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Exposure to extreme environmental heat or cold duringmilitary activities can impose severe thermal strain, lead-
ing to impairments in task performance and increasing the risk of exertional heat (including heat stroke) and cold
injuries that can be life-threatening. Substantial individual variability in physiological tolerance to thermal stress
necessitates an individualized approach tomitigate the deleterious effects of thermal stress, such as physiological
monitoring of individual thermal strain. During heat exposure, measurements of deep-body (Tc) and skin
temperatures and heart rate can provide some indication of thermal strain. Combining these physiological
variables with biomechanical markers of gait (in)stability may provide further insight on central nervous
system dysfunction – the key criterion of exertional heat stroke (EHS). Thermal strain in cold environments
can be monitored with skin temperature (peripheral and proximal), shivering thermogenesis and Tc. Non-
invasive methods for real-time estimation of Tc have been developed and some appear to be promising but
require further validation. Decision-support tools provide useful information for planning activities and biomark-
ers can be used to improve their predictions, thus maximizing safety and performance during hot- and cold-
weather operations. With better understanding on the etiology and pathophysiology of EHS, the microbiome
and markers of the inflammatory responses have been identified as novel biomarkers of heat intolerance. This
review aims to (i) discuss selected physiological and biomechanical markers of heat or cold strain, (ii) how bio-
markers may be used to ensure operational readiness in hot and cold environments, and (iii) present novel mo-
lecular biomarkers (e.g., microbiome, inflammatory cytokines) for preventing EHS.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of SportsMedicine Australia. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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• An individualized approach (i.e. real-time physiological monitoring)
is needed to effectively minimize the health and performance detri-
ments of heat and cold exposure, thereby optimizing performance of
the weakest link to maximize squad performance.

• Biomarkers coupled with artificial intelligence (AI) can be used to
make informed decisions during pre-activity planning and be moni-
tored in real-time to detect potential casualties during training and
operations.
d on behalf of SportsMedicine Austra
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• Continued technological advances (e.g., textile-integrated sensors, low-
power communication methods) will further augment warfighters'
effectiveness in hot and cold environments.

1. Introduction

Warfighters train and operate in harsh thermal environments of
heat and cold that can negatively impact performance, health and
safety, and ultimately the mission. Excessive heat or cold stress arising
from weather conditions (e.g., high or low ambient temperatures,
wind speed, humidity, solar radiation) and mission-related factors
(e.g., physical work intensity, exposure duration, clothing/equipment)
can impose significant thermal strain that diminishes work capacity,
impairs task performance and increases the risk of exertional heat
lia. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
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stroke (EHS) and cold injuries (e.g., frostbite, non-freezing cold injuries,
hypothermia) that can cause morbidity or even death.1,2 Such injuries
that compromise individual health will ultimately also impose a reduc-
tion in combat effectiveness and military readiness. Although several
heat- and cold-risk mitigation strategies, guidelines and policies have
been implemented, EHS3 and cold injuries4 remain a significant chal-
lenge to themilitary.With the rising intensity and frequency of extreme
weather events (e.g., heat waves, cold spells) due to climate change,5

warfighters will face increasingly higher levels of thermal stress and
risk of injury.

Physiological tolerance to thermal stress varies markedly between
and within individuals due to a variety of factors (e.g., age, body mass,
physique and composition, aerobic capacity, illness, medication, nutri-
tional and hydration status)6,7 such that under the same conditions,
less tolerant individuals may experience greater thermal strain, perfor-
mance losses and/or negative health outcomes compared to their more
tolerant counterparts. This variability emphasizes the need for an indi-
vidualized risk-management approach. One potential strategy is indi-
vidual physiological monitoring,8,9 and when combined with artificial
intelligence (AI), will enable early identification of individuals with ex-
cessive thermal strain or signs of impending injury so that countermea-
sures (e.g., reducing work intensity, finding shelter) can be applied
quickly to prevent further injury progression. Physiological monitoring
can also guide self-regulation of work rate, redistribution of mission
workloads amongunitmembers and allow bettermanagement of train-
ing activities, leading to improved performance, training and mission
outcomes.9,10

Thus, we aimed to review (i) selected physiological and biomechan-
ical markers of heat or cold strain, (ii) how biomarkers may be used to
ensure operational readiness in hot and cold environments, and (iii)
present microbiome and proteins as novel molecular biomarkers for
preventing EHS.

2. Biomarkers of thermal strain

2.1. Hot environments

2.1.1. Physiological biomarkers
The combination of physical exertion, environmental heat exposure,

impermeable clothing and carried loads increase whole-body physio-
logical strain, which is commonly (albeit incompletely) characterized
by elevations in deep-body temperature (Tc), skin temperature (Tsk)
and heart rate. Measuring these variables simultaneously and
integrating them into a composite heat-strain index can provide a gen-
eral assessment of heat strain.8,9 An example is the Physiological Strain
Index (PSI) that can be calculated from Tc and heart rate only,11 or with
Tsk as well (i.e. adaptive PSI).9 A modified PSI that uses a higher upper
limit of Tc and age-predicted maximal heart rate was also proposed
for trained individuals.12

While heart rate and Tsk are easily obtained, a practical and accurate
method for routine monitoring of Tc in field settings is currently
unavailable. Valid measures of Tc are invasive (e.g., rectal and esopha-
geal probes) or expensive (telemetric pills) and are mostly used for re-
search purposes.13 Recent work has thus focused on estimating Tc from
various non-invasive physiological parameters (e.g., heart rate, Tsk, skin
heat flux).14,15 For example, an algorithm that uses only heart rate to
estimate Tc in real time was presented previously.16 Validation was
performed using several independent datasets involving a range of
exertional-heat stress conditions, achieving a root mean square error
(RMSE) of 0.30 ± 0.13 °C (range: 0.19–0.44 °C) and 95% limits of agree-
ment (LoA) of ±0.63 (range: ±0.40 to 0.71 °C). Although generally ac-
ceptable for predicting group responses, these errors are too large for
effective individual monitoring, especially in high-risk environments.
Assessing model performance using validation metrics based on individ-
ual instead of group prediction errors, such as the percentage of target at-
tainment (PTA− percentage of prediction errors within a predetermined
2

range),17,18would bemore appropriate.More recently, Nazarin et al.18 in-
troduced an algorithm that estimates Tc using a combination of heart rate,
Tsk and air temperature data obtained through a smartwatch and
reported an impressive 95% PTA within ±0.27 °C; however, only 15 par-
ticipants were included in the study.

Another promising method for non-invasive Tc estimation is
technologies based on skin heat flux. A unique device based on this ap-
proach was developed and has been tested under various exertional-
heat stress conditions in the laboratory.19–21 The device was also adapted
for use in firefighters by inserting it under their helmet.19 As the device
was intended for clinical use, a recent study constructed new Tc-
estimation algorithms to improve its accuracy under exertional-heat
stress, subsequently obtaining a PTA of 78%within±0.3 °C when the de-
vice was placed on the forehead, whereas measurements from the wrist
were less accurate (PTA: 64% within ±0.3 °C).21 Previous studies also re-
ported variable results between different measurement sites when using
heat flux-based methods to estimate Tc.22,23 Furthermore, the heat flux
measures do not account for the influence of blood flow on heat flux
from the underlying tissues, likely leading to errors in the estimates of
Tc; this issue may be overcome by combining heat flux techniques with
photoplethysmography to correct for tissue perfusion. Overall, the
aforementioned techniques for estimating Tc non-invasively are promis-
ing, but they require more rigorous validation by independent laborato-
ries at higher Tc values (≥38.5 °C), under real-world scenarios and
across more diverse populations (e.g., women, middle-aged individuals)
and environmental conditions (e.g., cold environments).14

Additional parameters that may help characterize heat strain and
can bemonitored with recently emerged wearables include respiratory
rate and blood pressure.24,25 Respiratory rate increases in response to
exertional-heat stress, leading to cerebral hypoperfusion and poten-
tially syncope.26,27 Similarly, a progressive decline in blood pressure
during exertional-heat stress is suggestive of cardiac insufficiency and
often precedes collapse/syncope.28,29 The magnitude of hyperthermia-
induced hypotensionwas also positively associatedwith heat stroke se-
verity in a rat model.30 Furthermore, the use of cardiovascular reserve
index – derived from blood pressure and heart rate – was suggested
to differentiate between heat-tolerant and intolerant individuals31; it
may also be used to identify (and thus prevent) excessive dehydration
and over-hydration.32–34 Nevertheless, the blood-pressure and
respiratory-rate signals obtained from the novel wearables require fur-
ther validation.

2.1.2. Biomechanical markers
EHS is the most severe manifestation of exertional heat injuries and

is a life-threatening illness.1 The key diagnostic criterion for EHS is cen-
tral nervous system dysfunction which often presents as ataxia or wob-
bly gait.35 This suggests that a decrease in gait stability during
exertional-heat stress may indicate central nervous system dysfunction
associatedwith EHS. Gaitmonitoringmay therefore provide ameans for
early identification and prevention of EHS.

The effects of exertional-heat stress on gait characteristics have been
investigated in a limited number of studies. One study observed an in-
crease in the number of crossover steps (i.e. feet overlapping) during
90min of loaded treadmill walking undermoderate heat stress.36 In an-
other study, an increase in the variability of double-stance time was
seen during more severe exertional-heat stress conditions (peak Tc =
38.9 °C).37 However, these studies used gait analysis techniques
(e.g., high-speed video cameras, force plates) that are expensive, require
technical expertise and mostly restricted to laboratory environments.

The utility of chest-worn triaxial accelerometery for detecting gait
instability, and subsequently predicting EHS, during a range of field-
based military training activities was recently examined.38 A measure
of gait instabilitywasdeveloped based on changes inwobblemagnitude
and variability in movement patterns relative to the individual's base-
line. In a post-hoc analysis of collected data, the gait instability score
was able to identify all six EHS victims upon incapacitation with 92
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(2.7%) false positives. Prediction accuracy improved (31 or 0.9% false
positives) when gait instability was combinedwith heart rate-based es-
timation of Tc to derive an overall EHS-risk score, underscoring the im-
portance of a multivariable approach for assessing thermal strain. Given
the importance of rapid cooling in prehospital care of EHS,1 the authors
further analyzed how much earlier EHS could be predicted with the
combined measures of gait instability and estimated-Tc and reported a
time window of 3.5 min with 209 (6.1%) false positives; however, this
may be insufficient for reactionary measures. The false-negative rate
of the predictions also needs to be determined. Future work can assess
whether other gait parameters (e.g., plantar pressure distribution via
pressure-sensing insoles) may enable earlier or more accurate predic-
tions, or help elucidate mechanisms contributing to gait disturbances
in EHS.

2.2. Cold environments

Compared to heat exposure, humans are extremely maladapted to
cold environments. In the initial stages of cold exposure, decreases in
Tsk stimulate peripheral vasoconstriction to reduce heat loss. The
ensuing decrease in peripheral blood flow results in decreasing hand
and foot temperatures, which are the first signs of cold stress. As
cooling progresses and the rate of heat loss increases, additional cold-
protective mechanisms are activated to maintain Tc at ~37 °C. A de-
crease in Tc will occur when body heat storage decreases as heat loss
exceeds the rate of heat production. Consequently, the rate of heat
loss is the main driving force in the cold-stress response and is deter-
mined by the environmental conditions and individual physiological
andmorphological characteristics.39,40 Inmost daily conditions, periph-
eral vasoconstriction is adequate to remain in thermal balance or in a
thermoneutral zone.41 When cold stress becomes more severe and Tsk
decreases further, metabolic cold effectors including non-shivering
thermogenesis in brown adipose tissue and shivering thermogenesis
in muscles are activated to stimulate heat production. Cold exposure is
deemed compensable when increases in metabolic heat production are
sufficient to fully compensate for increases in heat loss and can be sus-
tained, and/or when heat loss can be stabilized or reduced through be-
havioral responses (e.g., using isolative clothing and/or shelter,
acquiring an external heat source). To date, however, it is still unclear
what could impede heat production, but it does not seem to be related
to availability of metabolic fuels for sustaining shivering.42 Even at the
maximal reported heat production of 5 times the resting metabolic
rate,43,44 heat production can be generated usingmultiple fuel combina-
tions even when glycogen availability is reduced.45,46 However, the
limited capacity to increase heat production alsomeans that, depending
on the severity of the environmental conditions, heat loss can quickly
surpass heat production. Cold exposure subsequently becomes
uncompensable where Tc inevitably decreases. The rate at which Tc
decreases will be determined by the duration of cold exposure and the
difference between heat production and heat loss. If left untreated, the
progressive fall in Tc may result in loss of cognitive and metabolic
functions, eventually leading to multiple organ and systems failure.47

In this context, identifying biomarkers to detect the progression of
cold strain is essential to prevent cold injuries, maintain performance
and ensure survival in cold environments.

Recognizing the stages and severity of cold strain can be achieved by
assessing three main biomarkers: Tsk (peripheral and proximal),
shivering thermogenesis and Tc. In contrast to heat exposure, heart rate
varies little in the cold and does not represent an adequate biomarker
for determining cold strain. Changes in Tsk are determined using sensors
placed at various key sites on the body. To allow comparison between
groups and studies, cold experiments generally standardize the
placement of thermal sensors based on Dubois and Dubois48 to estimate
average Tsk, which includes finger but not foot temperature. Due to the
initial increase in peripheral vasoconstriction, both hands and feet
would display the first reductions in Tsk. Cold injuries can develop even
3

when individuals are in compensable cold conditions where heat
production matches heat loss. Exposed skin is particularly vulnerable
to freezing cold injuries which generally occurs when Tsk falls below
−5 °C49. As cold exposure continues or intensifies, peripheral blood
flow is further reduced leading to greater reductions in hand and foot
temperatures. Shivering activity will also increase progressively and
become extremely intense (15% of maximal voluntary contraction)
during moderate cold exposure (>3.5 times resting metabolic rate).50

Shivering thermogenesis can be assessed by placing electromyography
and/or mechanomyography51 sensors on the belly of specific muscles,
typically on large muscles to account for the effects on the whole body
as shivering mostly occurs in muscles located on the torso and upper
leg, whereas arm muscles do not contribute significantly to overall
shivering thermogenesis.46,52 Expected shivering intensities range from
2 to 20% of maximal voluntary contractions.46,51 Shivering is extremely
debilitating and can affect motor skills.53 Cold acclimation54,55 and the
ingestion of specific thermogenic compounds (e.g., capsaicin, fish oil)56

have been shown to increase non-shivering thermogenesis and reduce
shivering. During compensable cold exposure, measurements of both
Tsk (peripheral and proximal) and shivering thermogenesis are
generally sufficient to assess the severity of cold strain. However, in
uncompensable cold conditions, close monitoring of Tc is essential as
decreasing Tc results in a progressive loss of cognitive capacity,
shivering capacity, and may lead to death. Also, as Tc decreases, more
energy is dedicated to protect Tc at the expense of the peripheries,
increasing the risk of peripheral cold injuries. Compared to cold-air expo-
sure, cold-water immersion, especially atwater temperatures<18 °C, can
cause a rapid decrease in Tc and severe hypothermia if the individual
remains in the water. In cold air, cooling rates are greatly reduced in
comparison with cold-water immersion and thus, hypothermia should
only occur accidentally, following unforeseen events or a series of inade-
quate decisions.

In addition to physiological parameters, dynamic balance may also
be useful for assessing cold strain. Dynamic balance was shown to
worsen during lower-limb cooling and may indicate degradation in
neuromuscular function or risk of injury.57Moreover, commercialwear-
ables (e.g., inertial measurement units, pressure-sensing insoles) are
available for acquiring real-time balance data. Potential areas of future
research include the development of non-invasivemethods formeasur-
ing deep-muscle or joint temperatures, or characteristics of the synovial
fluid, which may provide additional insight into cold-induced impair-
ments in manual function and performance.58

3. Decision-support tools for hot and cold environments

Performance degradation or injury in adverse weather conditions
may be prevented by accurate prediction and/or early diagnosis of at-
risk individuals and providing mitigation measures.59 That is, harsh en-
vironments require appropriate behavioral actions and use of protective
clothing and equipment, otherwise “performing a mission can quickly
turn into fighting for survival.60”

Physiological monitoring of thermal strain, along with the methods
that are available for monitoring the specific biomarkers (Section 3),
at least in research contexts, are relevant for predicting or diagnosing
the onset of EHS or whole-body and peripheral cold injuries in real
time. They support the decision to remove a person from an activity be-
fore a negative health outcome occurs; however, they can only be used
during the activity itself. During the planning process before the activity,
other tools (e.g., thermoregulatory models, indices) can be used to
guide decision making by estimating safe exposure durations, selecting
appropriate clothing and equipment, or predicting the potential risk of
EHS or cold injuries (Table 1). Potter et al.61 recently demonstrated
the capability of such tools in predicting the risk of cold injuries in sol-
ders during a real-world situation.

The most commonly used military operational decision-support
tools are environmental-based indices such as the windchill index
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(WCI) or wet-bulb globe temperature (WBGT).59,62 The WCI gives an
indication of cold stress based on air temperature and wind and can in-
form the risk of freezing cold injury of an exposed cheek. TheWBGT in-
dicates the combined heat stress provided by humidity, air temperature
andmean radiant temperature – and they are influenced bywind speed.
These environmental indices are extremely practical in use and can be
combined with charts to interpret the risk of EHS or cold injuries; how-
ever, they do not adequately consider individual characteristics that
modify personal vulnerability to thermal stress (Table 1). For example,
the military WBGT thresholds recommended by the North Atlantic
Treaty Organization (NATO) can be adjusted for activity level and
body armor or personal protective equipment, but not for heat-
acclimatization status59. This contrasts with occupational standards
and specific national military guidelines that have separate WBGT
thresholds for heat-acclimatized and unacclimatized workers.63 The
WCI, on the other hand, does not account for individual factors.

More complex decision-support tools for thermal-strain assess-
ments are based on models that include the physics of heat transfer to
determine the thermal state of the human body and the resulting
thermophysiological responses (e.g., sweating, skin blood flow); they
therefore require detailed input on the operational context, including
activity level, clothing and equipment, weather, terrain and individual
characteristics.64,65 Information on the operational context allows
more accurate simulation of heat exchange between the body and envi-
ronment as well as the thermophysiological responses. The outcomes of
such simulations either show the steady-state equilibrium or the evolu-
tion of body heat content, Tc and Tsk over time. However, these
contextual data are often highly variable (e.g., activity level) or not al-
ways available (e.g., clothing level), which can lead to prediction errors.
Although certain thermoregulatory models incorporate predictive
biomarkers (e.g., body composition and size, aerobic fitness, age) to
simulate the changes in Tc, none of the available decision-support
tools, to our knowledge, predict the effects of these biomarkers
on performance or health outcomes for a given thermal state. An
example is the potential influence of hand and finger morphology on
the impairment in manual dexterity for a given reduction in extremity
temperature,66 or the impact of aerobic fitness on cardiovascular
Table 1
Shortlist of decision-support tools or indices for hot and/or cold environments, personal input an
itored. For an overview of thermoregulatory models that may support decision-support tools b
and Fiala64 and Xu and Tikuisis.65

Decision-support tool Type Input variable

Heat Strain Decision Aid (HSDA)91 Heat Body mass an
Initial Tsk and
Dehydration l
Heat-acclimat
Metabolic rat

Predicted Heat Strain (PHS)92 Heat Body mass an
Heat-acclimat
Metabolic rat

Wet-bulb Globe Temperature (WBGT)59,63 Heat index Heat-acclimat
Metabolic rat

Universal Thermal Climate Index (UTCI)93 Heat & cold index −
ClimApp94 Heat & cold Age

Biological sex
Body mass an
Heat-acclimat
Metabolic rat

Windchill Index62,95 Cold index −
Cold Exposure Survival Model (CESM)96,97 Cold Age

Biological sex
Body mass an
Body fat perce

Cold Weather Decision Aid (CoWEDA)98 Cold −

Insulation Required (IREQ)95 Cold Metabolic rat

Tsk, skin temperature. Tc, deep-body temperature.

4

strain and risk of EHS for a given magnitude of hyperthermia.67 The po-
tential influence of motivation – an important risk factor for injuries
amongmilitary populations – should also be considered in the thermo-
regulatory simulations.68 Nonetheless, further research is needed to
quantify the impact of such individual risk factors on the prediction ac-
curacy of the decision-support tools. Monitoring data (see Section 3)
obtained from human studies can also be used to update and refine
the model outputs, leading to more accurate predictions and better
decision making.

4. Novel molecular biomarkers for EHS prevention

The tolerance to sustain heat stress exists within a wide range of
inter-individual variability. Under the same conditions, individuals
who experience an earlier and higher rise in Tc than others are
regarded as “heat intolerant” and are prone to EHS. Thus far,
commonly used clinical markers have primarily predicted the severity
of occurring EHS rather than the individual heat tolerance/intolerance
per se. Therefore, a reliable scale of correlative biomarkers, beyond the
traditional systemic phenotypic physiological responses, is indispens-
able to understanding the level of tolerance to heat and the extent of
EHS pathology. Such markers should be applied at critical points during
active service (e.g., prior to deployment or sustained missions) for
assessing possible hazards of impaired systemic homeostasis or inmon-
itoring recovery from EHS. Our current understanding of the systemic
inflammatory response syndrome (SIRS), themicrobiome, cell-freemo-
lecular markers (namely small DNA fragments released from cells) and
proteomics potentially expand on available predictive markers.

4.1. Acute heat stress and acclimatization to heat

Acute exposure to heat stress differs significantly from that of long-
term exposure to moderate temperatures (i.e. heat acclimatization)
(Fig. 1); the former results in acute activation of physiological heat
stress-induced reflexes, while the latter results in physiological and cel-
lular adaptations, depending on the duration and magnitude of the
stress applied.69 It follows that blood levels of various heat-shock
d output variables or predictions. *Outcomevariables that are biomarkers and can bemon-
y simulation of body temperature distribution, interested readers are referred to Havenith

s of individual characteristics Output variables or predictions

d height
Tc
evel
ization status
e/activity level

Tc*
Sweat loss*

d height
ization status
e/activity level

Tc*
Sweat loss*
Duration limit of heat exposure

ization status
e/activity level

Hydration requirement
Duration limit of heat exposure
General heat or cold strain

d height
ization status
e/activity level

Tc*
Sweat loss*
Risk of freezing for exposed skin
Required intrinsic clothing insulation
Duration limit of heat or cold exposure
Risk of freezing for exposed skin*

d height
ntage

Risk of freezing for exposed skin*
Survival time for cold-dry or cold-wet exposure

Endurance time for hands and feet*
Endurance time for hypothermia*
Comfort time

e/activity level Required intrinsic clothing insulation
Duration limit of cold exposure for whole body
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proteins70 and histones,71 for example, can serve as putative biomarkers
to reflect the level of heat strain and cellular adaptation to heat load.

Excessive elevation in Tc facilitates two pathways leading to systemic
inflammatory dysfunction and ultimately to heat stroke.72 The first
pathway (“heat sepsis”) is a consequence of splanchnic ischemia, which
results in gastrointestinal (GI) dysfunction. The vulnerability of the
intestinal barrier integrity leads to the presentation of endotoxin in the
circulating blood, triggering the innate inflammatory response and
ultimately the progression into systematic inflammation.73 “Heat sepsis”
is believed to precede the second pathway, a direct cytotoxic effect of
hyperthermia (“heat toxicity”), under which elevated Tc is associated
with acidosis, energy depletion, derangements in intracellular calcium,
and upregulation of reactive oxygen species-production, eliciting
oxidative cell damage which triggers cell necrosis and apoptosis.74

4.2. The microbiome, gastrointestinal integrity, and inflammation

The dual-pathway model of heat stroke hints to a pivotal role of the
microbiome and GI integrity. A small level of GI permeability is normal
and a healthy immune system prevents its adverse effects. Conse-
quently, low levels of endotoxin (used synonymouslywith Lipopolysac-
charide) that leak into the blood stream are rapidly detoxified and
removed by monocytes and particularly by the Kupffer cells that reside
in liver tissues.75 However, in extensive GI tight-junction dysfunction,
endotoxin leakage overwhelms detoxification capacity. Under this con-
dition, endotoxin becomes a contributing factor in the pathophysiology
of heat stroke, as supported by direct experimental evidence on the im-
pairment of intestinal tight-junction integrity under heat stress and by
clinical observations.76 Thus, a common indicator of GI barrier disrup-
tion is the presence of endotoxin in systemic circulation and liver portal
system, which differs in individuals exposed to various levels of heat
stress. Changes in tight-junction proteins (e.g. increased claudin and re-
duced occludin and zonula occludens-1 (ZO-1) expression) might also
reflect thermal strain.77

GI barrier destruction might reflect on the role of the microbiome in
thermal balance and modulation in the gut microbiome may provide a
compensatory response to elevated body temperatures. Studies describing
the effects of gutmicrobiota on human health are relatively abundant, but
the effect of heat stress on gut microbiota is scarce and mostly derived
Fig. 1. The impact of heat stress on physiological/pathophysiological responses resulting in eith
exertional-heat stress. The former will result in heat acclimatization, delayed onset of EHS, and
sponses characterize the adaptive and excessive responses that can be mirrored by related b
response syndrome.
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from animal studies. Short exposure of pigs to heat stress induced
dysbiosis in the gut microbial community, i.e., reduced diversity and
changes in composition.78,79 Under acute heat stress, gut Firmicutes-to-
Bacteroidetes ratio significantly increased with an increase of Firmicutes
and the decrease of Bacteroidetes.79 Extending the heat stress (29 °C) to
13 weeks led to noticeably less diverse gut microbiota.79 It follows that a
decline in microbiota diversity associated with repeated stimulatory heat
stress (acclimatization) protects against the harmful effects of heat
stress.80 Longitudinal observations in soldiers revealed a concomitant rela-
tionship between dysbiosis in gut microbiota and increased intestinal
permeability.81,82 Hence, observations on the dynamic changes in periph-
eral microbiota markers in blood and/or GI/saliva can differentiate be-
tween heat-tolerant or intolerant individuals. Regarding the role of the
microbiome in the cold, there is evidence that the gut microbiota un-
dergoes changes (e.g., increase in Lachnospiraceae and short-chain fatty
acids) in response to hypothermia and facilitates host thermogenesis dur-
ing cold stress.83 Moreover, findings from a recent study in piglets suggest
that the gut microbiota-blood-liver and fat axis may regulate thermogen-
esis during cold acclimation.84 However, a discussion of the research on
microbiome and cold stress is beyond the scope of this review and inter-
ested readers are referred to excellent reviews on this topic for more
information.83,85.

The severity of EHS is associated with a protracted SIRS, including a
progressive cytokine storm. Therefore, markers reflecting the inflam-
matory response are useful in assessing the severity of EHS at its early
stage or recovery (thus supporting return to duty), or the state of heat
acclimatization. Studies in patients with heat stroke show marked
elevation in levels of pro- and anti-inflammatory cytokines and a rise
in Th1:Th2 (T-helper cells' subsets) ratio, indicating higher proinflam-
matory cytokine levels. Conversely, during heat acclimation, anti-in-
flammatory cytokines predominate.86,87

An integration of the traditionally used systemic parameters to-
gether with accepted molecular markers may help to identify heat-in-
tolerant individuals. These markers may also serve to monitor the
progression of heat adaptation and the extent and severity of EHS at
an early stage, thereby assisting the clinician in assessing the patient's
condition and in determining the prognosis and proper choice of treat-
ment. In military scenarios, this will help enhance the soldier's surviv-
ability and effectiveness.
er adaptation or exertional heat stroke (EHS). Adaptive vs. acute (excessive) exposure to
enhanced performance, while the latter will result in EHS and organ failure. Different re-
iomarkers. CV, cardiovascular. Tc, deep-body temperature, SIRS, systemic inflammatory
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5. Conclusions and future research

Heat or cold stress encounteredduringmilitary training andoperations
can threaten the safety and performance of warfighters, subsequently
reducing training and operational effectiveness. The large inter- and
intra-individual variability in tolerance to heat or cold stress highlights
the necessity for individualized risk-mitigation strategies. Real-time, phys-
iologicalmonitoring of thermal strain, coupledwith AI, may be effective in
this regard. Rapid advancements in wearable technology have made it
possible to measure a range of biomarkers in the field. Moreover, contin-
ued technological advanceswill spur thedevelopment ofwearable sensors
and systems that can monitor a wider variety of biomarkers non-
invasively, are more accurate and precise, cost-effective, unobtrusive and
Fig. 2. Illustration of a warfighter equipped with a low-power, textile-integrated wearable sy
within clothing and accessories (e.g., helmet, shoes) are interconnected via conductive threads
mission between a reader (e.g., smartwatch) and the sensors. Data can be visualized in rea
smartwatch to provide real-time health alerts to the warfighter. Figure adapted with perm
mechanomyography. ECG, electrogradiography. SCG, seismocradiography.
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practical in various contexts.88–90 Fig. 2 provides an example of this con-
cept, where multiple textile-integrated sensors capable of measuring
various parameters can be combinedwith wireless low-power communi-
cation technologies and machine learning algorithms to create a system
that can provide valid and actionable information in real time.

In hot environments, the combination of Tc, Tsk and heart rate can
provide some indication of thermal strain and when combined with
biomechanical markers of gait (in)stability, EHS may be predicted in
real time. Relevant biomarkers of thermal strain in the cold include
Tsk, shivering thermogenesis and Tc. Novel solutions for non-invasive
estimation of Tc have been developed, but their accuracy and
reliability require more extensive validation, particularly in cold
environments. Decision-support tools are useful for guiding activity
stem.83,84 A variety of soft, wireless and battery-free sensors (colored circles) embedded
(black lines) to a “hub,”which serves as the interface for wireless data and power trans-

l time from the smartwatch. Predictive algorithms can also be incorporated within the
ission from Lin et al.83,84 GSR, galvanic skin response. EMG, electromyography. MMG,
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planning; their predictions can be improved by incorporating biomark-
ers of individual susceptibility to thermal stress (e.g., aerobic fitness,
motivation) in the thermoregulatory simulations, though they still do
not provide the personalized predictions that can be achieved through
individual physiological monitoring.91 Lastly, novel molecular biomark-
ers of heat intolerance that may facilitate the prevention and clinical
management of EHS were discussed; these include markers related to
themicrobiome, intestinal barrier integrity and inflammatory response.

Further research is required to establish the validity of the risk-
prediction algorithms and tools, particularly in terms of their accuracy
(false-positive and false-negative rates) in detecting or predicting EHS
or cold injuries. Notably, the accuracy criteria may be dependent on
each unit's risk tolerance and their capacity to respond to potential ca-
sualties. Validation methods based on group errors (e.g., RMSE, mean
absolute error) are acceptable when predicting group responses for ac-
tivity planning, but for real-time individual monitoring, individual pre-
diction errors (e.g., PTA) are more appropriate. Given the complexity
andmulti-faceted nature of the overall response to thermal stress, tradi-
tional physiological biomarkers of thermal strain (e.g., Tc, Tsk, heart rate)
are insufficient for depicting whole-body strain or eradicating injuries.
Finally, rather than focusing on improving the accuracy of monitoring
data or prediction tools, future research should seek to investigate and
quantify the real-world impact of these strategies on injury rates, per-
formance and operational effectiveness.
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