of essential,
conditionally essential, and nonessential inputs, a critical feature in
understanding molecular networks is also to query the extensive
and complex process layer. The process layer essentially encom-
passes all fixed genomic elements, along with all other molecular
dynamics that are fundamental tometabolism. In daily practice, it is

Table 3. Participation number of selected essential inputs

Input Process involvement and participation number

S-Adenosylmethionine S-adenosyl-L-methionine (AdoMet) is the second
most commonly used enzyme cofactor after ATP
(Cheng and Blumenthal, 1999; Luo et al., 2019;
Zhang et al., 2022)

Iron Roughly 2% of human genes encode an iron
protein. It is estimated that 6.5% of all human
enzymes are iron-dependent (Andreini et al.,
2018)

Magnesium To date, the enzymatic database lists over 600
enzymes for which Mg2+ serves as a cofactor
(15%), and another 200 in which Mg2+ may act as
an activator (5%) (de Baaij et al., 2015)

Nicotinamide (B3) The ENZYME database lists over 400 NAD(P)-
dependent reactions (10%), giving it the potential
to influence almost every area of metabolism
(Ames et al., 2002)

Pyridoxine (B6) Pyridoxal-5-phosphate (vitamin B6) is utilized by
112 (3%) of the 3,870 enzymes cataloged in the
ENZYME database (Kirkland, 2012)

Riboflavin (B2) A flavin-containing cofactor, FAD or FMN
(riboflavin-derived), is utilized by 151 (4%) of the
3,870 enzymes cataloged in the ENZYME database
(Ames et al., 2002)

Selenium Selenium (Se) is critical for the formation of
thyroid hormone through its role in deiodinase
enzymes. Though the total number of enzymes
dependent on Se is low, its reach is substantial,
given that thyroid hormone impacts all energy
metabolism in cells (Schomburg, 2012)

Vitamin D Roughly 10 % of all genes possess sites for the
vitamin D binding protein (Ramagopalan et al.,
2010)

Zinc An estimated 3,200 genes of the human genome,
comprising roughly 15% of the total protein-
encoding genes, encode proteins that bind or are
predicted to bind zinc ions (Andreini et al., 2006;
Maret, 2013)

Note: The numbers referenced in the table are referred to as “participation numbers,” owing
to the number of fundamental processes dependent upon a given input. These can be
reported as the number of enzymes or processes, or as the percentage of genes or enzymes in
which the input is involved. The aggregation of two, three, or more input deficits (and the sum
of their participation influence) can begin to scale significantly acrossmolecular networks and
human systems, which can have notable implications for health, safety, performance, and
recovery.
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impractical to query all molecular features within the process layer.
However, there is value in measuring markers that have a known
influence on performance and recovery, ideally coupled with those
that can lead to actionable countermeasures.

One example of how process-associatedmolecularmeasures can
impact performance regards inflammation. For instance, elevated
IL-6, IL-1β, TNFα, INFγ, and in some cases, hsCRP are associated
with attributes critical to performing (and safely so) in extreme
environments such as altered decision-making and diminished
psychomotor speed (Rawls et al., 2019). For instance, in one study,
psychomotor speed for older adults was shown on average to be
169 ms slower in reaction time tests than for young adults. How-
ever, when the level of IL-6 was used to divide the group into high-
and low-inflammation classes, the high inflammation group
showed a reaction time 90milliseconds slower than the low inflam-
mation group, even though the high inflammation group now had
younger people as a part of it (Balter et al., 2019). This suggests that
inflammation is an important modulator of diminished psycho-
motor speed, as opposed to mere aging.

This is consistent with another study of 93 people between the
ages of 21 and 65who suffered from depression. IL-6 was associated
with impaired reaction times in all seven measures used to detect
psychomotor slowing. MCP-1 was associated with two of the
measures of slowing (Goldsmith et al., 2016).

Baseline levels of hsCRP have also been used to assess whether
warfighters were at greater risk of reporting symptoms of post-
traumatic stress upon returning from combat. Blood CRP levels,
physiological, and psychological parameters were determined pre-
deployment and at approximately 3 and 6 months following a
seven-month deployment. hsCRP predominantly influenced the
likelihood of subjects reporting the presence versus absence of PTS
symptoms (rather than the extent of symptoms when present). The
authors suggested that high baseline hsCRP levels may mark a
“state of vulnerability” (Eraly et al., 2014). Similar findings of
potential increased “vulnerability” have been reported for concus-
sion in young American football players with elevated IL-6 and
IL-1RA (Nitta et al., 2019).

Though some of the above studies would benefit from greater
subject numbers, such findings suggest that identifying and cor-
recting such inflammatory statesmight become a foundation of PM
for such operations. These findings also raise the prospect of using
inflammatory markers as one predictive tool for optimizing health
and performance in those entering extreme environments. In cer-
tain operators such as fighter pilots traveling 1,500 mph, race car
drivers traveling 200 mph, baseball hitters evading a 98-mph fast-
ball, or air traffic controllers, decrements in psychomotor speed
may also impact safety.

A set of measures commonly used to assess inflammatory status
include MCP-1, sICAM-1, sCD40L, IL-1β, IL-6, IL-10, IL-8,
IL-12p40, INFγ, and hsCRP. Below, the concept of FCN will be
explored as one means to analyze the process layer more deeply.

Diet and nutrition

Diet and nutrition are among the most influential inputs on human
performance since they shape almost all areas of metabolism.
Because the subject matter is beyond the scope of this overview,
only select examples are used to illustrate specific points of
emphasis. In keeping with the concept of the previous examples
of psychomotor response and performance, psychomotor vigilance
and diet are explored below.

NASA uses the Human Exploration Research Analog (HERA)
in Houston to study controlled habitation on Earth as an analog for
spaceflight. The HERA Campaign 4 contained a 45-day mission
examining the effect of standard spaceflight diet as used on the
International Space Station (ISS) and compared that with an
enhanced diet (ED) in 16 subjects.

The enhanced diet provided > 6 servings fruits and vegetables
per day, 2–3 servings (8–12 oz) of fish per week, > 5 tomato-based
(lycopene-rich foods) per week, and >2 flavonoid-rich foods per
day. Protein intake was maintained between 1.2 and 1.7 g/kg/day,
vitamin D at 800 IU/day, iron around 10 mg/day, calcium between
1,000 and 1,200 mg/day, and sodium around 2,300 mg/day.

Vigilant attention was evaluated using the Psychomotor Vigi-
lance Test (PVT), which was administered twice at baseline (pre-
mission) and three times weekly over the 45-day mission. Those on
the enhanced diet showed improved reaction speed (p = 0.014),
improved accuracy (p = 0.022), and fewer attention lapses
(p = 0.0047) than those consuming the standard diet during the
mission (Douglas et al., 2022).While PVT is not a direct measure of
performance, it has been shown to be predictive of simulated
spacecraft docking performance (Basner et al., 2020) and is correl-
ated with rates of serious medical errors made by resident phys-
icians (Rahman et al., 2021). In general, this study demonstrated the
potential impact of a basic dietary enhancement on an important
measure associated with success in an extreme environment.

We recently examined for molecular deficits in 30 American
collegiate football players entering theNFL (professional) draft who
were from different university programs. We identified several
deficits in common across the cohort such as vitamin D, omega-3
fatty acids, magnesium, AA/EPA ratio, and elevated homocysteine.
These patterns were detected in roughly 80% of the cohort. Of
further note was the finding that 70% of those university programs
had full-time dieticians or nutritionists (Kunces et al., 2021). This
suggests that dietary recommendations alone are often not suffi-
cient to prevent molecular deficits and that molecular profiling for
the purpose of detecting deficits is an important adjunct to profes-
sional dietary advice that can be used to guide individualized
intervention.

In general, PM application of dietary and nutritional support
can be facilitated by food frequency questionnaires, coupled with
laboratory testing aimed at characterizing essential and condition-
ally essential dietary inputs. Intervention often requires a combin-
ation of dietary changes and nutritional supplementation.

The gut microbiome: An engine of local and systemic
metabolic activity

The gut microbiome is a complex system consisting of bacteria,
viruses, archaea, fungi, and protozoans. This community of organ-
isms metabolizes and modifies dietary substrates to produce a vast
array of compounds that modulate host immunity, vitamin syn-
thesis, maintenance of gut barrier integrity, the microbial commu-
nity itself, and numerous systemic processes.While strongly shaped
by diet, other influences such as drugs, exercise, and sleep strongly
impact its composition. Some of the gut microbiome molecular
products act enterically, while others are absorbed and distributed
systemically for more distant action (such as through exosomes or
distributed through the bloodstream).

Understanding these complex dynamics for clinical application
can be challenging. Therefore, it is useful to consider several basic
principles before entertaining actionable steps. First, untargeted
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microbiome analysis can yield patterns of interest, though using
targeted analyses to confirm such findings (e.g., strain vs. species)
adds needed refinement. Second, patterns derived from untargeted
analyses are not typically used in diagnosis, as diagnosis is best left
to standard fully quantitative methods. Third, since there is vari-
ability between labs conducting untargeted microbiome analyses
(sampling, analytical methods, statistical processing, and interpret-
ation), it is important to keep this variability inmind when drawing
conclusions.

Given this, untargeted microbiome analysis is used extensively
as a research tool, though commercial laboratories have emerged
that provide microbiome services to consumers. These often use a
combination of their own reference populations, coupled with
populations derived from public databases. Some of them also
provide species-level resolution.

In extreme environments, there is a minimal set of microbiome-
associated questions that can often generate useful information for
clinical follow-up. While the following list is in no way compre-
hensive, it permits a basic entry into the domain of gut microbiome
surveillance that may lead to actionable targets. Questions include
(but are not limited to):

• What are the positive and negative impacts of exercise on the
gut microbiome (Gill et al., 2015; Mohr et al., 2020)?

• What is the status of selected gut-derived systemic metabolites
that confer benefit (e.g., butyrate, SCFA;Den Besten et al., 2013;
Scheiman et al., 2019; Agus et al., 2021)?

• What is the status of selected gut-derived systemic metabolites
that confer harm or facilitate metabolic dysregulation (e.g.,
secondary bile acids (cognition), p-cresol; (Schmidt et al.,
2020a; Varma et al., 2021; Ahmed et al., 2022)?

• What is the individual gut microbial community structure and
diversity profile? How does this compare to different popula-
tions (general public, fit individuals, IBD/IBS; Vijay andValdes,
2022)?

• What is the status of selected keystone species with known
biological action (e.g.,Akkermansiamuciniphila, Faecalibacter-
ium prausnitzii; Azad et al., 2018; Effendi et al., 2022)?

• What is the status of pathogenic organisms (e.g., fungi, proto-
zoans, clostridial species; Burgess et al., 2017; Libertucci and
Young, 2019; Zhang et al., 2022)?

• Are there pathogenic organisms in the environment that may
influence the host response (Yoo et al., 2020; Panthee et al.,
2022)?

• What is the status of selected measures of gut barrier integrity
(e.g., zonulin, calprotectin)? What is the impact on health and
performance of disordered gut barrier integrity (Chelakkot
et al., 2018; Ribeiro et al., 2021)?

• What is the daily intake of dietary substrates that shape gut
microbiome composition (e.g., dietary fiber types, dietary fiber
total daily intake; Singh et al., 2017; Reynolds et al., 2019;
Miketinas et al., 2020)?

• What is the daily dietary intake ofmicronutrients that influence
mucosal barrier integrity (e.g., glutamine, omega-3 fatty acids;
Zuhl et al., 2015; Costantini et al., 2017)?

• What is the status of gastrointestinal symptoms (Wang et al.,
2015; McKenna et al., 2022)?

Translating the gut microbiome literature to individuals can be
challenging. Understanding an individual’s untargeted gut micro-
biome report can also be challenging, but it can yield data one step
closer to providing useful, actionable clinical decision support or in
generating new hypotheses. This is especially true when the analysis

adds targeted measures based on standard methods and calibration
curves for individual analytes.

Gastrointestinal problems and persistent clinical symptoms are
common, and often debilitating in humans operating in extreme
environments (Wang et al., 2015). They can impact everything
from individual performance to team cohesion. Characterizing
the dynamics of the gut microbiome and its associated metabolic
fingerprint will increasingly become necessary in order to optimize
individualized countermeasures. At this stage of our understand-
ing, a combination of untargeted and targeted measures will be
essential to unravel the connection between the microbiome, the
clinical phenotype, and the operating environment, as well as the
long-term host response.

The exposome: A source of nonessential inputs

One of the most underutilized tools in PM in extreme environ-
ments is exploration of the exposome. The exposome is the sum of
external factors towhich a person is exposed during a defined epoch
or over a lifetime. Because the subject is extensive, the focus herein
is limited by illustration to concepts of drug prescribing and
selected examples of environmental xenobiotics as nonessential
inputs that might be encountered in extreme environments.

The exposome: Drug exposure and principles of prescribing

The drug exposome is one component of the exposome that is fully
within the control of individuals and can be seen as being most
amenable to regulation. The need for enhancing efficacy and min-
imizing adverse events (AE) in drug prescribing for extreme oper-
ations is heightened because of the additional emphasis on
performance and safety of operations. Therefore, a foundation of
best practices should generally consider analysis of and correction
for the following:

• Drug–gene interactions
• Drug–drug interactions
• Drug–herb interactions
• Drug–food interactions
• Drug–nutrient interactions

Drug–gene interactions
Drug–gene interactions fall within the domain of pharmacogen-
omics. Pharmacogenomics is the study of gene variants that influ-
ence the regulation of drug metabolism. It broadly considers single
nucleotide polymorphisms, insertions, deletions, copy number
variants, and other modifications to the genes involved in drug
metabolism. One example can be used to explore the relevance of
pharmacogenomics to people operating in extreme environments.

Codeine is among the opioid analgesics that is used to relieve
mild to moderately severe pain. The enzyme CYP4502D6 (cyto-
chrome P450 2D6) converts codeine to the active metabolite mor-
phine, which is responsible for the analgesic effects of codeine. In
those who carry two inactive copies of the 2D6 allele (poor metab-
olizers; ~10% conversion to morphine), there will be inadequate
pain relief, due to inadequate morphine formation.

Conversely, those who carry more than two functional 2D6
copies more rapidly and completely convert codeine to morphine.
These are the ultrarapid metabolizers (UM; 40–50% conversion to
morphine) wherein even normal doses of codeine may lead to
symptoms of morphine overdose. Included are shallow breathing,
sleepiness, confusion, sweating, nausea, vomiting, constipation,
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dizziness, drowsiness, laryngospasm, and others (Dean and Kane,
2012). Of note, morphine, oxycodone, and tramadol are among
other analgesics whose metabolism is impacted by the 2D6 UM
genotype (Smith, 2009).

This knowledge is useful in operational settings because mor-
phine overdose symptoms can threaten performance, health, safety,
and even survival. In practice, one can single out CYP4502D6
ultrarapid metabolizers using pharmacogenomics and assure that
codeine is not used in these individuals for any purpose. For
perspective, roughly 3% of African Americans, 1–10% of Cauca-
sians, and 16–28% of North Africans and Ethiopians are CYP2D6
UMs (Bertilsson et al., 2002; Gasche et al., 2004; U.S. Food andDrug
Administration, 2019). For CYP4502D6 poor metabolizers,
codeine is not indicated because it is not effective.

The potential impact of genetic variants on drug metabolism in
those operating in extreme environments can be further context-
ualized by an investigation of a large military veteran cohort. Out of
7,769,356 veterans who took part in the study, nearly 55% took at
least one drug with strong evidence of altered metabolism associ-
ated with a specific gene mutation over the 6-year study period.
More than 33% were given a new prescription for one of these
drugs. Notably, of that 33%, 38% were prescribed more than one
drug for which pharmacogenomics data could guide dosage, usage,
and predict outcomes.

Of particular concern, of the 533,928 of those who received new
prescriptions of simvastatin, 25.6% were projected to have a SNP
variant in SLC01B1 (solute carrier organic anion transporter family
member 1B1), which may put them at risk for myopathy no matter
the dose. Twenty-five percent of those were prescribed an 80 mg
dose, putting those individuals at further risk (Chanfreau-Coffinier
et al., 2019).

The potential value in pharmacogenomic profiling can be illus-
trated in one of the first large-scale studies of its kind in 6,944
patients conducted by the Ubiquitous Pharmacogenomics Consor-
tium. Of the total cohort, 93.5% carried at least one actionable
genetic variant based on an analysis of 12 genes (CYP: 2B6, 2C9,
2C19, 2D6, 3A5; DPYD; F5; HLA-B; SLCO1B1; TPMT; UGT1A1;
VKORC1). Of these carriers, 30.5% carried two and 26.0% carried
three actionable variants.

In patients with an actionable test result for the index drug
(n = 1,558), a clinically relevant adverse drug reaction occurred
in 21.0% of patients who underwent pharmacogenomic screening
to guide prescribing. In contrast, 27.7% in the control group experi-
enced clinically relevant adverse events. For the index drugs, the
highest numbers of patients with an actionable variant were
observed for atorvastatin (28.5%), tramadol (48.3%), and clopido-
grel (27.8%). For drugs overall (taken by >25 patients and with
actionability >20%), the highest extent of actionability was seen for
venlafaxine, metoprolol, tamoxifen, codeine, oxycodone, amitrip-
tyline, warfarin, simvastatin, sertraline, citalopram, and escitalo-
pram (Swen et al., 2023).

Many of these drugs would be found in the clinical regimen of
general military, military Special Forces, SWAT, spaceflight, ath-
lete, first responder, search and rescue, or other high-performing
individuals. In the clinical care of those operating in extreme
environments, it is these small incremental gains and losses that
aggregate to influence operational performance and safety. Schmidt
et al. have published a pharmacogenomic strategy for astronauts
that can be extrapolated for use in any extreme operating environ-
ment. In this application, a table of preferred and rejected drugs can
be built for each individual on a team, which can guide physician
prescribing (Schmidt et al., 2022).

Drug–drug interactions
Drug–drug interactions may occur when two or more drugs are
given concomitantly and one drug either induces or inhibits the
metabolism of the other drug. The principle of drug–drug inter-
actions can be represented by examining CYP4503A4, one of the
cytochromes responsible for the metabolism of roughly 50% of
prescription drugs (Low et al., 2018). CYP450 3A4 is the enzyme
required for the metabolism of zolpidem (Ambien), a drug com-
monly used for insomnia in high-performance environments like
spaceflight and military. Zolpidem is a substrate for CYP4503A4
metabolism. If circumstances also require the concomitant admin-
istration of a drug like erythromycin (a known inhibitor of
CYP4503A4), the erythromycin will slow down zolpidem metab-
olism and extend zolpidem’s effect over time.

This may cause the effect of zolpidem to carry over into daytime
operations with potential adverse effects on operational execution
or safety. Drugs like sertraline (Zoloft), escitalopram (Lexapro), and
fluoxetine (Prozac) used in depression will have a similar effect on
zolpidemmetabolism (Low et al., 2018). These types of interactions
are widespread and often not considered for drug therapeutics in
operating environments. The clinical attention to these does not
require testing, but rather evaluation of the extensive published
tables of drug–drug interactions. The Flockhart Table developed at
the University of Indiana is widely used for this purpose (Flockhart
et al., 2021).

Drug–herb interactions
Hypericum perforatum (commonly known as St. John’s wort) is
frequently used in depression and is an inducer of CYP450 3A4.
This is a classic example of a drug–herb interaction, in which the
induction of CYP3A4 causes it to metabolize an active drug more
rapidly. Mechanistically, hypericum increases the expression of
both CYP3A4 and P-glycoprotein (P-gp), which leads to increased
drug metabolism and reduced cellular uptake, respectively
(Rombolà et al., 2020).

One example of a drug that is metabolized by CYP3A4 is the
antipsychotic medication, clozapine. In a 2012 clinical case, a
female patient, who had been taking a 500 mg daily dose of
clozapine, began experiencing a reduction in the efficacy of her
medication. Blood tests revealed a sudden decrease in plasma
concentrations of clozapine, which coincided with the worsening
of her clinical symptoms. Clinicians discovered that she had begun
to self-medicate with 900 mg daily of St. John’s wort. Following her
discontinuation of St. John’s wort, the patient’s clozapine plasma
concentrations increased and her psychiatric condition improved
(Van Strater and Bogers, 2012).

Kratom (Mitragyna speciosa) is a botanical now in wide use by
athletes, soldiers, and others operating in extreme environments for
its opioid-like effects. Kratom alkaloids, such as mitragynine
(MTG), may be of clinical relevance as they have been shown to
be inhibitors of CYP450 2D6 and may interfere with the metabol-
ism of drugs such as haloperidol, chlorpromazine, thioridazine,
perphenazine, risperidone nortriptyline, paroxetine, fluoxetine,
venlafaxine, desipramine, propranolol, metoprolol, timolol, and
alperolol (Ayano, 2016; Kamble et al., 2020).

Drug–food interactions
Cabbage (Brassica oleracea) is a commonly ingested cruciferous
vegetable that contains high levels of glucosinolates that are metab-
olized in the liver to produce bioactive compounds like isothio-
cyanates, indoles, and dithiolethiones (Esteve, 2020). This class of
compounds interacts with drug metabolism through different
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mechanisms. Firstly, they can induce cytochrome P450 (CYP)
enzymes and increase their activity in the liver. For instance,
indole-3-carbinol (I3C) found in cabbage may induce CYP1A1,
CYP1A2, and CYP1B1, leading to enhanced metabolism, such as
caffeine, melatonin, olanzapine, and theophylline. As a result, the
efficacy of the drugs may be reduced, and their clearance from the
body increased (Abdull Razis et al., 2010). Alternatively, cabbage
and its bioactive compounds may also inhibit drug metabolism by
down-regulating CYP enzymes or inhibiting drug transporters. For
example, sulforaphane, another bioactive compound in cabbage,
has been shown to inhibit CYP2C9 and CYP3A4 enzymes that are
involved in the metabolism of many drugs, including sertraline,
codeine, fentanyl, and sildenafil, among others (Zhou et al., 2007).

More generally, cruciferous vegetables, such as broccoli, Brus-
sels sprout, cabbage, cauliflower, radish, and watercress, have been
found to have significant, quantifiable effects on drug-metabolizing
enzymes. While the data is still scarce and isolating the effects from
specific Cruciferae species can be challenging, one study found that
the ingestion of cruciferous vegetables increased CYP1A2 activity
by 20–40% (Eagles et al., 2020). Taken together, the induction or
inhibition of drug-metabolizing enzymes such as CYP1A1,
CYP1A2, CYP1B1, CYP2C9, and CYP3A4, can lead to the altered
metabolism of a wide range of drugs, such as acetaminophen,
warfarin, and metformin (Platel and Srinivasan, 1997; Steinkellner
et al., 2001; Hladun et al., 2021).

Drug–nutrient interactions
There exists an extensive body of literature on drug–nutrient
interactions that lead to nutrient deficits that negatively impact
the clinical phenotype (Péter et al., 2017; Mohn et al., 2018). For
example, metformin can be used to illustrate one such dynamic as a
demonstration of principle. It is well-established that metformin
leads to vitamin B12 deficiency on a dose-dependent basis. This
correlates with a predicted elevation of homocysteine (Hcy) in a
high percentage of users over time. The resultant decrease in B12
and the rise in Hcy have also been associated with a worsening of
the clinical phenotype, such as neuropathy.

In one analysis of those who took metformin for at least
6 months, vitamin B12 deficiency was observed in 22.2% of
patients. This argues for providing supplemental B12, while also
monitoring B12, methylmalonic acid, and Hcy status in metformin
users (Beger et al., 2020). Beyond the specific example, it also
highlights the importance of addressing drug–nutrient interactions
in all drug prescribing for those in extreme environments.

Careful prescribing to avoid banned drugs

Since many in extreme environments (sports, some occupations)
are prohibited from using banned substances, clinicians must
always remain cognizant of the individual drugs that have been
banned by various organizations. Otherwise, it is possible to inad-
vertently prescribe a banned drug that places the individual’s
participation or even career in jeopardy.

For example, glucocorticoids that are administered by certain
routes are prohibited by theWorld Anti-Doping Agency (WADA).
In one survey of 603 sports medicine physicians (30 countries), less
than 25% accurately identified which routes of glucocorticoid
administration are prohibited in competition by WADA. There
was also considerable variation in the length of time before com-
petition that the use of glucocorticoids would compel the physician
to consider applying for a therapeutic use exemption (Hughes et al.,
2020).

Concerns about drug overuse in extreme environments

Because of the extensive demands of heavy training, competition, or
operations, the use of performance-enhancing drugs, illicit drugs,
and/or unapproved drugs must be considered in operators in
extreme environments. For example, US Navy SEALs have tested
positive for cocaine, methamphetamine, heroin, marijuana, and
ecstasy. They sometimes use Viagra to avoid lung fluid buildup in
extremewater training. This has resulted in injury and death (Clean
Sport, 2023).

One significant area of concern for those operating in extreme
environments is the excessive use of analgesics. For example, it has
been observed that athletes use up to four times more analgesics
than their age-matched counterparts (Holgado et al., 2018; Zando-
nai et al., 2021).

Codeine is among the analgesics widely used among athletes. Its
pharmacogenomic profile and links to symptoms of morphine
overdose have been described above. Tramadol is another analgesic
widely used by athletes (Baltazar‐Martins et al., 2019). Like codeine,
it is also metabolized via CYP4502D6. Ultrarapid 2D6 metabolizer
phenotypes are more likely to convert tramadol to morphine and
place the user at risk of morphine overdose symptoms. Moreover,
tramadol carries a greater risk of addiction, due to its euphoric
properties. Knowledge of genetic variants could help optimize
treatment with tramadol to achieve better pain control (Peiró,
2018). It is important to understand that when the pharmacoge-
nomic profile of a high-performing individual is known, many
adverse drug reactions can be avoided because they are predictable
and repeatable.

Dietary supplement contaminants and adulterants

The precision nutrition approach based on essential and condition-
ally essential inputs often leads to countermeasure approaches that
require intervention by dietary changes or dietary supplement use.
Dietary supplement use is widespread among those operating in
extreme environments (e.g., athletes) because they are generally
perceived as providing an advantage. The most frequently reported
reasons for such use are improving athletic performance, improv-
ing health, and accelerating recovery. Depending upon the popu-
lation, supplement use varies between 11 and 100% of athletes
polled (Daher et al., 2022). When guided by laboratory testing,
such supplementation can be done with even greater precision and
is often crucial to restoring metabolic network efficiency.

However, a foundation of this practice should also consider
attention to contaminants and adulterants, which represent
another hidden element of the exposome. Contaminants are those
agents sometimes present in a product that was either inadvertently
present or accrue via poor supply chain management and poor
manufacturing practices. Adulterants are those agents (e.g., drugs)
that have been deliberately added to a supplement in order to
enhance its effect (Mathews, 2018).

Among the most relevant classes of contaminants are metals,
microbes, toxins, mycotoxins, pesticides, herbicides, dioxins, and
PCBs, as well as pharmacologically active ingredients (Costa et al.,
2019). In one report of adulterants, four experimental stimulants
were found in sports and weight loss supplements, including
2-amino-6-methylheptane (octodrine), 1,4-dimethylamylamine
(1,4-DMAA), 1,3-dimethylamylamine (1,3-DMAA) and 1,3-
dimethylbutylamine (1,3-DMBA) (Cohen et al., 2018).

An analysis of the US Food and Drug Administration (FDA)
warnings from 2007 to 2016 revealed that unapproved
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pharmaceutical ingredients were identified in 776 dietary supple-
ments. These products were most commonly marketed for muscle
building, sexual enhancement, or weight loss. The most common
adulterants were synthetic steroids or steroid-like ingredients for
muscle-building supplements, sibutramine for weight loss supple-
ments, and sildenafil for sexual enhancement supplements. Not-
ably, 157 products (20.2%) contained more than one unapproved
drug ingredient (Tucker et al., 2018).

Organizations, individuals, and clinicians have addressed this
issue by seeking products from companies that submit their prod-
ucts to third-party testing for contaminants and adulterants (Vento
and Wardenaar, 2020). One such global organization based in the
United States is NSF. NSF is an independent organization that
currently screens supplements for 280 substances banned by most
major athletic organizations (NSF Certified for Sport). This
includes undeclared ingredients like stimulants, narcotics, steroids,
diuretics, beta-2-agonists, masking agents, and other substances. In
the US, major league baseball, hockey, and football (Canada) are
permitted to only provide and recommend supplement products
that are Certified for Sport. Other leagues are beginning to follow
suit. Clinicians who adhere closely to these sameNSF standards will
offer a valuable service to their patients who operate in extreme
environments (Tucker et al., 2018; Crawford et al., 2022).

The exposome: Environmental exposures

Environmental exposures in extreme operating environments can
occur during training, deployment, or competition. Three examples
are noted below to highlight this point. The HunterSeven Founda-
tion recently commissioned a study of over 3,000 military respond-
ents who had deployed to Afghanistan at least once between 2001
and 2018 (Dow, 2021). The study revealed the following:

• 36% of respondents reported being directly involved with an
improvised explosive device (IED) blast.

• 75% of respondents reported having some IED-related expos-
ure.

• 51% of respondents reported unexploded ordnance exposures.
• 41% of respondents reported active chemical exposures (mostly

to the skin).
• 19% of respondents reported being exposed to Depleted Uran-

ium.
• 18% of respondents reported exposure to asbestos.
• 13% of respondents reported exposure to radiation.
• 79% of respondents reported burn pit exposures on base.

After a series of respiratory complaints were presented by a group of
Berlin police officers, a study was undertaken to assess duration of
exposure to the indoor firing range, blood metal content (lead,
antimony, manganese), and respiratory measures (plethysmogra-
phy). Witt et al. observed increased blood lead concentrations
depending on the subject’s age (+1.2% per year) and cumulative
gunshot exposure (+0.34% per 100,000 shots). This was accom-
panied by differences in forced expiratory volume between the
groups (Witt et al., 2023).

These findings are consistent with a meta-analysis wherein
31 studies showed blood lead levels (BLLs) > 10 μg/dL in some
shooters, 18 studies with BLLs >20 μg/dL, 17 studies >30 μg/d, and
15 studies with BLLs >40 μg/dL (Laidlaw et al., 2017). The literature
suggests that BLLs in shooters are associated with the number of
bullets discharged and the caliber of weapon fired, which is asso-
ciated with lead aerosol discharge from guns and air lead at the

firing ranges. Previous studies have shown that elevated lead
(10.76 μg/dl) in recreational pistol shooters was associated with
impaired verbal memory (Asa-Mäkitaipale et al., 2009).

The uptake and elimination of targeted volatile organic com-
pounds have been investigated in firefighters by collecting the
exhaled breath on sorbent tubes before and after controlled struc-
ture burns. When data were assessed at the group level, benzene
concentrations were found to be elevated post-exposure in victim
search, fire attack, and outside ventilation firefighting positions.
However, examination of data at the individual level demonstrated
that some firefighters may be more susceptible to post-exposure
volatile organic compounds increases than others (Wallace et al.,
2019).

Assessment of the exposome, the clinical phenotype of variable
exposures over time, and understanding measures of individual
susceptibility is a complex dynamic in the extreme environment
setting. However, it is justifiable that clinicians give appropriate
attention to the history of potential exposure and pursue the
relevant targeted molecular analytics in order to formulate a pre-
cision clinical management strategy. In alignment with the foun-
dational premise outlined herein, knowable, actionable xenobiotic
loads should be addressed, so that they are not carried unattended
into the operating environment.

Use of laboratory analytics to query molecular networks

The general approach to pattern-focused assessment is not unlike
the neonatal examination for inborne errors of metabolism,
wherein a suite of metabolic markers is assessed to determine the
potential origins of a specific functional or structural deficit (Tebani
et al., 2016). Inborn error assessment is also performed so that any
potential inherited errors of metabolism are detected early enough,
whereby early intervention can be applied and adverse clinical
outcomes can be prevented (or minimized).

In the case of human performance, one can query a suite of small
molecules (<1,500 amu) for what might be appropriately deemed
functional errors of metabolism. This may also include genetic
variants that do not severely impact the phenotype though they
may consistently and repeatedly lower metabolic network effi-
ciency. The latter case may require specific intervention to enhance
those networks (or pathways) or limit the adverse impact of an
intermediary metabolite (e.g., homocysteine, adipate, suberate,
superoxide).

Laboratory testing: Longitudinal and serial measures

Single time-point measures can bemisleading if there is not a stable
baseline developed. Moreover, the demands of long-term training
and even short-term training can modify the levels of a range of
molecular species. For instance, in our multi-omic work with the
NASA Twins Study of One Year in Space (Garrett-Bakelman et al.,
2019), the SpaceX Inspiration4 mission (Overbey et al., 2023) and
the SpaceX Polaris Dawn mission, three to six baseline samples
were analyzed. This approach obviates the need to rely on only one
baseline measure to interpret the pre-mission status of a given
individual. It also permits the clinician the ability to monitor the
trajectory of changes that may occur in the run-up to a stressful
deployment by comparing several baseline measures with one
another.

Fundamentally, collecting serialmeasures over time (e.g., four to
six times per year) creates the ability to describe molecular changes
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over the course of a training program, competitive season, mission
in the field, or career. Importantly, serial testing also allows the
clinician to identify patterns of variance post-mission, post-
deployment, or post-season, so that corrective measures can be
implemented to enhance recovery and optimize physiology in
advance of the next operating deployment (mission, season; Pedlar
et al., 2019).

Laboratory testing: Preanalytical factors

To assure the reliability and repeatability of analytical values, one
must address pre-analytical factors that introduce the chance for
false discoveries. Preanalytical factors are those factors involved in
the procurement, storage, and transport of specimens before they
are analyzed. It is the goal of PM to capture true biological variance
to the greatest extent possible. This means removing as much
experimental variance as possible. Experimental variance is com-
prised of those things that clinicians, technicians, couriers, and
investigators do in order to capture the human biological specimens
before they are analyzed. One of the most common pre-analytical
errors regards improper specimen temperature or the introduction
of freeze–thaw cycles (Kirwan et al., 2018).

An example of modeling experimental variance is batch effects.
This might occur in a circumstance where team or crew samples are
collected for analysis but are analyzed individually rather than in a
single batch. This is a greater problem in untargeted multi-scale
omics investigations use for research (high dimensionality), as
opposed to the targeted analyses usually conducted in PM
(Rasnic et al., 2019; Stopsack et al., 2021). Another example is time
of day collection. Time of collection should be kept consistent
unless one intends to study the time-variance of individual analytes.
Otherwise, one might model time rather than the analytes in
question.

In general, one should take great care to create as much homo-
geneity across every step of the preanalytical process as possible.
This is done by exerting tight process controls. Where processes
cannot be controlled, careful annotation should be applied for use
in post hoc analysis.

Assessing clinical and performance outcomes

A critical feature of PM in extreme environments is that the
intervention be tied to measurable health and performance

outcomes. This initially requires that one not be satisfied with the
mere return of abnormal analytical values to the normal or optimal
range. It is fundamentally important that objective and subjective
measures of health, fitness, and performance be part of the foun-
dation of this application of PM (see Tables 7 and 8). Since each
unique operating environment will have its own conditions and
requirements, the definition of what constitutes a suitable outcome
will vary and must be customized to meet performance demands in
those conditions.

Molecular class assessment in PM

Foundational to the practice of PM in extreme environments is the
capture of a suite of analytes that provides a suitable picture across
metabolic networks that is relevant to the environment or the task.
While it is beyond the scope of this overview to outline the full
extent of these measures, a minimal list of targeted analytes to
consider is outlined in Table 4. In many cases, the mission or
purpose may determine which tissue, fluid, or compartment is
optimal for a given analyte. For instance, the authors prefer the
reliability of red blood cells when assaying for fatty acid status.
However, given the proper controls, plasma may be suitable. In
general, plasma reflects day-to-day status, while RBC reflects long-
term status over several months.

Using functionally characterized networks: An example of
PM concepts in practice

One approach to reducing complexity in PM is to evaluate FCN,
wherein discrete boundaries are established around elements of
a given pathway or network known to have a substantial impact
on the clinical phenotype. FCN can be used with a number of
constraint-based reconstruction and analysis methods to make
predictions or provide insights into how a system changes in the
face of variable influences (Rawls et al., 2019). Specifically,
constraints (boundaries) can be applied to individual metabol-
ites, metabolic reactions, proteins, and genes to generate
context-specific descriptions and predictions. While much of
the FCN and reconstruction work lies within the field of com-
putational biology, there is relevance in approaching PM and
human performance by using such methods in clinical decision
support.

Table 4. Candidate molecular class analyses for functionally characterized networks

Test

Trace elements (RBC, WBC, or plasma)
Vitamins (RBC, WBC, serum, plasma)
Amino acids (protein and nonprotein aa; plasma, urine)
Fatty acids (RBC, whole blood)
Organic acids (urine)
Androgens (serum, urine, saliva)
Estrogens (serum, urine, saliva)
Heavy metals (RBC, serum, urine, toenail)
Cortisol (serum, 24 h urine, saliva)
Catecholamines (serum, urine, saliva)
DHEA (serum, saliva)
Gut metagenome community structure, diversity, and functional genes (stool)
Gut metabolome including lipidome, SCFA (stool)
Gut pathogen screen (targeted)

Cytokines (TH1/TH2; serum)
Oxidative stress markers (serum, cells, urine)
Conditionally essential nutrients (GSH, carnitine, coenzyme Q10, taurine, etc.)
Whole exome sequencing
Targeted SNP profiling
Polygenic risk scores
Pharmacogenomic profiling
Inflammatory panel
Circulatory/perfusion panel
High-resolution lipid panel
Toxic nonmetal chemicals (serum, urine)
Radiation measures
Lipid peroxidation panel
Infectious disease screen (as indicated)

Abbreviaion: SCFA, short chain fatty acids.
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The tryptophan–serotonin–kynurenine network: Mechanistic
considerations

Below is one such FCN for the purpose of elucidating the thought
process that can be considered for any metabolic network of
clinical importance. This case example is the tryptophan–
serotonin–kynurenine network. The tryptophan–serotonin–
kynurenine network is a clinically actionable FCN that can be
described using the systemsmodel comprised of inputs, processes,
and outputs. In principle, the network contains a primary essen-
tial input (tryptophan) that is directed down one of two pathways
(Figure 4).

• Serotonin pathway: Tryptophan to serotonin to melatonin
• Kynurenine pathway: Tryptophan to kynurenine to quinolinic

acid

In this process, tryptophan is an essential amino acid precursor
that can follow the tryptophan hydroxylase path to produce sero-
tonin, which is critical for mood and influences the behavioral
phenotype. This pathway accounts for less than 5% of available
tryptophan in the network (Badawy, 2017). The next step in this

path is the conversion of serotonin tomelatonin, which is central to
diurnal rhythms, mitochondrial function, immune function,
behavior, and sleep in high-performance environments (Cipolla-
Neto and Do Amaral, 2018).

A divergent path is the conversion of tryptophan to kynurenine
via the indole dioxygenase (IDO) and tryptophan dioxygenase
(TDO) enzymes (accounting for roughly 95% of tryptophan con-
sumption in this network; Platten et al., 2019). Here, tryptophan is
converted to kynurenine by one of three rate-limiting enzymes:
(1) indoleamine-2,3-dioxygenase-1 (IDO1), (2) indoleamine-2,3-
dioxygenase-2 like protein (IDO2), or (3) tryptophan 2,3-
dioxygenase (TDO). IDO enzymes are activated in response to
inflammatory and immune signals, such as IFN-γ, TNFα, IL-1β,
and IL-6. This activation pathway has been confirmed in the well-
defined response to therapeutic IFN-α given for the treatment of
hepatitis C, whereby serotonin levels fall, while KYN and QUIN
levels increase in accordance with the emergence of depressive
symptoms (Baranyi et al., 2015; Pawlowski et al., 2018). In contrast
to IDO stimulation, TDO is activated through an increase in
cortisol via the hypothalamic–pituitary–adrenal axis (Bhat et al.,
2020) and is responsive to psychological stressors.

Figure 4. The tryptophan–serotonin–kynurenine molecular network in precision medicine (simplified). A key feature of this FCN is the competition for the tryptophan precursor
(input) between the two pathways. Low availability of tryptophan feeding into the serotonin pathway results in low serotonin and low melatonin synthesis, which have notable
effects on human physiology and behavior. This can occur via activation of the IDO or TDO enzymes, which diverts greater amounts of tryptophan toward a series of end products,
notably kynurenic acid and quinolinic acid. These have the opposing effects of NMDA receptor antagonism and agonism, respectively. Note, however, that maintaining adequate
Mg++ acts as a buffer against NMDA receptor activation and excitotoxicity, thus reflecting the importance of another essential input. IDO and TDO enzyme activation are driven by
cytokines and corticosteroids, respectively. Compounds shaded in green are metabolically beneficial in most circumstances (neuroprotective). Those shaded in red are considered
to be cytotoxic (neurotoxic) if they persist in elevated or high levels. Note that some QUIN can be subsequently converted into nicotinic acid (and then NAD+), a step that is
evolutionarily conserved to play an important role in cellular energy metabolism (especially immune cell upregulation).
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The tryptophan–serotonin–kynurenine network also contains
other inputs that can be limiting. These consist of essential vitamin
and mineral cofactors (riboflavin, niacin, pyridoxine, folate, ascor-
bic acid, zinc, iron, copper, magnesium, S-adenosylmethionine,
etc.) that can only be derived from the diet and, when deficient,
also influence downstream reactions in a limiting fashion
(Majewski et al., 2016). This can render certain intermediates
(5-hydroxytryptophan) and selected end products (melatonin) as
conditionally essential. As a result, compounds such as 5HTP and
melatonin become therapeutic candidates for consideration in
regulating the network. The dynamics of this network are also
heavily influenced or governed by nonessential inputs, such as
infection, trauma, psychological stressors, sleep deprivation, and
other mediators.

An illustration of the tryptophan–serotonin–kynurenine
network dynamic in sport

To examine the utility of assessing kynurenine pathwaymetabolites
in one group of people active in extreme training/competition

environments, it is instructive to review concussion in American
football players (Savitz et al., 2015a, 2015b; Meier et al., 2017). For
instance, football players with and without a history of prior
concussion have demonstrated either a trend or significantly lower
KYN when compared with controls. Meanwhile, plasma QUIN
concentrations were elevated in American football players with
prior concussion compared with those without concussion. Not-
ably, an inverse association was observed between the neurotoxic
metabolite 3HK and bilateral hippocampal volume in football
players with prior concussion. Moreover, a positive association
has been observed between the KYNA/QUIN ratio (an index of
neuroprotection) and the left hippocampal volume in football
players without prior concussion. This mirrors the hippocampal
volume-kynurenine pathway relationships found in some psychi-
atric disorders (Meier et al., 2020; Meier et al., 2021). In general,
elevated QUIN is associated with a worse outcome (i.e., magnetic
resonance imaging abnormalities, psychiatric symptoms, longer
return to play, and death) in human studies of both mild and severe
TBI (Meier and Savitz, 2022). Functions of individual metabolites
in this network are summarized in Table 5.

Table 5. Metabolite functions in the tryptophan–serotonin–kynurenine molecular network

Key metabolite General metabolite function

Tryptophan Dietary essential amino acid. The sole precursor to serotonin and melatonin. Tryptophan
predominantly feeds into the kynurenine pathway, where conversion accounts for roughly 95%
of tryptophan catabolism (Richard et al., 2009)

Serotonin Serotonin is involved in several features of behavior, including sleep, appetite, cognition, and
social and emotional behaviors such as anxiety, depression, empathy, and aggression. Only
1–2% of dietary tryptophan is used for 5-hydroxytryptamine (serotonin) synthesis. 95% of
serotonin synthesis from tryptophan is produced in the gut and the periphery (Gibson, 2018)

Melatonin Melatonin regulates circadian rhythms such as the sleep–wake rhythm, body temperature cycles,
and neuroendocrine rhythms through its action on MT1 and MT2 receptors. Importantly,
melatonin does not induce sleep. Rather, as nighttime darkness progresses, melatonin places
one in a state of quiet wakefulness that supports sleep. Ingestion of melatonin induces
sleepiness, improved sleep latency, and fatigue (Tordjman et al., 2017)

Kynurenine (KYN) Possibly neuroprotective; KYN exhibits redox properties and is a scavenger of ●OH and ONOO�
(Kozieł and Urbanska, 2023)

Kynurenic acid (KYNA) KYNA is generally considered to be neuroprotective (Ostapiuk and Urbanska, 2022);
competitively inhibits ionotropic glutamate receptors at high concentrations but preferentially
attenuates activity at the glycine coagonist site of the NMDA receptor; KYNA is also a 17-nicotinic
acetylcholine receptor antagonist; The administration of even low concentrations of KYNA
(nanomolar range) into the brain is capable of decreasing glutamate levels by 30–40%
(Carpenedo et al., 2001) KYNA displays antioxidative properties, acting as a scavenger of free
radicals, such as peroxynitrite (ONOO�), superoxide anion (O2�) and hydroxyl radicals (●OH)
(Lugo-Huitrón et al., 2011)

3-OH-kynurenic acid (3KYN) 3-OH-KYN is considered neurotoxic, mostly through its ability to generate free radicals and
subsequent derangement of cellular proteins; precursor to QUIN (Ostapiuk and Urbanska, 2022)

Quinolinic acid (QUIN) QUIN is a competitive excitotoxic agonist of the N-methyl-D-aspartate (NMDA) receptors,
secondarily leading to neuronal influx of Ca2+; An effect countered by KYNA (Perkins and Stone,
1982); QUIN contributes to ROS synthesis, induces synaptosomal glutamate release, and inhibits
the astrocyte’s glutamate uptake. In addition, QUIN is a gliotoxic, neurotoxic, pro-oxidant, and
pro-inflammatory mediator molecule. Clinically, QUIN elevation has been associated with
depression, suicide (Messaoud et al., 2022), neurodegenerative disease (Hestad et al., 2022),
decreased psychomotor speed (Leclercq et al., 2021), delirium (Watne et al., 2023), sleep
disturbance (Cho et al., 2017), brain injury (Yan et al., 2015), and other conditions. The
neuroexcitatory activity of QUIN is antagonized by magnesium

Riboflavin, niacin, pyridoxine, folate, ascorbic acid, copper,
zinc, iron, magnesium, S-adenosylmethionine

Serve as cofactors in the various enzymatic steps governing TRP-SER-KYN network
(Majewski et al., 2016)

Cytokines (IL-1β, IL-6, TNFα, INFγ) Modulates indoledioxygenase enzymes (IDO1, IDO2)

Cortisol Modulates tryptophan dioxygenase enzyme (TDO)
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Therapeutic considerations in the tryptophan–serotonin–
kynurenine network

Thismechanistic knowledge is of clinical value because it allows one
to describe the network with the specific goal of determining the
suite of countermeasures needed to reestablish network regulation.
Intuitively, for example, one seeking to raise serotonin levels would
consider the use of oral tryptophan for the purpose of raising the
tryptophan pool with the aim of upregulating endogenous sero-
tonin and melatonin synthesis. However, the bulk of the trypto-
phan used in thismanner (>95%) is likely to be diverted through the
active IDO/TDO pathway, creating additional kynurenine metab-
olites with modest to variable impact on serotonin or melatonin
production. Moreover, if the IDO/TDO enzymes are in an upre-
gulated state, even more tryptophan can be expected to be shunted
down the kynurenine pathway.

This is potentially problematic because, as noted, kynurenine
metabolites such as quinolinic acid have neurotoxic properties in
excess (Kadriu et al., 2021) and can be further elevated by increasing
the tryptophan load. A clinical alternative to tryptophan in this
instance is 5-hydroxytryptophan (5HTP) since this is not a sub-
strate for IDO/TDO and would assure that therapeutic tryptophan
(as 5HTP) is preferentiallymetabolized via the serotonin/melatonin
pathway (initially via 5HTP decarboxylase). A brief conceptual
overview of candidate interventions in this network can be seen
in Table 6.

The general approach to the TRP-SER-KYN network described
herein can be applied to any FCN relevant to human health and
performance. Thus, one can envision a suite of analytes that are
used to build a separate set of FCNs that describe, for instance, one-

carbon metabolism, fatty acid metabolism, acylcarnitine metabol-
ism, amino acid metabolism, and many others. These FCNs can
then be used to understand how network perturbation might be
impacting performance and serve as a guide to countermeasure
development.

The physiologic phenotype in PM

While this overview has focused on molecular applications in PM
for the purpose of brevity, the importance of the physiologic
phenotype warrants brief mention since these dynamics are not
easily detectable by molecular profiling. Among the physiologic
metricsmost often used in extreme environment operations is heart
rate variability (HRV). HRV is the variance in time between RR
intervals of successive heartbeats, with the R wave reflecting
depolarization of the main mass of the ventricles (Shaffer and
Ginsberg, 2017). HRV is driven by nonlinear autonomic nervous
system (ANS) processes and reflects a balance between the sympa-
thetic (flight or fight responses) and parasympathetic (“rest and
digest” or “growth and repair”) inputs.

HRV is highly individualized, which is one reason why it is a
necessary foundation of PM in extreme environments. In general,
the normal heart rate at rest for human adults is between 50 and
100 beats per minute, depending on the level of conditioning.
Resting heart rate itself can provide long-term health prognostic
information, while HRV changes from baseline can provide a more
short-term health assessment (Arnold et al., 2008; Jensen et al.,
2013). The average HRV for a reasonably fit adult with a resting
heart rate of 60 beats perminute would typically be 1 second, that is,
a HRV score of 60, but actual HRV values could have a broader
fluctuation depending on age and fitness.

Typically, higher HRV scores (80–90) are seen in younger
adults, especially in elite athletes, while lower scores are found in
the elderly and untrained. High sympathetic tone decreases HRV
and eventually leads to fatigue and reduced performance, while
parasympathetic activity increases the HRV, indicating recovery or
readiness, and will predict increased performance (Fatisson et al.,
2016). However, as Le Meur and colleagues found, HRV does not
consistently change acutely as the phase of training and load
evolves, and the duration of recovery period varies (Le Meur
et al., 2013). Higher HRV can be a sign that the body adapts well
to changes in the environment and different levels of stress. Higher
HRV measurements are also expected to occur when one’s heart
rate is increased during physical activities like running. However,
higherHRV can also be a sign of certainmedical conditions, such as
atrial fibrillation (AFib, an abnormal heart rhythm).

The categories of factors that can affect HRV include lifestyle,
inflammation, medical conditions, age, fitness level, and pharma-
ceuticals. Deviations in HRV from an established baseline may be
the most useful for health tracking in extreme environment oper-
ations. Importantly, such deviations, along with other tracked
physiological parameters, could indicate an acute change in over-
all health or insight into the reasons for a drop in performance
level.

WhileHRV is ameasure of ANS function, it can also be explored
for a linkage to metabolic networks. For instance, in a cohort of
college students with depression, low HRV was associated with the
disruption of coenzyme Q10 biosynthesis, glycine–serine–threo-
nine metabolism, tyrosine metabolism, pyrimidine metabolism,
and steroid metabolism, based on untargeted urinary metabolome
(Zhao et al., 2020). Thus, HRV can be correlated with other PM

Table 6. Clinical targets of the tryptophan–serotonin–kynurenine network

Marker Candidate intervention and rationale

Serotonin When IDO/TDO is not activated, oral tryptophan; When
IDO/TDO is activated, oral 5HTP to enable endogenous
serotonin production by bypassing IDO and TDO

Melatonin Oral 5HTP, melatonin

Tryptophan Dietary supplementation (TRP) if deficient; or dietary
restriction if excess kynurenine/quinolinic acid
metabolites; 5HTP to circumvent kynurenine pathway;
be aware that excess TRP to enable serotonin and
melatonin synthesis may predominantly divert to the
kynurenine pathway if IDO/TDO upregulated

TDO, IDO Enzyme inhibitors are not fully developed, though are in
trials (Correia and Vale, 2022)

Quinolinic acid Address IDO and TDO activation; target cytokines
through diet, botanicals, and drugs; tryptophan
restriction coupled with 5HTP administration to support
the serotonin/melatonin pathway

TRP/KYN ratio A reflection of IDO/TDO enzymatic activity (Meier and
Savitz, 2022)

KYN/3HK ratio Putative neuroprotective index (Meier and Savitz, 2022)

KYN/QUIN ratio Putative neuroprotective index (Meier and Savitz, 2022)

Cytokines IFN-γ, TNFα, IL-1β, and IL-6 receptor antagonists on the
IDO/TDO surface are not well studied for this purpose;
target cytokines through diet, botanicals, and drugs;
look for infectious processes

Cortisol Target cortisol through diet, exercise, mindfulness
meditation, breathing, rest/recovery, sleep, stress
management, psychotherapy, etc.
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measures and be fine-tuned to assess emotional status and readi-
ness indicators. Other physiologic measures useful in personalizing
to the physiologic phenotype are summarized in Table 7.

Current efforts under development to further advance the
field of (real-time) physiologic monitoring and countermeasure
development in extreme environments include: (1) technological
enhancement of performance by providing individual status
information to optimize self-regulation, workload distribution,
and enhanced team sensing/situational awareness; (2) detection
of impending failure from stress load (physical, psychological,
and environmental); (3) earliest possible detection of threat agent
exposure that includes the “human sensor”; (4) casualty detec-
tion, triage, and early clinical management; (5) optimization of
individual health and fitness readiness habits; and (6) long term
health risk-associated exposure monitoring and dosimetry
(Friedl, 2018).

The behavioral phenotype in PM

Extreme environments harbor the complex dynamic of conjunctive
versus disjunctive tasks. Conjunctive tasks are those where

teamwork and collaboration are needed in order to complete a
successful effort (mission, operation, game). Success may be deter-
mined by how the weakest link performs and is rooted in a kind of
collectivism where individual expertise is often subservient to the
group. Disjunctive tasks are those where individual survival is at
stake or where one team member with expertise must lead the
group to safety or to success. Expertise must be highlighted, rather
than erased.

Summiting a mountain on a well-established path benefits from
conjunctive behavior, while an expert choosing the correct route to
the safest descent (requiring unique expertise) is an example of
disjunctive behavior. In practice, groups that tend to score higher in
collectivism (e.g., Guatemalan’s score among the highest) have
shown greater success at summiting but demonstrate reduced
safety when diversity in expertise is high and enabling that expertise
is low (Low et al., 2018).

Similar results have been found in a study where oxygen
resources were low in a simulated crash landing on the moon.
Oxygen was limited and there were two available escape routes
(with one being shorter but riskier). The collectivists were good at
dividing up the oxygen, though that approach harmed the groups in
selection of the best escape route, as it encouraged people to ignore
expertise on their team.

These are examples of nuances in the behavioral phenotype and
how the sophisticated balancing of behavioral aptitudes
(or training) must be refined in pursuit of success. While PM as
commonly practiced adheres strongly to the pursuit of clarifying
the molecular dynamics of an individual (and sometimes group),
the behavioral phenotype is of such importance that it can never be
ignored or taken for granted.

In fact, of all the phenotypic dynamics described in PM, behav-
ior remains the only one over which an individual, group, team, or
institution has complete control. Behavior affects everything from
the choice of dietary resources, nutritional supplement adherence,
physical activity, conformance to protocols, adherence to training,
medication use, hydration, alcohol consumption, illicit drug use,
self-care, getting social support, treatment of others, getting med-
ical care, and a host of other activity. In practice, this really means
that behavior significantly drives the inputs, processes, and outputs
described above. In addition, behavior is used to observe and
analyze the circumstances, then make adjustments and take appro-
priate action when outputs are off-nominal.

Notably, in extreme training and qualifying environments, it
is commonly the behavioral dynamic that determines success
versus failure. This is evidenced by the finding that 70–85% of
enlisted men attempting to complete the BUD/S (Navy SEAL)
program fail the basic underwater demolition screening,
often because of the grueling phase called Hell Week. Similarly,
only 31% of first-round draft picks selected between 2010 and
2017 in the National Football League draft signed a second
contract with and the team that drafted them (33rd Team,
2023). Much of this is attributed to the mental grind and the
psychological difficulty of competing at this level (though injury
surely comes into play).

While the behavioral phenotype influences almost all activity in
an extreme operating environment, it must also be acknowledged
that the underlying molecular dynamic also shapes the behavioral
phenotype. One needs only recall the dynamics of the tryptophan–
serotonin–kynurenine molecular network to see how perturbations
at the molecular level may influence the behavioral phenotype.
Table 8 explores a limited set of measures of the behavioral pheno-
type that can be used to monitor behavioral dynamics over the

Table 7. Examples of physiological measures useful in extreme operations

Test Description

Heart Rate Variability
(HRV)

Assessment of autonomous nervous system; an
indicator of performance readiness

Body temperature Indications of the optimal range of organ
temperature for functionality

Blood pressure (Pulse
pressure)

Perfusion pressure is provided to vital organs

Pulse oximetry Partial Pressure of Oxygen in the blood

Sleep score/vigilance
testing

Assess the likelihood of decreased cognitive
performance

VO2 max Cardiopulmonary fitness indicator

Resting metabolic
rate

The total number of calories burned when the
body is fully at rest, which reflects the energy
required to keep the body functioning at rest

Finger
plethysmography
(EndoPAT)

A validated measure of endothelial function. It
reflects changes in flow and in digital microvessel
dilatation, which is partly dependent upon nitric
oxide (NO). An important metric impacting
vascular perfusion

Spirometry Measures pulmonary functional capacities, vital
capacity (VC), forced vital capacity (FVC), forced
expiratory volume in 1 second (FEV1), and
maximum voluntary ventilation (MVV). Assesses
individual capacity to do work under physical
loading

Actigraphy Actigraphy uses a wearable accelerometer to
monitor movement for the purpose of assessing
sleep latency, depth, quality, duration, and
circadian rhythm

Note: Herein is a selected list of tests that can be informative about attributes associated with
an individual’s physiological phenotype. The list should be seen as a rudimentary example of
the types of inventories that can be collected at baseline on all those operating in extreme
environments and periodically during a season or post-mission. They can also be deployed
(and compared with baseline) when there is a suspected deterioration in health or
performance, or when there is an illness or incident. Importantly, assessment of the
physiological domain is highly complex and there are many such measures that should be
considered, so that the right assessment is chosen for the physiological indication, cohort, and
the operating environment. Thus, the measures above can be seen as merely a basic starting
point for general consideration.
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trajectory of short- and long-time series for those engaged in PM
applications.

It bears noting that, while the behavioral phenotype strongly
shapes one’s capability to thrive in an extreme environment, the
extreme environment can profoundly shape the behavioral pheno-
type. This was shown, for example, when Stahn et al. (Stahn et al.
2014; Stahn and Kühn 2019) followed nine polar expeditioners
during 14months at the GermanNeumayer III station inAntarctica.
Antarctica is considered an essential analog condition for study-
ing several parameters of human spaceflight, as well as isolation
on Earth.

High-resolution MRI showed that volume in the dentate gyrus
of the hippocampus was reduced by 7.2% in expeditioners versus
controls. These reductions in dentate gyrus volume were also
strongly correlated with lower cognitive performance in tests of
spatial processing and selective attention. This suggests that the
changes in dentate gyrus volume did not impair general cognitive
performance but did affect response conflict and spatial short-term
memory processing of object location.

Of note, changes in hippocampal volume also correlated with
decreased serum brain-derived neurotrophic factor (BDNF).
Whole-brain imaging in expeditioners further showed a mean

decrease in gray-matter volume in the left orbitofrontal cortex, right
dorsolateral prefrontal cortex, and left parahippocampal gyrus.

The NASA Twins study of One Year in Space followed one
astronaut in space for 340 consecutive days, while his monozy-
gotic astronaut twin was followed on Earth using the same multi-
scale omics, physiologic, morphologic, cognitive, and behavioral
measures. For the space-bound astronaut, cognitive accuracy and
speed scores were measured for the different phases of the mis-
sion (pre-flight, in-flight months 1–6 (early flight), in-flight
months 7–12 (late flight), and post-flight) (and mirrored on
Earth).

In the cognitive domain, speed decreased in space for all tests
except for the digital span substitution test, and accuracy decreased
for all domains except for spatial orientation post-flight. In space,
cognitive efficiency (a combination of speed and accuracy across
cognitive domains) was similar pre- and in-flight relative to the
Earth control but was significantly lower post-flight (Garrett-
Bakelman et al., 2019) and persisted for several months thereafter.
The general conclusion from these and other cognitive findings
in space is that continuous long-duration operations can have
detectable effects on cognition and shape the behavioral phenotype
(Stahn and Kühn 2021).

Table 8. Examples of behavioral measures useful in extreme operations

Measure Description

Cravings for Rest and Volitional Energy
Expenditure (CRAVE)

A short assessment to evaluate motivation states (urges, desires, wants) for physical activity and sedentary
behaviors

Perceived Stress Scale (PSS) A 10-item Likert scale thatmeasures global life stress by assessing the degree towhich experiences are appraised
as uncontrollable or unpredictable

Connor-Davison Resilience Scale 10 (CDRS-10) Assesses an individual’s ability to recover from and adapt to disruptions or stressful events. It is rooted in a
resource-based perspective of coping with stress (Hobfoll, 2011) and captures resilience as an accessible
resource that could enhance the ability to manage stress and adversity (Ye et al., 2022)

Maslach Burnout Inventory-General Survey
(MBI-GS)

Addresses three scales: Emotional Exhaustion measures feelings of being emotionally overextended and
exhausted by one’s work; Depersonalization measures an unfeeling and impersonal response toward others;
Personal Accomplishment measures feelings of competence and successful achievement in one’s work. These
three dimensions generate five different profiles

Sleep Disturbance and Sleep-Related
Impairment (PROMIS)

Measures self-reported tiredness, sleepiness, alertness, and functional impairments associated with sleep
problems during waking hours within the past 7 days

CNS Vital Signs Computerized neuropsychological tests to evaluate the neurocognitive status of individuals. It covers a range of
mental processes including simple motor performance, attention, memory, executive functions (attention,
working memory, abstract reasoning), and others

ImPACT Checklist of 22 symptoms of concussion. Computerized test of visual and verbal memory, reaction time, number
sequencing ability, and so on. Widely used by athletic teams

King-Devik A portable, 2-minute assessment of an individual’s eye movements, attention, and language for rapid
assessment of concussion. The K-D Test evaluates saccadic eyemovements, or rapidmovements with both eyes,
as well as processing speed and visual tracking

qEEG (quantitative electroencephalogram) Assess N100, P300, and N400 brain waves under event-related potential stimulus

Depression, Anxiety, and Stress Scale
(DASS-21)

A validated self-administered nondiagnostic inventory that provides seven questions for each of depression,
anxiety, and stress. Useful in healthy cohorts where pursuit of a formal clinical diagnosis is not the primary
objective

Weschler Adult Intelligence Scale (WAIS-IV) The WAIS-IV is an IQ test composed of 10 core subtests and five supplemental subtests. The 10 core subtests
comprise the Full Scale IQ

Fundamental Interpersonal Relations
Orientation-Behavior (FIRO-B)

FIRO-B helps individuals understand their behavior and the behavior of others. It provides insights into an
individual’s interpersonal needs, which can help team/group dynamics involving others

Note:Herein is a selected list of tests that can be informative about attributes associatedwith an individual’s behavioral phenotype. The list should be seen as a rudimentary example of the types
of inventories that can be collected at baseline on all those operating in extreme environments and periodically during a season or post-mission. They can also be deployed (and compared with
baseline) when there is a suspected deterioration in health or performance, or when there is an illness or incident. Importantly, assessment of the behavioral domain is highly complex and there
are many such inventories that should be considered, so that the right instrument is chosen for the cohort and the operating environment. Thus, the tools above can be seen as merely a basic
starting point for general consideration.
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Multi-omics research enables PM

The future of PM in extreme environments will depend on better
understanding the biological response of humans in these condi-
tions, generating new hypotheses, and developing precision coun-
termeasures. One means to accelerate this process of discovery is
the incorporation of multi-omics assessment across the many
extreme environment domains. But this must be undertaken with
the knowledge that subject numbers are frequently small, while
variable (analyte) numbers are high. Such multivariable studies
involving high dimensional data sets require extensive pre-
analytical controls, as well as disciplined multivariate statistical
methods in order to avoid false discoveries.

In the NASA Twins Study of One Year in Space (N = 2), we were
involved in the first multi-omics study deployed in the spaceflight
environment, (Garrett-Bakelman et al., 2019; Schmidt, 2019;
Schmidt et al., 2020a, 2020b, 2020c). It was notable in providing
insight about the molecular, physiologic, and behavioral pheno-
types in spaceflight due to its long duration of 340 days and its
extensive serial measures (19). It also provided insight into the
spectrum of methods needed to properly conduct omics experi-
ments in this environment.

This study was followed by the Everest Twins Study (N = 4),
which used similar multi-omics measures to the NASA Twins
Study (Luxton et al., 2020) but studied two twin pairs on a
Mt. Everest Summit versus sea level. This provided another oppor-
tunity to study the biology and the methods, with the harmoniza-
tion of methods affording the ability to compare two extreme
environments (albeit one without the impact of microgravity).

More recently, our team was involved in the multi-omics com-
ponent of the all-civilian SpaceX Inspiration4 mission (September
2021). This mission differed from the Twins study in that it was
only a three-day orbital flight involving four people. It utilized
many of the same multi-omics measures as the NASA Twins Study
(excepting for specific in-mission analytics), though lessons from
the Twins Study informed new design elements that rendered the
Inspiration4 mission the most extensive multi-omics spaceflight
investigation performed at that time (Overbey et al., 2023).

A similar multi-omics approach has been taken by our team in
the five-day SpaceX Polaris DawnMission (N = 4) and the nine-day
SpaceX Axiom-2 Mission (N = 4). Polaris Dawn includes the first
civilian spacewalk and the highest altitude (1,400 km) reached by an
astronaut since the ApolloMoonmissions. The Axiom-2mission is
characterized by four civilian astronauts reaching and working on
the ISS.

It is important to note that retained specimens from each of
these missions are archived in a biobank, which serves as a resource
for future discovery. In addition, data from these studies is being
archived (to the greatest extent permitted by informed consent), so
that it may be used by investigators in the future. The ultimate goal
of these efforts is translational. We hope to better understand the
molecular dynamics of humans operating in extreme environments
with the focused aim of translating that knowledge into actionable
tools of PM.

Conclusion

This overview presents one conception of how PM can be
approached, based on a systems biology or systems engineering
perspective. PM applied to humans in extreme environments is
centered on understanding the molecular dynamics of an individ-
ual, while also considering the physiological and behavioral

phenotypes. In parallel, close attention must be given to the unique
environmental conditions and personal exposures encountered in
the operating environment itself.

In general, PM in extreme environments is focused on pattern
analysis rather than diagnosis, though the diagnosis is appropriate
wherever indicated. A foundation of the molecular approach is to
first assure that knowable, actionable molecular dynamics (defi-
ciency or excess) are identified as central to the development of
methods of intervention. This frequently takes the form of address-
ing substrates, precursors, intermediates, and cofactors commonly
in the form of macro andmicronutrients. In many cases, correction
of these functional errors of metabolism may obviate the need for
drugs or modify drug selection in important ways.

When drugs are utilized, it is done so with careful consideration
of their impact on metabolic networks via attention to drug–gene,
drug–drug, drug–herb, drug–food, and drug–nutrient interactions.
Proceeding with a drug intervention in the absence of querying
these networks elevates the likelihood that a chosen drug interven-
tion may merely target the epiphenomenon of these deficits or
excesses.

The assessment of molecular dynamics should encompass the
measurement of inputs, processes, and outputs by examining a
range of FCN. Input analysis should consider essential, condition-
ally essential, and nonessential inputs. The exposome (e.g., drugs,
xenobiotics) warrants examination, since these nonessential inputs
can exert notable and, often, predictable effects upon molecular
networks.

In parallel, examination of the physiological and behavioral
phenotypes using sensitivemeasures affords one the ability to assess
these endophenotypes in ways that molecular analytics cannot.
This is done with the knowledge that it is the molecular dynamics
that frequently underlie these phenotypes. Conversely, aspects of
the physiological and behavioral phenotype can also act as drivers
of the molecular phenotype and, thus, performance in extreme
environments. This has been demonstrated, for instance, by the
considerable rates of failure for individuals entering selection pro-
grams to become elite performers in extreme environments (e.g.,
military special forces) which is often attributed to issues of behav-
ioral resiliency.

In conclusion, we advance the premise herein that knowable,
actionable metabolic network deficits should always be addressed
for those who function in extreme environments, so that those
deficits are not carried into the operating environment in a manner
that adversely impacts performance, recovery, health, and safety.
While advancements in the field are clearly needed, it is reasonable
to assert a basic order of operations guiding the manner in which
PM applications can be viewed in the present. This includes
(1) those that are actionable today, (2) those that are expected to
be actionable in the near term, pending additional research, and
(3) those expected to be actionable in the distant future, thus
requiring more extensive research. Finally, though this PM over-
view is heavily weighted toward clinician concerns, we must always
give priority to that which matters most to the individual who
chooses to operate in extreme environments.

Abbreviations
AA arachidonic acid
BUD/S basic underwater demolition SEAL training
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H63D
hsCRP high-sensitivity C-reactive protein
IL-1β interleukin 1 beta
IL-1RA interleukin 1 receptor antagonist protein
IL-6 interleukin 6
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IL-10 interleukin 10
IL-12p40 interleukin 12p40
INFγ interferon gamma
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MCP-1 monocyte chemotactic protein 1
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NADP nicotinamide adenine dinucleotide phosphate
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PEMT phosphatidylethanolamine methyl transferase
sCD40L soluble CD40L
SEAL United States Navy sea, air, and land teams
sICAM-1 soluble intercellular adhesion molecule 1
SNP single nucleotide polymorphism
SWAT special weapons and tactics police unit
Targeted a method of molecular analysis where the analytes

are pre-determined and calibration curves are
generated for each individual analyte. Generally used
for a smaller number of analytes

TCA tricarboxylic acid cycle
TNFα tumor necrosis factor alpha
Untargeted a method of molecular analysis where the analytes

are not pre-determined and calibration curves are
not generated for each individual analyte. It is often
referred to as a nonhypothesis-driven method,
wherein hundreds to thousands of analytes may be
assessed at one time
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