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ABSTRACT

Human tolerance to cold environments is extremely limited and responses between individuals is
highly variable. Such physiological and morphological predispositions place them at high risk of
developing cold weather injuries [CWI; including hypothermia and/or non-freezing (NFCI) and freez-
ing cold injuries (FCI)]. The present manuscript highlights current knowledge on the vulnerability and
variability of human cold responses and associated risks of developing CWI. This review 1) defines and
categorizes cold stress and CWI, 2) presents cold defense mechanisms including biological adapta-
tions, acute responses and acclimatization/acclimation and, 3) proposes mitigation strategies for CWI.
This body of evidence clearly indicates that all humans are at risk of developing CWI without adequate
knowledge and protective equipment. In addition, we show that while body mass plays a key role in
mitigating risks of hypothermia between individuals and populations, NFCl and FCl depend mainly on
changes in peripheral blood flow and associated decrease in skin temperature. Clearly, understanding
the large interindividual variability in morphology, insulation, and metabolism is essential to reduce
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potential risks for CWI between and within populations.

Introduction

After spending most of their evolutionary time
in the African Savanna, humans acquired key
morphological and physiological adaptations to
efficiently dissipate heat in warm, dry climates
(furless bodies, large density of eccrine glands,
long appendages). However, as they migrated to
northern, colder regions of the globe, such
warm-climate adaptations did little to prevent
excessive heat loss (Hj,s) in colder tempera-
tures. Consequently, this migration northward
required major improvements in cold protec-
tion technologies (i.e. insulated shelters and
clothing, mastery of fire) and cold-adapted
behavioral strategies (i.e. collaborative work)
that allowed populations to thrive in cold envir-
onments. Nevertheless, even today with sub-
stantial advancements in cold protection
technologies and materials, human tolerance to

the elements is still extremely limited and
depends on severity of the conditions (time
exposed, temperature, humidity, wind, and con-
tact with cold surface), the insulative properties
of their clothing, the level of physical activity
and individual morphology. In this context,
extended civilian expeditions, work assign-
ments, or military deployments in cold climates
require extensive planning to ensure proper
resources are available to prevent the develop-
ment of cold weather injuries (CWI) namely
hypothermia as well as freezing (FCI) and non-
freezing cold injuries (NFCI). However, regard-
less of whether adequate planning and prepara-
tion are achieved, living and working in
extreme cold climates such as the Arctic
remains extremely challenging and exposes
individuals to harsh conditions that can lead
to substantial CWI. Even armed forces
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accustomed in operating in cold climates face
tremendous challenges in mobilizing ground
forces to cold environments given the high
interindividual diversity in morphological, phy-
siological, and psychological preparedness. For
example, in 2016 alone, a joint Arctic military
exercise including the Canadian and U.S. armed
forces reported frostbite rates at ~20% of the
215 reported medical injuries from the average
—-44°C wind chill [1]. Clearly, in this context,
accurately identifying vulnerable individuals
prior to cold weather exposure would prove
a key asset to maximize operational readiness
and reduce risks of CWIL.

The present manuscript highlights current
knowledge on the vulnerability and variability of
human cold responses and associated risks of
developing CWIs. Firstly, we define and categorize
cold stress and CWI. Secondly, we present cold
defense mechanisms including biological adapta-
tions, acute responses, and acclimatization/accli-
mation [2,3]. Finally, we propose CWI mitigation
strategies. The body of evidence presented here
clearly indicates that all humans are highly at risk
of developing CWI without adequate knowledge
and protective equipment.

Defining cold stress

Cold stress and associated physiological conse-
quences are highly variable and depend on the
medium of exposure (water vs air), level (tempera-
ture and humidity gradients), and duration of expo-
sure (min vs days). This stress could be considered
as any environmental exposure that increases Hjos
and elicit heat preservation mechanisms. From this
point on, the body activates a number of cold-
protective mechanisms aimed at attempting to
maintain core temperature (T.o.) at ~37°C. Any
potential change in T, occurs when the heat
stored in the body (heat storage) either decreases if
Hjoss is greater than the rate of heat production
(Hproq) or increases if Hj,, becomes lower than
Hprod. The Hioe to the environment: 1) is the
main driving force to modulate quickly
a metabolic increase in Hpoq [4] and 2) is deter-
mined by physical heat exchange mechanisms (i.e.
evaporation, radiation, conduction, and convection)
[5]. These four pathways of heat exchange are
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influenced on one hand by environmental condi-
tions, by the work rate and
by the protective equipment available and, on the
other, by the physiological, metabolic, and morpho-
logical characteristics distinct to each individual.
Consequently, under the same environmental con-
ditions wearing the same protective garments and
performing the same tasks, variations in cold stress
are determined primarily by interindividual differ-
ences in physiology, metabolism, and morphology.
Contact cooling is also a substantial risk factor for
peripheral cooling and CWI when touching or
gripping cold objects (at work or during military
duties).  Physiologically, initial  cold-defense
mechanisms include the activation of peripheral
vasoconstriction to prevent excessive Hj,s to the
environment and, to redistribute warm blood
toward the core and vital organs. Figure 1 illustrates
the wide range of biological, environmental, psy-
chological, and sociological factors that influence
afferent and efferent cold response in a given indi-
vidual and between populations. While not include
in Figure 1, it is important to indicate that some
medical conditions may influence heat transfer and
effector responses. This may in turn acerbate the
risks of developing CWI [6].

In most daily environmental conditions, vaso-
constriction is sufficient to maintain thermal bal-
ance, and in physiological terms the body remains
in its thermoneutral zone [7]. However, when vaso-
constriction alone is not enough and whole-body
skin temperature (Ty,) decreases further, cold-
effectors are also activated to increase metabolic
Hproq in an attempt to prevent any decrease in
Teore Or hypothermia due to the increase in Hjg.
If this increase in metabolic H,,.q is sufficient to
compensate fully for Hy,,, the level of cold expo-
sure is defined as compensable. Remaining in com-
pensable cold conditions will be determined by
metabolic capacity of each individual to sustain
Hproq and/or by the individual incapacity to prevent
a progressive increase in Hjos [8-10] (see Figure 2).

Presently, what limits Hp.,q in the cold is
unclear at best but does not seem to be related to
glycogen availability as for exercise and/or fatty
acid availability [10-12]. Instead, individuals can
generate heat using multiple pathways that com-
pensate for one another when required [13]. This
high flexibility in heat generating processes is
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Figure 1. Conceptual illustration of thermoregulatory pathways involved in heat loss (Hloss, in blue) and heat production (Hprod, in
red). Changes in temperature are detected by thermal receptor at the skin (Tskin) and in the preoptic area of the hypothalamus
(Tcore). Neural integration of these afferent signals (in yellow) coordinates thermoeffector responses to reduce Hloss (peripheral
vasoconstriction, CVC) and to increase Hprod (non-shivering thermogenesis, NST, and shivering thermogenesis, ST). Determinants of
cold perception, Hprod and Hloss are also presented.
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Figure 2. Conceptual representation conditions leading to risks of hypothermia. Potential of conservation for heat storage by
increased tissue insulation (e. g. lower skin temperature and increased metabolic response).

likely due to the low metabolic rates reached even
during maximal H,,,q which are ~60% lower than

what is found during exercise. However, this sub-
stantial metabolic flexibility comes at the cost of



a lower capacity to generate sufficient heat as cold
intensifies making the compensable cold protec-
tion window fairly narrow in humans.

When Hy,,,q becomes insufficient to counterba-
lance increases in Hj, cold conditions are deemed
as non-compensable and result in a progressive
decrease in T, at a rate determined by the extent
of the difference between Hj,e and Hproq. If left
untreated, a T, decrease below 35°C may affect
cognitive and metabolic functions and may even-
tually prompt failure of multiple organs and sys-
tems [14]. As such, cold water immersion, below
20°C, poses the greatest non-compensable risk for
hypothermia due to substantial increases in cooling
rate. With a heat capacity more than 4 times higher
than air, water increases Hjos by as much as 2 to 5
times compared to air; as it takes more heat to heat
up the water boundary layer vs. the air boundary
layer [15]. For cold water immersions ranging from
18°C to 7°C, body cooling rate has been shown to
range on average between 0.5°C and 2.5°C/h,
respectively [11,16,17]. In addition, survival times
were reported to be limited to 1 to 9 h in light
clothed individuals immersed in 5°C and 15°C,
respectively [18-24]. If T, continues to fall,
Hproa progressively decreases and is suppressed
when T, reaches 31°C [25]. Under such advanced
stages of hypothermia, Ty falls rapidly and
rewarming is not possible without an external heat
source [26]. Clearly, all humans are extremely
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vulnerable to cold and require a high level of cold
protection compared to other mammals of similar
size. In fact, recent work has shown that cold tol-
erance is extremely limited even when physiological
and metabolic limits are far from being reached. In
cold accustomed large men (~100 kg) exposed to
7.5°C in a thermal chamber for up to 24 h, Haman
et al. showed that only half of the participants could
withstand the full day of exposure even when pro-
vided a thick cotton overall, shoes, mitts, a wool
hat, buddied-up, kept busy with tasks and fed sur-
vival rations every 3 h [27]. On average, Ty, only
decreased by ~6°C and T plateaued below nor-
mal values (~0.8°C). This thermal stress resulted in
an 50% increase in baseline Hy,oq in the first 6 h
and was sustained until the end of the exposure.
While these conditions are abnormal and difficult,
they are still far from being beyond reaching phy-
siological limits. Such a study exemplifies the diffi-
culties for human cold survival even in large
individuals (~86 to 128 kg and ~1.76 to 1.85 m
tall) selected for their occupational cold exposure
experience (i.e. Search and Rescue operators, off-
shore workers) to increase the likelihood of partici-
pants to complete the trial.

Defining NFCI and FCI

It is extremely important to note that NFCI and FCI,
can occur both under compensable and
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Figure 3. Conceptual representation conditions leading to risks of cold weather injuries including nonfreezing cold weather injuries
(NFCI) and frostbite. The symbol (?) denotes a lack of scientific support. Wind speed of 5 km/h at 10 meters was considered. The

website used for the wind chill chart was: https://www.candac.ca/.
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uncompensable cold conditions or in other words,
even when core temperature remains constant. The
severity of these injuries is highly variable with the
most vulnerable regions of the body being at the
hands, feet, and face [28-31]. Of great concern also,
a history of both NFCI and FCI can increase the risks
for additional injury
and compromise performance during subsequent
cold exposure. Figure 3 provides a conceptual repre-
sentation of conditions that may lead to the develop-
ment of NFCI and FCL

In general, NFCI are defined as chronic cold
exposure responsible for causing persistent sensory
symptoms, followed by a painful rewarming, and
residual symptoms such as hypersensitivity to cold
and sensory neuropathy after the rewarming pro-
cess [32,33]. These injuries generally occur when
extremities are exposed to cold temperatures for
several hours or days. However, there is a lack of
evidence related to the required duration of
a sustained cold exposure in the development of
NFCI symptoms. The slow decrease in tempera-
ture (i.e. tissue cooling from 25°C to 10°C) seems
to be responsible for the pathophysiological
changes caused by a NFCI [34]. Overall, NFCI
have been linked mainly with the reduction of
peripheral blood flow due to cold-induced vaso-
constriction, affecting limb perfusion [34,35]. In
addition, NFCI have also been observed in indivi-
duals feeling cold while remaining static [36],
when individuals are dehydrated in the cold [37]
or possibly when wearing restrictive footwear

In contrast to NFCI, FCI are caused by damage
to the human body tissue when skin surface tem-
peratures reach below the freezing point at
approximately —0.55°C [38]. Notably, the wind
chill index uses-approximately —4.8°C as tempera-
ture for 5% risk of developing frost bite at the
cheek [39]. Clinically, the levels of frostbite can
vary from superficial to deep [40]. Although all
tissues may be affected, variations related to site,
pressure, insulation, or susceptibility to wetting
have an impact on the prevalence of FCI in some
areas (i.e. face, fingers and hands, the tip of nose
and ears) [41,42]. Recent results have shown that
reductions in temperature with altitude also
increases the likelihood of frostbite [43]. Hypoxia
in the cold may result in hemoconcentration, small
vessels blockage, hypercoagulability [44-46].

At the whole-body level, risks for NFCI and FCI
are linked closely to the capacity of individuals to
maintain T, by minimizing Hj. and increasing
Hprod. By redistributing warm blood from the per-
iphery to the core, Hj,s is minimized at the cost of
increasing the risks for developing both NFCI and
FCI from reduced blood flow to the hands and
feet. However, to counteract the increased vaso-
constriction-related risks for NFCI and FCI, per-
ipheral resistance increases from cold-induced
hypertension to allow for enhanced circulatory
function [47]. Rising blood pressure and a surge
of circulating catecholamines, particularly nora-
drenalin, during cold exposure is indicative of
a strong sympathetic nervous system response
[48]. Although seemingly counterintuitive for the
anticipated action of circulating noradrenalin,
heart rate decreases in the cold through parasym-
pathetic activation aimed at regulating metabolic
demand while maintaining adequate cardiac out-
put [49]. Together, the balance of sympathetic and
parasympathetic influence on the cardiovascular
system during cold exposure maximizes efficiency
of blood supply supporting Hy,,q while reducing
exposure of warm blood to cold skin. The severity
of any potential NFCI and FCI during compensa-
ble and non-compensable cold depends on the
duration of exposure and whether temperatures
decrease below skin freezing temperatures (below
~ —0.55°C). While most of these injuries can be
prevented by adequate cold protection, it remains
that individual physiological, metabolic, and mor-
phological characteristics that affect both Hj,s and
Hproa may inherently attenuate the risks for devel-
oping NFCI and FCI by better protecting T, and
Tskin- It was hypothesized that finger cold-induced
vasodilation (CIVD) could be related to risks of
CWI. However, no relation was found between
CIVD and risks of CWI [50]. In addition, over
the last 80 vy, cold research has convincingly
demonstrated that cold response is highly variable
between humans which leads to higher vulnerabil-
ity in specific population and specific individuals
within a population.

Cold defense mechanisms

Interindividual variations in acute cold responses.
Since humans have evolved primarily in warm



regions of the Earth near the equator, expansion to
cold weather areas of the world would have been
impossible without learning how to work as
a collective (e.g. team work, shared tasks, and
community) and without crucial advancements in
technology (e.g. insulated shelters, warm clothing,
and the mastery of fire) [51]. However, under
conditions where these cold countermeasures are
unavailable or inappropriate, individuals must rely
on a number of physiological and metabolic
responses as well as their morphological adapta-
tions in an attempt to reduce H, (insulative
adaptations) and increase H,,q (metabolic adap-
tations) [3]. Both insulative and metabolic adapta-
tions to cold are highly diverse between
populations and within individuals of a given
population partly due to large differences in mor-
phology and body composition. They depend on
genetic traits acquired through natural selection
over thousands of generations prior to the devel-
opment of advanced cold protection technologies.
However, even within a given genetic makeup,
individuals are still able to modify and possibly
improve their tolerance to cold through acclima-
tion (achieved in a laboratory setting) or acclima-
tization (achieved in a natural setting). When
taken in combination, the numerous potential var-
iants in cold adaptation, acclimation, and acclima-
tization in a given population and between
populations provide support for the wide array in
cold responses found in humans [13,52,53].
Unfortunately, methods for assessing cold
responses are quite diverse and consequently,
comparisons between various cold studies are
extremely difficult. In this context, much research
is still needed to fully understand the factors that
determine cold responses within and between
populations. With this said, it remains that physi-
cal principles of heat transfer are the sole driving
force for Hi, in the cold based on individual
morphological and insulative adaptations.
Individual differences in body morphology are
the main determinant for cooling rates, heat sto-
rage, and ultimately survival time. In biophysical
terms, for a specific body shape and composition
and work rate, Hy,, will be determined from rates
of conduction, convection, radiation, evaporation
[54]. In addition, body morphology and composi-
tion also play a large role in the determination of
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Hproa which, if optimal, has the potential to reduce
the risk of NFCI and FCI. According to popular
belief, body fat percentage has often been deemed
the primary determinant for cold protection and
cold tolerance. Clearly, subcutaneous adipose tis-
sue is the most insulative tissue in the human
body, however unlike the denser and substantially
more insulative layer of blubber seen in Arctic
marine mammals, there is little evidence that
white adipose tissue conserves heat adequately to
be considered a primary factor in reducing Hj, in
cold ambient conditions [55]. Instead, body fat
provides a high-volume with minimal addition to
total body surface area which affect body morphol-
ogy and appears to effectively reduce heat transfer
[56]. When examining differences between men
and women in cold water immersions, there are
profound variations in Hp,,q and Hio despite
being controlled for body fatness [57]. It was
observed that, among other unknown contributing
factors, morphological differences in fat distribu-
tion between males and females affecting surface-
to-volume ratios contributed more to total Hj,,
and therefore Hy,,q requirements, than the abso-
lute amount or relative percentage of body fatness
[56,57]. Using these sex comparisons, it can be
inferred that body morphologies that consist of
smaller surface-to-volume ratios are considered
ideal to attenuate heat dissipation during cold
exposure. In addition, ovarian hormones estradiol
and progesterone influence physiological thermo-
regulation in women but research findings indicate
that these hormones can modulate the cutaneous
vasoconstrictor response, and alter fuel selection
and NST. However, when anthropometrics differ-
ences are considered, there seems to be a minimal
thermoregulatory advantage in terms of overall
ability to tolerate cold [58]. It is generally accepted
that individuals with large mass or volume, low
surface body area, and high body fat percentage
preserved the most heat in cold water, reducing
the need for heat production mechanisms [56]. As
a result, the most vulnerable populations were
identified as small individuals with high surface-
area-to-volume ratios [56,57]. These determina-
tions were established during cold water immer-
sion but do not necessarily translate directly in
cold air. By definition, H,;,q mechanisms during
non-compensable cold exposure are working at
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maximal rates, but unable to compensate for the
substantial Hj, to the environment thereby
resulting in a decrease in Tco.. In such situations,
maximizing factors that promote heat conserva-
tion through the reduction of Hj,, low surface
area, translate to increased time to hypothermia
[56]. In contrast, compensable cold exposures
require submaximal H,,.q intensities to counter
Hioss [59], indicating that the factors contributing
to Hy,oq play a stronger role in defining vulnerable
populations. Therefore, cold tolerance in humans
are likely associated with an optimal body mor-
phology and body composition during compensa-
ble cold exposure. Differences in body
composition between individuals in previous lit-
erature have been mainly examined under non-
compensable conditions using cold water immer-
sion [51,56,60,61]. However, most human cold
weather exposure occurs in cold air and is gener-
ally compensable; provided clothing and equip-
ment is balanced to the activity level.

Finally, it is important to note that not only
does muscle mass modulate thermogenenic capa-
city and overall H,, .4 but it also provides impor-
tant insulative properties [62,63]. While individual
differences in body morphology and body compo-
sition are well known to influence cooling rates
and survival time, it remains that research consis-
tently shows that cold water immersion (especially
<18°C) inevitably and rapidly leads to hypother-
mia. In contrast, during cold air exposure, cooling
rates are greatly reduced and thus, hypothermia
should only occur accidentally, following unfore-
seen events or following a series of inadequate
decisions. In the long-term, cold air exposure can
be tolerated for several hours to several days
depending on the equipment available and the
severity of the conditions. However, conditions
that are initially compensable can become non-
compensable as Hj;,q mechanisms fatigue [8,9].
Under such conditions, preventing hypothermia
will require the individual to make adequate deci-
sions to prevent further Hjoi and/or increase Hproq
in an attempt to reduce the risk of hypothermia. In
this context, it is crucial for individuals to monitor
regularly their level of cold stress and use proper
countermeasures or behaviors to maintain cold
responses within manageable range and prevent
hypothermia.

Cold adaptation variants. Humankind is com-
prised of numerous genetic variations that deter-
mine an individual’s phenotype including
physiological responsiveness to environmental
temperature changes (i.e. vasoconstriction, vasodi-
lation), skin characteristics (i.e. sweat gland density,
skin thickness, coloration) and anthropometrics
(i.e. body shape, height, weight, body composition,
segmental length). Within a given population, spe-
cific thermoregulatory phenotypes evolved accord-
ing to environmental pressures and required to
regulate body temperature in a specific region of
the Earth. As an extreme example of cold adapta-
tions, circumpolar residents have adapted and
thrived for thousands of years in the coldest regions
of the world [64]. They also have acquired key
knowledge and survival skills to deal with extreme
cold conditions [65]. In the 1950s and 1960s, cold
adaptations of humans living in various regions of
the world attracted the attention of a number of
scientists [66]. In general, cold-adapted populations
such as the Inuit/Eskimos [65-69], northern First
Nations/American Indians [66,70-72] and Saami
[66,68] respond physiologically and metabolically
in a similar way to acute cold as populations living
closer to the equator. However, some key differ-
ences have been reported which may improve cold
tolerance and survival in the cold [66]. Generally,
Arctic populations have higher basal metabolic rate,
higher hand and feet temperatures, and increased
blood flow to the forearms and hands. Higher than
predicted weight-corrected basal metabolic rates
(~20%) were also found in the Yakut an indigenous
population living in the cold regions of the Sakha
Republic of Russia [73,74].

It remains that comparing results between these
cold studies and between races (i.e. Arctic popula-
tions vs Caucasians) is extremely difficult because
of methodological and analysis biases as well as
important morphological and body composition
differences  between  Arctic dwellers and
Caucasians [65]. For example, some proposed phy-
siological and metabolic differences between
Arctic dwellers and Caucasians are reduced or
disappear when corrections are made for differ-
ences in morphology and body composition
[65,75]. Also, when the resting metabolic rate of
Inuit living in more southern areas is measured,
results are similar to values found in Caucasians



living in the same area. This supports strongly that
cold acclimatization plays a greater role in mod-
ulating cold responses independently of racial dif-
ferences. Instead, cold tolerance and survival
success in these various groups were achieved
through a variety of biological mechanisms and
likely compensated largely by climate-adapted
behaviors. Again, these results highly support the
premise that body morphology (i.e. anthropo-
metrics), body mass, and body composition (i.e.
muscle and fat mass) are likely the most important
determinants of individual cold tolerance between
and within populations.

In humans as in other animals, it is important
to note that total body mass and body surface area
are the most important determinants of neutral air
temperature and rate of heat loss. In humans,
Verbraecken et al. (2006) reported that in 1868
patients total body surface area varies 2.8-fold
from 1.28 to 3.56 m> whereas total body weight
varies 4.5-fold from 44 to 196 kg. Figure 4
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illustrates differences in neutral air temperature
nude individuals included within the range in
total body weight reported above and exposed to
cold air (see Appendix A for calculations) [76].
Average body mass of different regions of the
world have been added to this figure to indicate
the average risk of a given population during cold
exposure. Results indicate that body mass is highly
related to the risk of hypothermia between indivi-
duals and between world populations.
Interestingly, Arctic populations have a relatively
low body weight on average indicating that beha-
vioral cold adaptations were key to ensure survival.
Clearly, in all human populations, behavioral ther-
moregulation including wearing protective cloth-
ing, building shelter, and setting up a heat source
is essential to prevent risks of hypothermia as well
as NFCI and FCI.

Over the last decades, attempts were made to
document the prevalence of CWI in individuals of
various races living or required to operate in cold

b) Nude, resting neutral temperature
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Figure 4. Panel A) nude resting neutral temperature for full range of population spanning small body surface area (1. 4 m?) and very large
body surface area (3 m?). Panel B) nude resting neutral temperature for specific population average body weights: AS: Asia, AF: Africa, W:
World, LA: Latin America, EU: Europe, OC: Oceania, NA: North America.. Panel C: Clothed (2. 5clo), moderate activity (4 MET) neutral
temperature for full range of population spanning small body surface area (1. 4 m2) and very large body surface area (3 m2).; Panel D)
Clothed (2. 5clo) moderate activity (4 MET) neutral temperature for specific population average body weights. For all panels resting
metabolic rate is calculated according to Roza & Shizgal for 35 year old persons; male and female metabolic rates are combined.



166 (&) F. HAMAN ET AL.

weather conditions. DeGroot et al. (2003) con-
cluded in a U.S. military report spanning 10 v,
African American males and females had 4-fold
and 2.2-fold the incidence of CWI compared to
Caucasian American, respectively [77]. Candler
et al. (1997) also found African Americans had
higher rates of CWI in Alaska [78]. In contrast,
several other military reports found CWI to be
higher in Caucasian Americans than African
Americans [79,80]. The higher incidence of CWI
males compared to females also contradicts the
expected higher risk for CWI in women [77].
Lastly, Tek & Mackey (1993) found no effect of
race on risk for CWI [81]. When comparing phy-
siological and thermoregulatory responses to cold
exposure, African American men showed to have
lower T, Tcore» and Hp,oq in compensable con-
ditions [82]. Another study found African descen-
dant males had greater vasoconstriction responses
than Asian descendant or Caucasian males, pla-
cing African descendants at the greatest risk for
CWTI [83]. It should be noted that there were no
indications of regions of African or Asian descent
in any of the reported studies. Considering there is
greater genetic variation between race subgroups
of Africa than any other race [84], this may con-
tribute to the mixed results found throughout the
literature on CWI as it pertains to race. Although
some studies have indicated that the incidence of

NFCI differs between races [36,77], this evidence is
contrary to that reported in another study [81] and
has several limitations (e.g. sample size, control
population). Considering these factors, the role
played by race in the prevention of NFCI remains
unclear. While this work provides some insights
on racial cold vulnerability, it remains epidemio-
logical and highly anecdotal in nature and addi-
tional work is required to clearly establish racial
differences in cold responses.

Acute cold response variants. Some models on
the origins of cold thermoregulation posits that
deep body temperature is perpetually controlled
via a negative feedback loop, whereby T o
serves as both the control variable and the pre-
dominant feedback signal and Ty, provides
a rapidly-responding auxiliary feedback signal
[85,86]. Others suggest that thermoregulatory
responses are under feedforward control driven
by changes in T, thereby activating cold-
defense effectors before any detectable change in
Teore can occur [87,88]. Regardless of the pre-
ferred model used to illustrate this thermoregu-
latory control, it has become evident that each
cold-defense effector response (i.e. vasoconstric-
tion, brown adipose tissue, and shivering) is
independently controlled, with each effector
being driven by different combinations of Teore
and Ty, inputs.

a. Mild cold exposure b. Moderate cold exposure c.
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Figure 5. Average changes in regional skin temperature at baseline and between 75-90 min of A. mild cold exposure and
B. moderate cold exposure. - including metabolic response. Data modified from Haman et al (2002) and Haman et al (2004, 2005).
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Figure 6. Average changes in regional skin temperature at baseline and between 75-90 min in two non-cold acclimatized men of
similar morphology. A) insulative responder with lower extremity skin temperature and B - metabolic responder with higher
extremity skin temperature. Data modified from Haman et al (2002) and Haman et al (2004, 2005).

In essence, all humans on Earth respond acutely
to cold using the same insulative and metabolic
processes which contribute to a various degree
based on individual adaptations (morphological,
insulative, and metabolic) and/or acclimatization
(insulative and metabolic). To counterbalance
increases in Hj,s, humans rely on the activation
of insulative responses (i.e. peripheral vasocon-
striction) to reduce Hj. and the activation of
pathways to increase Hp,.q Figure 5 shows an
example changes in regional skin temperature
and metabolic response during mild and moderate
cold exposure, and Figure 6 shows an example of
changes in regional skin temperature for an insu-
latory responder (lower skin temperature, lower
metabolic response) vs. a metabolic responder
(higher skin temperature, higher metabolic
response). Note that the insulative responder is at
greater risk for dexterity issues or CWI than the
metabolic responder.

Cold exposure activates temperature-sensitive
receptors (thermoTRP) located in the dermis and
epidermis [89]. The information received is inte-
grated by various parts of the brain including the
thalamus, cerebral cortex, and preoptic area of the
hypothalamus which stimulates cold-defense
mechanisms. As such, changes in Ty, come as

the first line of defense in the cold in an attempt to
prevent a decrease in T.,.. Even 2°C decrease in
whole-body Ty, is sufficient to initiate peripheral
cutaneous vasoconstriction (CVC) as well increase
in Hyroq in young adult males [90]. Each cold
defense response [i.e. vasomotor tone, brown adi-
pose tissue (BAT) thermogenesis, and shivering
thermogenesis (ST)] appears to be independently
controlled, with each mechanism driven by differ-
ent combinations of peripheral and central ther-
mosensory input, reflected by T, and Teore
respectively. It is possible that both the apparent
differences in thresholds and the interaction
between these Hy.,q responses can be explained
by their slight differences in activation mechan-
isms and neural circuits, rather than temperature
thresholds [91-94]. Despite progress made in
characterizing the central neural network that
leads to the recruitment of ST, the spinal circuitry
itself, and therefore variations of interindividual
responses, is relatively unknown [88,95]. The pre-
vailing view of the neural pathway ST-activation
speculates that the essential step to initiate this
response through skin cooling resides centrally
[88]. Thus, identifying variations of neural input
in ST intensity and patterns may provide insight to
individual risks of CWIL.
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The distribution of cold- vs. warm-sensitive ther-
moreceptors or neurons may also shed some light on
interindividual variability in the response to a cold
stimulus. For example, warm-sensitive receptors are
present in at least 60% of spinal nerves innervating
the gastrointestinal tract, small intestine, and blad-
der, compared to 30% or less in spinal nerves inner-
vating the skin or skeletal muscles [96]. The feedback
provided from internal thermoreceptors such as
these may explain why, for the same T, whole-
body thermogenesis is slightly lower in overweight
or obese compared to lean individuals exposed to the
same mild cold stimulus [97-101]. This is further
supported by the lower cooling temperature required
to elicit a relatively similar thermogenic response
between lean and obese men [102,103]. Together,
these studies suggest that centrally located thermo-
receptors or temperature-sensitive neurons may be
modulating heat production, relative to lean indivi-
duals, to set the basal thermoregulatory tone for
individuals who are overweight or obese.

In addition to the neural control of thermal
effectors (vasoconstriction, BAT, ST), skin blood
flow is also governed by local regulation [104,105].
Independent of neural control mechanisms, skin
blood flow closely follows Arrhenius law (or Q10-
effect) such that for each 10°C change in local skin
temperature there is a 50% change in local skin
blood flow [106]. Therefore, skin vasoconstriction
may be maintained even after neural vasoconstric-
tor tone returns to basal levels [107].

In humans, Hy,oq is increased primarily through
asynchronous muscle contractions or ST and to
a lesser extent, by non-shivering thermogenesis
(NST) (i.e. BAT and futile cycles). Both ST and
NST are initiated when T, decreases below nor-
mal values (~33°C). Maximal Hp,,q in the cold
seems relatively conserved between individuals
reaching ~5 times basal values [108]; a value 4-5
times lower than maximal Hp,,q during exercise.
The exact reason for this upper limit during cold
exposure remains unknown. Most importantly, in
the context of this review, maximal H,,.q capacity
is highly variable between individuals and depen-
dents mainly on differences in the total mass of
heat generating tissues; primarily skeletal muscle
mass and to a much lesser extent BAT mass. Of all
potential heat generating tissues, skeletal muscle is
by far the greatest contributor of heat. In an

average lean individual weighing 72 kg, skeletal
muscles represent ~40% of total body mass or
~30 kg [109,110].

Even though ST in skeletal muscles provides
most of the heat, it also presents itself with an
important downfall. Both ST and voluntary move-
ment use the same efferent neural pathways and
consequently, ST interferes with voluntary move-
ments resulting in a reduction in motor control
and performance [111]. Identifying strategies to
reduce ST and increase NST, while maintaining
overall Hy,q would be crucial to increase cold
tolerance and maintain physical performance.
Despite a general pattern emerging, muscle
recruitment patterns are highly variable, even
among morphologically similar men and women
[13,52,112-115]. While some individuals rely
almost entirely on upper body muscles, others
depend more on upper leg muscles [12,114].
Also, within muscles, some individuals rely more
on burst shivering (short, high intensity, type II
muscle fibers) and others on continuous shivering
(long, low intensity, type I muscle fibers) [116].
Exact reasons for these large interindividual varia-
tions in ST, even amongst morphologically similar
individuals, are unknown but may be related
partly to variations in fiber composition [117].
Human skeletal muscles are made of the different
types of fibers and the presence of these various
fiber types varies greatly between skeletal muscles
and individuals [118]. In a given individual, ST
and burst rate are extremely consistent even
when carbohydrate (CHO) availability is modified
in men [12] or when measurements are made at
the luteal and follicular phases of the menstrual
cycle in women [113]. The rhythmic nature, ST
intensity, and ST pattern have all been suggested
to be determined locally in the spinal cord, poten-
tially through a proprioceptive sensory feedback
loop [119-121]. At the whole body level, variations
in relative contributions of high intensity bursts to
total ST and the recruitment of various muscle
groups do not seem to affect H o4 during mild
to moderate intensity cold exposure [114,116].
However, they have important consequences on
metabolic fuel selection [12] as well as possibly
on shivering endurance, cognitive capacity, and
survival in the cold [52]. In this context, any
increases in the contribution of NST to total



Hproa would reduce this effect and this can be
achieved through cold acclimation/acclimatization.
Over the last decades, many attempts have been
made to identify differences in cold response
between men and women. However, there is cur-
rently no consensus in sex-associated differences
in the prevention of CWI [36,41,122,123]. At the
whole body level, thermoregulatory responses in
women and men differ little when morphological
and body composition differences are considered
[124-126]. Consequently, most of the difference
between women and men would be related to
average differences in body surface-area-to-
volume ratio and lean-to-fat tissue ratio between
sexes. While women tend to have a higher body
surface area and higher percent body fat than men,
it remains that cold responses would differ little
between women and men where these parameters
are similar. Metabolically, women respond simi-
larly whether in follicular or luteal phase but oxi-
dize more lipids then men [113]. With this said,
some differences in peripheral cold responses have
been noted between sexes [127] which links to
a higher presence of Raynaud’s phenomenon in
women then in men [128]. During local hand
cooling and recovery, women also showed
a lower finger temperature and blood flow then
men [127]. Similar findings were confirmed by
a number of other researchers [121,129,130].
Interestingly, no such difference in skin tempera-
ture was found between Inuit women and men
[131]. Whether these differences in peripheral
blood perfusion and temperature in the cold
between women and men may be linked to
increased risk of CWI remains to be established.
While sex differences in cold response seem
unclear at best, research suggests that individuals
over the age of 60 y are less cold tolerant partly
because of reduced peripheral vasoconstriction
and heat conservation when compared to younger
people [125]. In addition, it is unclear whether
sarcopenia could result in a reduction in heat
production with the decrease in muscle mass.
Exact reasons for these differences remain unclear
but it has been documented that older adults are at
higher risk for mortality and morbidity in the cold
[20,132-134]. However, it is important to note that
most cold-related deaths in older adults, are attrib-
uted to cold-induced hypertension, and therefore
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increased cardiac strain, leading to myocardial
infarction and stroke [20,132]. Even during mild
cold exposure (20°C, seminude) young adults
showed faster recovery of systolic blood pressure
which coincided with increased Hp.,q in young
adults, whereas their older counterparts even
showed a decrease in Hpoq [90]. Recently, it has
been established that reduced neural input in older
adults is attributed to impairments in peripheral
vasculature altering their ability to vasoconstrict
[135]. Consequently, Ty, is higher during the
initial few hours of cold exposure allowing greater
heat exchange. Wagner and Horvath (1985) found
an increased Ty, in older adults during the first 2
hours of cold exposure translated to a decline in
Teore (—0.3°C) in 10°C ambient air, a temperature
considered to be compensable in younger adults
[136]. Following 2 to 3 h of cold exposure, how-
ever, the initial blunting of vasoconstriction is
negligible and Ty, of older adults are comparable
to younger adults [137-139]. Furthermore, age-
related blunted vasoconstriction is predominantly
observed on ventral forearm skin sites but not
necessarily at the hands [140]. Despite comparable
Tskin in long-term cold exposure, the reduced cold
tolerance from the inability to adequately vasocon-
strict or respond metabolically in otherwise com-
pensable environments places older adults at
higher risk of CWL

It is important to note that cold response may
be influenced by a number of factors including
fatigue, nutrition, or negative energy balance and
hydration. In response to hypothermic casualties
during a 9 week training of U.S. Army Rangers,
Young et al. (1998) determined that chronic sleep,
exertional fatigue, and negative energy balance
significantly affects thermal tolerance and suscept-
ibility to hypothermia [141]. Another U.S. military
operations study found declines in thermoregula-
tion maintenance under conditions of sleep depri-
vation, negative energy balance, and exertional
fatigue during short duration (3.5 days) cold expo-
sure [142]. When isolating sleep deprivation and
cold exposure, however, some studies have found
no thermoregulatory impacts during acute sleep
deprivation (53 h) conditions [143,144]. In addi-
tion to isolating sleep deprivation during cold
exposure, Oliver et al. (2015) repeated the same
stressors found in Young et al. (1998), but with
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shorter duration of the stressors [141,144]. It can
be surmised that the effect on thermoregulatory
systems found in these studies are dependent on
duration of the stressors.

In a study examining a 9 week military training,
chronic negative energy balance reduced mental
capacity and ability to thermoregulate [141].
When applied in short bouts of negative energy
balance of a few days, the risks of hypothermia are
considered minimal [144]. Positive energy balance
of 150% overfeeding has no metabolic or BAT
effect either in acute cold exposure or during
cold acclimation [145,146]. Several studies show
that shivering in prolonged immersion of 18°C
water produce 80% of total heat from CHO oxida-
tion when glycogen reserves are artificially ele-
vated, and the same percentage, but from lipid
oxidation, when glycogen reserves are depleted
[10,147,148]. However, such drastic changes in
fuel selection do not affect cold tolerance because
Hproq appears to be independent of glycogen avail-
ability (see Figure 7).

Conversely to CHO availability, dehydration
seems to modify cold response, particularly in
cold water immersions, which results in a strong
diuretic response. A combination of redistribution
of the blood to the core and cold-induced hyper-
tension stimulate baroreceptors in the heart, pro-
moting increased urine output through the Henry-
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Gauer reflex [149]. In cold water immersions,
hydrostatic pressures magnify this reflex effect
which can account for 1-3% body mass lost
through urine output [150,151]. While in
a hypohydrated state, submaximal exercise in
cold required greater oxygen
uptake, reducing mechanical efficiency and time
to exhaustion [152]. The effect of reduced exercise
performance in the cold while hypohydrated, how-
ever, is reversed once euhydration is restored
[152]. Hypohydration in cold ambient air condi-
tions can also affect thermoregulation. O’Brien
et al. (1998) examined men during 2-hour expo-
sures at 7°C cold ambient air exposure while euhy-
drated, isotonic hypohydrated using ingested
furosemide, and hypertonic hypohydrated of 4%
decrease in body mass from induced sweating
[153]. Although heat balance remained intact dur-
ing all conditions, preserving the compensable ele-
ment of the environment, vasoconstrictive tone
under both hypohydrated hydration statuses were
affected. The combination of hypohydration and
hypovolemia in the hypertonic hypohydrated con-
dition had the greatest effect on impairing skin
temperature regulation during cold exposure.
These impairments in vasoconstrictive tone and
skin temperature while in a hypohydrated state,
however, plateaued after 90 min of exposure. In
response to mitigate the hypohydrated effect
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Figure 7. Average changes in regional skin temperature at baseline and between 105-120 min of mild cold exposure in non-cold
acclimatized men with A. low glycogen reserves and, B. high glycogen reserves during moderate cold exposure. Data modified from

Haman et al (2004).



during cold exposure, a follow-up study by
O’Brien (2005) examined cold exposure with
a hyperhydrated status and found little impact on
the thermoregulatory system [154]. Additionally,
in these cold conditions, hyperhydration from gly-
cerol ingestion lowered urine output more than
hyperhydration through only water. The benefits
of minimizing fluid loss with glycerol hyperhydra-
tion may be amplified in long duration cold
exposure. Therefore, hyperhydration using gly-
cerol may be the best strategy to reduce thermo-
regulatory stress in cold exposure with greatest
potential to minimize the effect of hydration on
exercise in the cold.

Although the effect of hydration status on frost-
bite injury is unknown, appropriate hydration and
protection against hypovolemia may be important
for frostbite recovery [40]. It is important to high-
light that oral fluids should be avoided in cases
where the patient is not alert, vomiting, or not
capable of swallowing. In these cases, intravenous
(IV) normal saline should be prescribed for the
maintenance of blood volume. Ideally, this fluid
should be warmed (37-42°C) before infusion. The
infusion must occur rapidly and in small boluses
(e.g. 250 mL) given the risk of fluid cooling or
freezing [40].

Finally, it was generally assumed that the con-
tribution of NST to total heat production in
humans was negligible due to the lack of BAT
and to the lack of NST capacity in skeletal muscle.
However, recent research seems to suggest other-
wise. Over the last decade, it was shown that not
only is BAT present in adult humans but it is also
metabolically active [101,155,156]. The greatest
variability found in BAT between individuals is
dependent on body size. In healthy adult humans,
BAT is present in small amounts compared to
what is observed in rodents; only ~30-350 g
[157]. In overweight and obese individuals, how-
ever, several studies have found that these indivi-
duals have reduced, and in some cases negligible,
quantities of BAT [158,159]. It is difficult to ascer-
tain in the current literature the magnitude of
contribution of BAT to cold thermogenesis. Some
compensable cold exposure studies have indicated
a positive correlation between Hp.,q and BAT
[160,161], while other studies have indicated ske-
letal muscle activity dictates Hp,oq [97,162]. Large
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variations in the amount of BAT present between
individuals may account for many of the incon-
sistencies found in the literature between H,oq
and skeletal muscle or BAT.

Skeletal muscle is the most abundant tissue in the
human body. In addition to contribution of Hp,oq
through ST, skeletal muscle houses calcium channel
pumps and mitochondria used in NST. Among the
skeletal muscle framework, different types of fibers
allow for a range of endurance (type I, oxidative) to
power (Type Ila and IIb, glycolytic) outputs.
Regardless of fiber type, all muscle fibers contain
the sarcoplasmic reticulum (SR) where calcium
flows to incite muscular contraction. Different iso-
forms of the SR found in either fast-twitch and slow-
twitch fibers have shown to have varying contribu-
tions to NST [163]. Fast-twitch fibers are enriched
with the SR isoform, SERCA 1, which has the highest
Hproa [164]. Meanwhile, slow-twitch fibers contain
the SERCA 1 isoform mixed with a secondary SR
isoform SERCA 2 which produces heat at slower
rates. In essence, a small change in skeletal muscle
mass and composition of fiber typing equate to large
variations in the NST contribution to whole body
Hprod'

Cold  acclimation/acclimatization  variants.
Repeated cold exposures allow the body to accli-
mate or acclimatize in various ways depending on
the duration and intensity of the cold exposure. In
1961, Davis showed that 31 days of cold air expo-
sure (~12°C, 8 h/day) resulted in an ~80% reduc-
tion in ST and ~15% reduction in whole-body
Hproq in healthy men previously acclimatized to
summer conditions of ~20-30°C [165]. More than
five decades later, Blondin et al. (2017) showed
that 4 weeks of daily compensable cold exposure
in unacclimated men using a liquid conditioned
suit (2 h/day for 5 weeks) was sufficient to elicit
a ~ 20% decrease in ST response for the same
given Hyoq [117]. Similarly, using cold water
immersion acclimation at 14°C for 7 consecutive
days, Gordon et al. (2019) demonstrated a 40%
reduction of ST for the same given Hyoq [166].
Among these changes in ST, Hj,, mechanisms
also vary greatly after acclimation. Several studies
have established a decrease in Ty, post-cold water
immersion acclimation, indicating greater preser-
vation of T, [167-169]. Following cold air accli-
mation, however, Ty, has been found to increase
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after acclimation [170,171]. This increase may be
key to provide protection for CWI by maintaining
a higher average Ty, and the increased peripheral
circulation may also be beneficial for increasing
manual dexterity. Also, under compensable condi-
tions, greater T, are considered ideal after accli-
mation for optimizing thermal comfort and
maximizing cognitive function without increasing
metabolic stress from ST [64,171,172].

Table 1 summarizes findings from cold expo-
sure studies on the effects of key parameters that
may alter insulative and metabolic responses as
well as cold tolerance within individuals and
between populations.

Mitigating CWI

Mitigating risks of CWI requires a good under-
standing and proper education on the different
types of cold conditions that may result in the
development of CWI [36]. Establishing safe prac-
tices in the cold requires individuals to combine
information including temperature, humidity,
wind speed, duration of exposure, and type of
activity performed [173]. As imminent risk of
developing CWI, the onset of ST is a sign of cold
stress indicating imminent hypothermia if the
source of Hj.. is not addressed [112,174]. This
pre-hypothermic response provides warning sig-
nals for individuals to take appropriate actions by
increasing thermal protection or finding shelter.
A considerable concern of cold protective clothing
is balancing under-protective Hj,ss from insuffi-
cient insulation and over-protective Hj, from
evaporation of perspiration during physical activ-
ity [175]. As such, different climatic conditions
require varying degrees of emphasis on insulation
to appropriate necessities for perspiration from
physical activity and windchill. Regardless of cli-
mate severity, general guidelines dictate materials
should minimize moisture from perspiration and
maximize protection against windchill, particularly
for the head, ears, nose, cheeks, feet, and hands
[175,176]. In addition, the identification of the
main signs and symptoms of NFCI includes per-
ipheral cooling and/or pain and numbness in the
extremities which warrant avoidance of future
exposure. In addition, early treatment is essential
to mitigate future complications. Medical
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personnel must receive specific training to recog-
nize and treat cold injuries [31].

To prevent NFCI, individuals must remain par-
ticularly vigilant and avoid prolonged periods of
exposure in wet and cold conditions (e.g. 12 h-
4 days of cold exposure) [177]. There are recom-
mendations to regularly change to dry socks (i.e.
2-3 times per day) in cold-wet environments and
air-dry feet at least 8 h out every 24 h. In case of
48 h of foot immersion, it is suggested for indivi-
duals to dry their feet for 24 h after exposure.
However, these specific recommendations are
based on research of warm water and tropical
immersion foot [178,179]. There remains a lack
of clear evidence regarding the best practices to
prevent NFCI during cold exposure. Clearly, how-
ever, the use of adequate clothing to protect the
body against cooling is essential for the prevention
of NFCI [31]. Extra attention should be given to
hands and feet. Constrictive footwear and clothing
that may result in decreased blood flow need to be
avoided [31,180]. Also, it is important to remain
physically active during exposure to cold tempera-
ture and employ strategies to maintain core tem-
perature [31,177,180]. It has been shown that
exercising for 15-20 min is sufficient to increase
foot and toe temperature [181]. There is inconsis-
tent evidence about the association between the
previous and current NFCI and its role in NFCI
prevention [36,41]. Quantitative data from
a recent representative case series showed that
body mass index is not associated with NFCIL
However, the percentage of body fat was not ana-
lyzed. Other characteristics, such as previous med-
ical or family history are not predictors of
NECI [36].

While the damage caused by NFCI is harder to
determine, FCI can cause lasting damage to affected
tissues. In severe cases, amputation of gangrene is
necessary to prevent the spread of rapidly dying
tissue. Of the surviving tissue, there are often symp-
toms of neuropathy and damaged vasoconstriction
responses that may lead to reduced ability to coun-
teract cold environments [182-184]. When exam-
ining elite alpinists with previously injured tissue,
including some amputations, cold water immersion
of the previously injured hand felt significantly
colder compared to the uninjured hand [185].
Although there were no differences in rewarming
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rate between previously injured and healthy tissue,
hands with previously injured tissue were consis-
tently lower Ty, throughout rewarming [182,185].
To reduce the risk of further cold injuries, repeating
local cooling to the extremities can improve tissue
perfusion, assuming no injury to the tissue during
local acclimation [186-188].

Of great importance also, thermal sensation and
thermal comfort define the psychological response
to cold exposure. This component is often overlooked
when assessing changes in Hy,e and Hpyoq. Thermal
sensation provides information on how cold or hot
the body feels under the given conditions and it is
then processed as thermal comfort during the whole
body temperature changes [189,190]. The mechan-
isms of thermal sensation and thermal comfort, how-
ever, are subjective and difficult to clearly define.
Evidence from previous studies has indicated that
a change in thermal sensation and thermal comfort
are the precursors to thermoregulatory behavior
responses in animals and humans [189,191]. Despite
the close link typically seen between these two types of
assessments, they are thought to be independent as
thermal comfort is seen to rely on the feedback of
whole-body temperature while thermal sensations
can be elicited based on regional cooling [190]. To
support such claims, Frank et al. (1999) found that the
reduction of either T o or Tgq, by 1°C elicited similar
thermal comfort responses despite the large increase
in ST and vasoconstrictive responses [192].
Differences in mechanisms related to these different
sensory responses could explain why differences in
thermal sensation, thermal comfort, and whole-body
cold responses exist between individuals of similar
morphology and body composition.

Future directions

This review highlights the major challenges posed by
cold weather survival and establishes that understand-
ing individual differences in cold responses are key to
provide appropriate CWI protection. Traditionally,
research in this field has focused on providing overall,
averaged responses to cold temperatures. While this
approach provided important information on overall
trends between groups or populations, it did little to
improve our understanding of the CWT risks faced by
a given individual located further from the average
response. In view of the large variations in metabolic,

insulation and morphological adaptations within
humans, further research is needed to obtain infor-
mation on the risks of CWI as they relate to the
biophysical thermic characteristics of individuals and
how clinical conditions influence the risk of CWIL
This includes improving current knowledge on 1)
the importance of the insulative and metabolic influ-
ences of body composition and [193], 2) on core
warming capacity and heat storage for the improve-
ment of peripheral temperatures [194]. Such findings
would be essential to provide more tailored cold pro-
tection solutions and decision-making tools for mili-
tary command. While seemingly simple at first glance,
the major obstacle is associated with the incapacity to
clinically assess accurately certain types of CWL

Despite their ill-effects, few studies have clearly
addressed the causality of NFCI and current knowl-
edge is almost exclusively based on empirical clinical
observations [195]. Unfortunately, the exact cold con-
ditions that may lead to the development of NFCIs
remain unclear at best [195]. Future work should not
only focus on improving the identification and classi-
fication of early signs of NFCIs as well as on the
improvement of current knowledge on the mechan-
isms involved in the development of these chronic
CWI. Vale et al. highlights the need for more evi-
dence-based algorithms to diagnosis and treat NFCI
[33]. There is a lack of literature related to high quality
research focused on vascular and neural aspects of
NEFECI [195]. Further work should evaluate character-
istics of NFCI in a large sample and consider an
appropriate control group matched for modifiable
factors (e.g. type of activity during injury) and indivi-
dual characteristics (i.e. anthropometric and demo-
graphic variables). Moreover, Eglin et al. also
suggested the control for physical fitness and cold/
wet condition due to the importance of comparing
individuals exposed to same conditions but with dif-
ferent outcomes [195].

In contrast to NFCI, FCI have received far more
attention due mainly to their severity and importance
of tissue sparing treatments. With this said, far less is
known on their long-term outcomes as they relate
to: 1) pre- and post-thaw therapies/procedures
focused on reducing frostbite injury, and 2) manage-
ment of long-term consequences of frostbite to
improve frostbite morbidity. Additionally, only exer-
cise has shown moderate-quality evidence in prevent-
ing frostbite [40]. Further studies in preventing



frostbite should focus on consolidating evidence
related to the maintenance of peripheral perfusion
and cold protection. They should also take a more
integrative approach to relate the importance of core
warming or local warming in the prevention of FCI.
Currently, there is low to very-low evidence level
justifying the use of anti-inflammatory drugs, fluids,
and low-molecular-weight dextran in frostbite treat-
ment. In the context, the development of consistent
evidence ideally using randomized controlled trials or

exceptionally strong observational studies would
be key.

Conclusions

This review shows that: 1) all humans are highly at
risk of developing CWI without adequate knowl-
edge and protective equipment and 2) that under-
standing the large interindividual variability in
morphology, insulation, and metabolism is essen-
tial to reduce potential risks for CWI between and
within populations. When exposed to environ-
mental cold, the body struggles for a balance
between Hyp,oq and Hjee. Maintaining this balance
allows conditions to be considered compensable,
avoiding the detrimental effects of CWI. Some
individual characteristics and statuses such as
age, race, sleep deprivation, hypohydration, and
previous cold injuries, may expose vulnerabilities
in some individuals. To counteract these short-
comings, interventions of equipment, nutrition,
hypohydration, and/or cold acclimation can miti-
gate the risks for CWI.

The main causes of NFCI are the sustained
exposure to cooling temperatures between 25°C
and 10°C and/or wet conditions. The feet are the
most at risk; however, NFCI can affect any body
part. Overall, NFCI diagnosis is based on compre-
hensive history, general examination, and injury
classification. NFCI are classified in four different
stages according to the exposure duration to cold
temperatures, skin color, and other specific symp-
toms. In case of suspected NFCI, the patient
should be first evacuated from the cold and/or
wet environment if possible and subsequently
receive immediate and additional management.
Prevention is still the major way of avoiding long-
term consequences such as cold sensitivity.
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Frostbite is mainly related to the exposure to tem-
peratures close to tissue freezing point (-0.55°C).
The diagnosis of frostbite starts with a clinical
approach and is followed by the injury classifica-
tion. Frostbite can be clinically differentiated into
superficial (first and second levels.) and deep
(third and fourth levels). Imaging exams to evalu-
ate the level of tissue damage should be performed
in deep cases of frostbite. Although there are dif-
ferent treatments available (e.g. iloprost and tPA),
the first management is highly determinant of
prognosis. Clearly, preventing and mitigating
risks of CWI is key when exposed to cold condi-
tions. Much work remains to clearly understand
how individual morphological, physiological, and
psychological differences can modulate cold
responses and the risk of developing cold weather
injuries.
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