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A warm body has long been recognized as one of the primary 
conditions of human life. Although humans have physiologic, 
intellectual, and cultural capabilities that equip them to maintain 
viable body temperatures under many climatic conditions, 
thermal extremes, heavy exercise, and injury can rapidly lead to 
dangerous internal temperatures. For a physician who is operat
ing in primitive circumstances, maintaining or restoring a patient’s 
body temperature can require quick action and ingenuity, both 
of which are aided by an understanding of the physiology of 
temperature regulation.

Because the thermal environment can be extremely compli
cated and the thermoregulatory system of humans is complex, 
making decisions about body temperature maintenance in the 
ield can be dificult. This chapter is designed to aid in the  
decision process by providing a basic understanding of the rela
tionships among the ambient thermal environment, thermal char
acteristics of the body, and physiologic systems that govern 
human thermoregulation. First, some overall concepts of tem
perature regulation are reviewed, as well as a way to conceptual
ize the system. Second, the range of normal body temperatures 
is covered, along with the consequences of higher and lower 
body temperatures. Third, methods and potential pitfalls of moni
toring body temperature are outlined, after which the physical 
factors that affect heat low are discussed. Fourth, the neuronal 
systems involved in processing thermal information (i.e., sensa
tion, integration, and output) are reviewed, followed by a detailed 
description of the effector organ responses involved in the main
tenance of thermal homeostasis. Last, modiications of ther
moregulatory responses, induced alterations of the regulated 
temperature, and changes in the responsiveness as well as in the 
capabilities of the thermoregulatory system are noted. In this 
chapter, when values are given for “a person,” they refer to a 
70kg (154lb) man.

CONCEPTUALIZING THE 
THERMOREGULATORY SYSTEM
Humans are homeotherms and as such are capable of maintain
ing a relatively constant body temperature across a wide range 
of ambient temperatures. Such constancy is attained through the 
use of behavioral processes that involve maintaining or searching 
for a preferable environment and physiologic (autonomic) pro
cesses such as dilation of the skin blood vessels, sweating in the 
heat, and shivering in the cold. Figure 61 provides an overview 
of this process.38 Information about body temperature is inte
grated by central nervous system (CNS) structures, which elicit 
efferent neurogenic responses to correct any changes. Increases 
in body temperature elicit efferent neurogenic cutaneous vaso
dilation and sweating to increase heat dissipation. Conversely, 
decreases in body temperature elicit cutaneous vasoconstric 
tion (decreased heat dissipation) and shivering (increased heat 
generation).

Figure 62 emphasizes how these responses are controlled—
via negative feedback systems with a primary feedforward input 
from skin sensors that monitor ambient temperature.106 The feed
forward input from the skin allows for the elicitation of thermo
regulatory responses without an “error signal” from the primary 
regulated variable, core body temperature.148 Thus, core tem
perature can remain relatively constant under widely varying  
environmental conditions. This is particularly helpful in cold 
environments, where decreases in skin temperature can elicit 

substantial vasoconstriction and shivering before dangerous core 
hypothermia develops. In addition, without this feedforward 
input, when large thermal stresses are encountered, greater devi
ations in core temperature would be necessary to elicit suficient 
restorative responses.

Figure 63 illustrates some of the concepts that relate to the 
thermoregulatory system and are discussed in this chapter. Under 
normal conditions, body temperature is relatively constant over 
a range of ambient temperatures, as depicted by trace “a.” The 
breadth of this range of ambient temperature is called the range 
of normothermia. The midpoint of this range can be conveniently 
called the regulated temperature, which is shown by the dot in 
trace “a.” Toward the upper and lower ends of trace “a,” the core 
temperature inlects up and down. These inlections represent 
ambient temperature extremes at which the regulation begins to 
fail. Altered core temperatures can also accrue when there are 
alterations in the regulated temperature. Such alterations could 
be caused by the presence of bacterial toxins (e.g., fever) or 
starvation, which would cause increases (trace “b”) or decreases 
(trace “c”) in the regulated temperature. In addition, under 
various conditions, the effector responses can become compro
mised, which leads to decreases in the ability to defend against 
low temperatures (dashed line at “d”). This could indicate a 
problem with metabolic stores, or high temperatures (dashed line 
at “e”), which may indicate dehydration. Various combinations 
of regulatory changes and altered effector responsiveness occur 
in conjunction with many threatening situations.

BASICS OF CORE TEMPERATURE
Typical measurements of core temperature provide a good esti
mate of the temperature of critical internal organs and are quite 
stable across individuals. In a study that involved 700 observa
tions of 148 healthy individuals,131 90% of the earlymorning oral 
core temperature measurements were between 36.0° C (96.9° F) 
and 37.1° C (98.9° F). Core temperature is vigorously defended 
by the thermoregulatory system. At low environmental tempera
tures, regional heterothermy that results from peripheral vaso
constriction forms an important aspect of this defense. The 
lowered skin temperature decreases the thermal gradient from 
the skin to the environment and thus decreases heat loss. At 
cooler temperatures, there can be a large amount of peripheral 
tissue that is well below core temperature, which leads to a major 
decrease in the overall heat content of the body. A nude human 
resting at 35° C (95° F) or 20° C (68° F) exhibits similar tempera
tures at various locations within the core. However, because of 
decreased temperatures in the outer shell, a nude person resting 
at 20° C will have a total heat content that is about 200 kilocalo
ries (kcal) lower than when resting at 35° C.197 If the peripheral 
vessels were suddenly dilated, an immediate drop in core tem
perature of about 3.5° C (6.3° F) would result. Because of local 
and systemic inluences of temperature on skin blood low, this 
type of extensive vasodilation can happen in a wilderness  
medicine setting if a hypothermic individual is rapidly rewarmed 
using surface rewarming methods. In a hypothermic individual, 
the discrepancy between core and shell temperatures could  
be considerably greater and could result in a dangerous postdila
tion drop in core temperature. Such an extensive vasodilation 
would also result in a large drop in peripheral vascular resistance, 
which would put the individual at risk for dangerous hypoten
sion. Therefore, such methods should be used with caution  
while carefully monitoring a patient’s vital signs. A method for 
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occur under certain, specialized “manmade” conditions, such as 
during surgery.14

Although an abnormal core temperature is often a signal that 
“something is wrong,” it is not a very speciic signal. A variety 
of conditions can lead to core hyperthermia or hypothermia. 
Under some circumstances, the central neural mechanisms that 
regulate body temperature may be defending an altered core 
temperature for reasons described later in this chapter. Alterna
tively, the thermal load posed by the environment or by heavy 
exercise may be too great for the capacity of the thermoregula
tory effectors to dissipate heat. This is generally referred to as 
“uncompensable heat stress,” whereas heat exposure in which 
body temperature can be regulated is referred to as “compen
sable.” Finally, CNS control of body temperature could be 
deranged as a result of substance abuse, extreme temperatures, 
side effects of prescription drugs, or other factors. When inter
preting a particular core temperature, it is important to evaluate 
all these alternatives. Accidents in the wilderness often involve 
many aspects of thermal balance being compromised, and an 
altered body temperature is likely.

CONSEQUENCES OF ALTERED  
CORE TEMPERATURE
When tissue temperatures change, there are immediate and 
important effects on metabolism as well as on other physiologic 
mechanisms. This effect is characterized by an exponential equa
tion, and for ease of comparison between different sensitivities 
to temperature change, the term Q10 is typically used. Q10 
describes the factor by which a rate increases with a 10° C (18° F) 
increase in temperature. For example, with a 10° C (18° F) increase 
in tissue temperature, the metabolism of typical human tissue 
increases by a factor (Q10) of about 2.7. The metabolic rate of 
the entire organism—apart from thermoregulatory responses—
responds similarly. For temperature differences other than 10° C 
(18° F), these effects can be calculated with the following 
equation197:

R R Q T T
2 1 10

102 1= × −( )[ ]

where R2 and R1 are the two rates of physiologic response; T2 
and T1 are the two temperatures; and Q10 is the increase in rate 
caused by a 10° C (18° F) increase in temperature. Thus, if fever 
or strenuous exercise were to increase body temperature by 2° C 
(3.6° F), basal metabolic rate would be increased by 22%.

estimation of the potential drop in core temperature after periph
eral vessel dilation is given in Estimating Mean Body Tempera
ture, later.

A different type of heterothermy that occurs during hyperther
mia in some species is known as “selective brain cooling.” The 
idea is that, during severe heat stress, brain temperature can be 
maintained lower than the rest of body core temperature, thus 
protecting the brain from potential neuronal damage from  
excessively high temperatures. This phenomenon clearly exists 
in mammals with a carotid rete, where countercurrent heat 
exchange can cool the blood, which will then perfuse the brain.138 
Although humans do not possess a carotid rete, alternative mech
anisms have been proposed as a basis for selective brain cooling. 
Existence of this phenomenon in humans has been vigorously 
debated for decades.19,29,30,157,232 Recent, direct measurements of 
jugular venous temperature and calculations of thermal gradients 
in the areas perfusing the brain suggest that selective brain 
cooling is not a physiologically relevant phenomenon in humans 
during exercise or hyperthermic exposure,158 although it may 

FIGURE 6-1 Schematic overview of the integrative control of thermo-
regulation in humans. As shown at A, an increase in internal and/or 
skin temperature is relayed by neural signals to the central nervous 
system (CNS) nuclei involved in thermoregulation (primarily the preop-
tic area/anterior hypothalamus, POAH). This then elicits efferent  
neurogenic cutaneous vasodilation and sweating, which increases  
heat dissipation, minimizing further increases in body temperature. As 
shown at B, a decrease in internal and/or skin temperature is sensed 
by the CNS and results in increased cutaneous vasoconstriction 
(decreased heat dissipation) and shivering (increased heat generation). 
(From Charkoudian N: Skin blood low in adult human thermoregula-
tion: How it works, when it does not, and why, Mayo Clin Proc 78:603-
612, 2003.)
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FIGURE 6-2 Negative feedback system with feed-forward input from 
the main disturbance (ambient temperature), which decreases variation 
of the main regulated variable (core temperature). (From Kanosue K, 
Crawshaw LI, Nagashima K, et al: Concepts to utilize in describing 
thermoregulation and neurophysiological evidence for how the system 
works, Eur J Appl Physiol 109:5, 2010.)
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FIGURE 6-3 Stylized diagram representing body temperature at dif-
ferent ambient temperatures. The relatively lat portion of the three 
traces a, b, and c represents the range of normothermia. Trace a rep-
resents regulation under normal conditions; traces b and c represent 
increased and decreased levels of regulation, respectively. Inlections 
at the trace extremes depict the ambient temperatures at which the 
effector responses are unable to compensate for the increased ambient 
thermal stress. The dashed traces d and e correspond with situations 
in which the effectors for cold defense and heat loss are compromised. 
(Modiied from Kanosue K, Crawshaw LI, Nagashima K, et al: Concepts 
to utilize in describing thermoregulation and neurophysiological evi-
dence for how the system works, Eur J Appl Physiol 109:5, 2010.)
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monitor skin temperature in cold environments. A second elec
tronic thermometer with a wide temperature range is important 
for measuring skin temperature, as a backup for the standard 
clinical thermometer, and for measuring the temperature of other 
objects such as liquids. Alternate probes and spare batteries for 
both instruments are essential.

Tympanic infrared (IR) radiometers are often used in hospital 
settings. However, even in this relatively predictable environ
ment, some controversy exists regarding their ability to assess 
core temperature accurately.160,179 These instruments monitor 
the electromagnetic radiation that emanates from the ear canal; 
various manufacturers make use of different and complicated 
electronic circuitry to produce a temperature display. An advan
tage is that the reading takes only a few seconds,36 but questions 
remain regarding the overall accuracy of the measurement dis
played. In a laboratory situation in which the auditory canal is 
plugged with a sponge and the probe measures only radiation 
that emanates from the tympanum, IR tympanic thermometry 
provides an excellent estimate of the core temperature.203 In 
clinical settings, the results are less consistent. In one study, IR 
tympanic thermometry produced core temperatures that were 
much more variable than rectal temperatures. Even after correct
ing for the higher rectal values (0.5° C [0.9° F]), tympanic measure
ments still inaccurately displayed onethird of the temperatures 
that were more than 37.7° C (99° F). An extended training program 
did not signiicantly alter the accuracy of the readings.170

In one instance, a child who arrived at an emergency depart
ment (ED) presented with tachycardia and skin vasoconstriction. 
Separate tympanic IR thermometers gave core temperatures of 
36.4° and 37.6° C (97.5° and 99.7° F); the rectal temperature was 
determined to be 42.2° C (108° F)182. Alternatively, in a hospital 
setting with a trained operator and immobile patients, two brands 
of IR tympanic thermometers produced readings that were closer 
to pulmonary artery readings than those obtained from the axilla 
or the rectum.178

The potential beneits of a continuous and easily applied core 
temperature monitor have led to repeated attempts to validate 
liquidcrystal thermometers, which are typically placed on the 
head or neck surface. Unfortunately, the temperature readings 
produced by this method are not reliable.12,130 Because these 
measurements are compromised by the thermoregulatory vascu
lar changes associated with heat conservation and heat dissipa
tion and by changes in ambient temperature,95 they are particularly 
unsuited for ield emergency measurements.

MEASUREMENT SITES

Although the deep internal temperatures of normothermic 
humans are reasonably similar, no speciic anatomic site repre
sents the “oficial” core temperature. The temperature at each 
location is a consequence of a combination of the local metabolic 
rate, local perfusion rate, proximity to the outer shell, and prox
imity to other locations that have differing rates of metabolism 
and perfusion. Nevertheless, because of the generally high 
overall rates of tissue perfusion in mammals, deep core tem
peratures rarely differ by more than 0.5° C (0.9° F). The tempera
ture of the pulmonary artery is a good reference temperature for 
the overall status of the thermal core. At steady state, accepted 
sites for assessing core temperature differ with regard to varying 
amounts from this temperature. When carefully measured in a 
surgical or laboratory setting by trained personnel, esophageal 
and tympanic temperatures are essentially the same as the tem
perature of the pulmonary artery,178,193 whereas rectal tempera
ture averages about 0.4° C (0.7° F) lower, and axillary and oral 
temperatures are about 0.2° C (0.4° F) and 0.4° C (0.7° F) lower, 
respectively.12,178

Although esophageal temperature is somewhat dificult to 
obtain, this is the site that is most likely to relect accurately the 
temperature of the pulmonary artery. Measurement at this loca
tion accurately follows changes in core temperature and is rea
sonably noninvasive. For placement, the probe is lubricated, and 
a small amount of local anesthetic is applied. It is then passed 
via a nasal passage into the distal portion of the esophagus to 
the level of the heart. The probe can be moved up and down 

Within the normal range of body temperatures, higher tem
peratures favor speed at the expense of tissue resources, whereas 
lower temperatures conserve resources. Although both high and 
low temperature extremes pose a threat to humans, increased 
temperatures greatly accelerate the development of serious com
plications in many wilderness medical situations and therefore 
pose a much more immediate danger. A deviation of about 2° C 
(3.6° F) above or below normal core temperature is well tolerated 
by the various regulatory systems of the body, but a discrepancy 
of 3° C (5.4° F) begins to disrupt these systems, including those 
involved in temperature regulation. At this level of deviation, if 
there is no intervention, physiologic problems compound very 
rapidly.

Core hypothermia can also be dangerous to human survival 
and recovery from injury. Core temperatures of 34° to 36° C (93.2° 
to 96.9° F) disrupt many important physiologic functions, which, 
taken together, may signiicantly affect patient outcome. Such 
mild hypothermia impairs recovery from surgical procedures as 
a result of factors that include impaired peripheral blood low 
and oxygen availability, increased possibility of cardiovascular 
complications, decreased antibody and cellular immune defenses, 
impaired coagulation, and increased metabolic expenditure for 
heat production.59,70,118,123 In most situations, it is important to 
maintain the patient at normothermic levels.

Traumatic brain injury can be present in wilderness accidents, 
and it may be accompanied by unregulated hyperthermia. 
Heightened temperatures can exacerbate cerebral inlammation 
and lead to increased neuronal damage.224 There is current inter
est in invoking mild hypothermia to minimize damage to the CNS 
after neurologic injury.162 However, when this approach is used, 
care must be taken to deal with the side effects mentioned 
previously.171

MONITORING TEMPERATURE OF THE 
CORE AND OTHER SITES
The overall status of the thermoregulatory system is determined 
by measuring the core temperature. This can be done at a 
number of sites with several types of instruments (i.e., thermom
eters). In the following paragraphs, the relative merits of locations 
and different types of thermometers are discussed.

MONITORING THE CORE TEMPERATURE

A history of clinical thermometry is available,130 as are good 
overviews of the assessment of core temperature.12,36,245 Sites for 
measuring body temperature, in order of increasing invasiveness, 
include the forehead, axilla, oral cavity, tympanum, rectum, 
esophagus, bladder, and pulmonary artery. There is no clearcut 
choice regarding the best site to monitor; particular situations 
demand different techniques. Thermometers that have been 
employed clinically include mercuryinglass thermometers 
(which are now obsolete), electronic thermometers, tympanic 
radiation thermometers, and liquidcrystal thermometers. What
ever instrument is used should have an accuracy of ±0.1° C 
(0.2° F). The handheld electronic thermometer is a good choice 
for ield emergencies.

TYPES OF THERMOMETERS

The handheld electronic thermometer has replaced the mercury
inglass thermometer, and it has been widely used for many 
years. Electronic thermometers can use thermistors or thermo
couples as sensors, have the requisite degree of accuracy, and 
are lexible in application. Although an equilibration time of 1 
minute is speciied for the typical probe, this is largely because 
of the need for a stiff casing for ease of insertion; smaller probes 
are available that can equilibrate in seconds. The digital display 
of these instruments reduces errors, and the probes can be left 
in place for continuous monitoring. A quality instrument with a 
wide range of interchangeable probes is important. Even then, 
these devices are subject to the usual problems inherent with 
electronic instruments and rarely have a range low enough to 
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temperature could be made by measuring and weighting the 
temperature of four skin sites as follows:

0 3 0 3 0 2 0 2. . . .Chest Arm Thigh Leg+ + +

PHYSICAL FACTORS THAT GOVERN 
HEAT EXCHANGE: THE HEAT 
BALANCE EQUATION
The physical laws that govern heat transfer determine the net 
energy lux into or out of the body.49,85,142,151,197 The heat balance 
equation is a convenient method for partitioning and quantifying 
the low of energy between the environment and the body. A 
high rate of metabolic heat production is critical for maintaining 
a constant body temperature in mammals. This is represented by 
total heat production (Htot) on the left side of the following equa
tion. For a person whose body is at thermal equilibrium, the 
equation is balanced and given as follows:

H H H H Htot d c r e= ± ± ± ±

where Htot is the total metabolic heat production; Hd is the con
ductive heat exchange; Hc is the convective heat exchange; Hr 
is the radiative heat exchange; and He is the evaporative heat 
exchange. Htot is always positive. The various modes of heat 
exchange from the right side of the equation can be positive or 
negative, depending on the situation. Positive values refer to net 
heat loss from the body. If the equation does not balance, the 
body either loses or gains heat. When the sum of the net heat 
exchange through the various channels exceeds Htot, heat content 
of the body will decrease, and MBT will fall. Alternatively, if Htot 
is greater than the net heat exchange, heat content of the body 
will increase, and MBT will rise.

CONDUCTIVE HEAT EXCHANGE

Heat transfer between objects that are in direct contact is called 
conduction (Hd). The direction of heat low is always from the 
higher to the lower temperature. Because conduction involves a 
direct interaction (i.e., contact) between molecules, this type of 
heat transfer is minimal except under certain circumstances, such 
as when sitting on a cold rock with little insulation. Under such 
conditions, the heat lost to the rock would be similar to that lost 
from the remainder of the body surface by radiation and convec
tion. Adequate insulation should be placed under patients who 
are in contact with hot or cold substrates. The equation that 
governs heat exchange by conduction follows:

H
kA T T

L
d

sk a=
−( )

where k is thermal conductivity; A is the area of contact; Tsk is 
the skin temperature; Ta is the ambient temperature; and L is the 
distance between the two surfaces.143

The thermal conductivity of several substances is given in 
Table 61. Note that water has 25 times the conductivity of air 

slightly to obtain the highest temperature. Although this proce
dure is routinely used in physiology experiments, it is somewhat 
unpleasant for conscious patients, particularly those with a  
strong gag relex, and clearly inappropriate if airway problems 
are present. Esophageal temperature is affected by swallowing 
for about 30 seconds.

Tympanic temperature as an estimation of core temperature 
has long been controversial. Because the tympanic membrane is 
highly vascular and supplied by branches of the external and 
internal carotid arteries, it should be an ideal site. Nevertheless, 
many studies have indicated that tympanic temperature is affected 
by ambient temperature and local facial cooling.193,223

In steadystate conditions, rectal temperature is a good index 
of core temperature.248 However, when the heat content of the 
body or of the internal thermal compartments is in lux, rectal 
temperature changes more slowly than temperatures measured 
in other commonly used sites.178 There is a thermal gradient 
along the rectum, so all measurements should be made at a 
standard depth; 4 cm (1.6 inches) is recommended,12 although 
in a careful study of different depths, sites less deep than 10 cm 
(4 inches) showed some systematic differences.121 The higher 
temperatures recorded in this region may be caused by a com
bination of low perfusion rates, digestive reactions, and bacterial 
activity, but there is not clear evidence of this.130 For assessing 
core temperature during outdoor exercise in the heat, the 
National Athletic Trainers’ Association recommends using only 
rectal temperature.33 A subsequent study and review of the litera
ture also concluded that “rectal temperature is the only suitable 
and valid index for the monitoring of body temperature in a ield 
setting.”73

Oral (sublingual) temperature is an excellent index of core 
temperature, provided that the mouth is kept closed. The sub
lingual pocket is well perfused by blood low and responds quite 
rapidly to alterations in core temperature. Mastication, smoking, 
luid intake, and mouth breathing can affect sublingual tempera
ture; these should be avoided during the period that immediately 
precedes the measurement.12,130 The use of an electronic ther
mometer with a rapidly responding sensor makes this measure
ment considerably more accurate and rapid than when it is 
performed with a mercuryinglass thermometer.

Although axillary temperature can relect core temperature, it 
has a number of negative characteristics and should be used only 
as a last resort. Axillary temperature is affected by local blood 
low as well as by thermal and nonthermal sweating.12 Changes 
in core temperature are slow to affect the axillary temperature, 
and there is high interpatient variability.178 However, this mea
surement has proved to be particularly useful for assessing core 
temperature in infants.12,130

ESTIMATING MEAN BODY TEMPERATURE

Mean body temperature (MBT) provides a massweighted  
average of body tissue temperature and thus can be related to 
the heat content of the entire body. For a severely hypothermic 
patient, MBT provides a way to gauge the potential fall in core 
temperature (afterdrop) after vessel dilation caused by rapid 
surface warming. Traditionally, estimates of MBT have been 
made with the use of a formula that combines mean skin tem
perature and core temperature. Recently, the validity of such 
estimates was evaluated for patients undergoing various proce
dures, including cardiac surgery during extracorporeal circula
tion; these studies included core temperatures as low as 18.5° C 
(65.3° F).122 “Peripheral compartment temperatures were esti
mated using fourthorder regression and integration over volume 
from 18 intramuscular needle thermocouples, 9 skin tempera
tures, and ‘deep’ hand and foot temperatures.”122 The authors 
concluded that the estimation of MBT from Burton’s original 
formula27 “is generally accurate and precise.”122 That formula is 
as follows:

MBT Core temperature Mean skin temperature= +0 64 0 36. ( ) . ( )

Ramanathan174 found that a reasonably accurate estimate of 
mean skin temperature could be provided by the temperature of 
the medial thigh, and that a very accurate estimate of mean skin 

Data from Schmidt-Nielsen K: Animal physiology: Adaptation and environment, 
ed 4, Cambridge, 1990, Cambridge University Press; Cossins AR, Bowler K: 
Temperature biology of animals, New York, 1987, Chapman & Hall; and 
Hodgman CD, editor: Handbook of chemistry and physics: A ready-reference 
book of chemical and physical data, ed 43, Cleveland, 1962, Chemical Rubber.

TABLE 6-1 Thermal Characteristics of Select Substances

Substance

Conductivity 
(cal • s−1• 
cm−1 • °C−1)

Speciic 
Heat (cal • 
g−1 • °C−1)

Volumetric 
Heat Capacity 
(cal • L−1 • °C−1)

Air 0.000057 0.24 0.29
Water 0.0014 1.0 1000
Granite 0.007 0.2 540
Muscle tissue 0.0011 0.8 850
Fat tissue 0.00051 0.5 460
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For temperatures in the physiologic range and where (Tsk − Ta) 
is less than 20° C (68.0° F), several authors have noted that IR 
radiation heat exchange is about proportional to Tsk − Ta.

18,197 
Also, the spectrum of emitted radiation depends on the tempera
ture of the object. At physiologic temperatures, the predominant 
wavelengths of emitted radiation are longer (IR), whereas at 
higher temperatures (e.g., the sun’s surface), the predominant 
wavelengths are shorter (visible radiation) and can be detected 
by the human eye. This difference leads to some important con
sequences. The middle IR radiation that is emitted by mammals 
is maximal, regardless of skin pigmentation or the color of cloth
ing. However, solar radiation peaks in the visible portion of the 
spectrum and is differentially absorbed. In other words, dark 
clothes absorb more heat from solar radiation than do light 
clothes, but both types emit similar amounts of radiation energy.

Incident radiation can vary drastically under different environ
mental conditions and may severely tax the body’s ability to 
respond. Heat input from solar radiation on a cloudless day may 
exceed by several times the heat produced by basal metabolism; 
on a cloudless night, there can be a signiicant net loss of radia
tion to the sky. Under the relatively thermoneutral conditions 
noted earlier,20 radiant heat loss accounts for about 45% of the 
total heat loss.

EVAPORATIVE HEAT EXCHANGE

When water changes state, a large amount of energy is either 
absorbed or given off. Evaporation of 1 gram (0.035 oz) of water 
at 35° C (95.0° F), which is the usual skin temperature of a person 
who is sweating,197 requires the input of 0.58 kcal of thermal 
energy. In the ield the preferred cooling measure is to splash 
water on the patient, coupled with air fanning.81 Heat absorbed 
by the evaporation of 100 cc of water will lower body tempera
ture by about 1° C (1.8° F). In a neutral thermal environment, 
active thermoregulatory sweating does not occur, and evapora
tion accounts for only 15% of the total heat loss. Of this, slightly 
more than onehalf is the result of evaporation from the respira
tory tract, with the remainder coming from water that passively 
diffuses through the skin and evaporates.20

Although it is unusual, the evaporation term (He) of the heat 
balance equation can become negative, which means that heat 
is being introduced into the body. This occurs during airway 
rewarming, when watersaturated oxygen is introduced into the 
respiratory system at about 43° C (109.4° F). Because the patient’s 
body is considerably colder than 43° C, water condenses in the 
airways. For every gram (g) of liquid water that is formed, the 
body heat content increases by 0.58 kcal; the formation of 100 g 
of liquid will increase body temperature by about 1° C.

THERMOREGULATORY NETWORK
A regulatory system requires sensing the controlled variable, 
comparing it with an ideal value, and producing an appropriate 
output signal. The following sections outline the role of the 
nervous system in maintenance of a stable body temperature.

PERIPHERAL THERMAL SENSORS

The entire outer surface of the body (i.e., the skin) is well sup
plied with sensitive thermoreceptive structures. Because one 
destination of the output of these thermoreceptors is the sensory 
cortex, many properties of the receptors can be gleaned from 
direct experience. Afferent thermal information produces both 
hot and cold sensations, and the cutaneous thermoreceptors 
demonstrate substantial dynamic sensitivity.9,88 Therefore, a 
change in ambient temperature can be perceived as “cool” or 
“warm” simply because of a change from a previous steady level 
of temperature (e.g., moving from a warm room to a cooler 
room), even if the absolute temperature is not objectively “cool.”9 
In addition to cortical input that arrives via the medial lemniscus 
and the ventrobasal thalamus, the brain receives a large amount 
of thermal information from pathways that synapse in the  
reticular area.24 Although cortical thermal input is part of the 
sensory information used to reconstruct the external thermal 

but only oneifth that of granite. Muscle tissue has about twice 
the conductivity of fat tissue. The conduction of heat through a 
tissue is called thermal diffusivity. This expression is obtained 
by dividing the thermal conductivity by the product of the density 
and the speciic heat. The speciic heat of various substances is 
also given in Table 61. Water has particularly high speciic heat, 
as does muscle tissue, which consists mostly of water. However, 
speciic heats can be misleading, so volumetric heat capacities 
are also listed in Table 61. Although the speciic heat of water 
is four times that of air, it takes about 3500 times as much heat 
to raise the temperature of a given volume of water by 1° C 
(1.8° F) as it does to accomplish the same feat with a similar 
volume of air. For a person in the water, the consequence of 
these properties is that skin temperature is almost always within 
1° C of water temperature, and heat transfer to or from the envi
ronment is greatly facilitated. In cool water during rest, skin 
blood low is minimized as a result of peripheral vasoconstric
tion. Heat loss is importantly determined by the subcutaneous 
fat layer; an averagesize fat person with 36% body fat by weight 
begins shivering at a water temperature of about 27° C (81° F), 
whereas a lean person with less than 10% body fat starts shiver
ing at about 33° C (91° F).153

CONVECTIVE HEAT EXCHANGE

Convection (Hc) can be seen as the facilitation of conduction 
caused by the movement of molecules in a gas or liquid. This 
movement decreases the functional value of L, which is the 
denominator in the conduction equation. Convection can be 
either forced or natural (free). Forced convection results from 
gas or liquid movement caused by the application of an external 
force, such as the movement of a fan or the pumping of a heart. 
Natural convection results from density changes that are pro
duced by heating or cooling molecules adjacent to the body. 
These density changes cause the molecules to move with respect 
to the body surface. For humans, natural convection predomi
nates at air speeds of less than 0.2 m/sec (0.7 ft/sec), whereas 
forced convection is more important at greater air speeds.142

The relationships that deine heat exchange as a result of 
convection can be complicated. They depend on surface tem
perature proiles, surface shape, low dynamics, density, conduc
tivity, and speciic heat. Any factor that impedes the movement 
of the boundary layer (i.e., the molecules immediately adjacent 
to the body) greatly impairs convective heat transfer.

Brengelmann and Brown20 have noted that, under relatively 
neutral conditions (Ta = 29° C [84.2° F], wind velocity = 0.9 m/sec 
[3 ft/sec]), about 40% of heat loss from a nude human is  
mediated by convection. Increases in air or luid velocity greatly 
increase convective heat transfer. Fanning a minimally clothed 
patient will greatly augment heat loss in a cool environment.

RADIATIVE HEAT EXCHANGE

All objects at temperatures of more than absolute zero emit 
electromagnetic radiation. This energy transfer occurs through 
space and does not require an intervening medium. In any given 
situation, the object is both transmitting and receiving IR thermal 
radiation. In some cases, the object also receives solar radiation. 
The net heat transfer depends on the absolute temperatures, 
nature of the surfaces involved, and solar input. Surfaces that are 
effective absorbers of radiation are also effective emitters of radia
tion. The idealized “black body” illustrates this property; such 
bodies absorb all and relect none of the incident radiation. 
Conversely, poor absorbers (e.g., a polished silver surface) are 
also poor emitters. Heat transfer that results from IR (irstterm) 
radiation and solar (secondterm) radiation is given by the fol
lowing equation:

H e e T T a r sr sk a sk a= − + +σ ( ) ( )4 4 1

where Hr is the radiative heat exchange; σ is the StefanBoltzmann 
proportionality constant; esk is the emissivity of the skin; ea is the 
emissivity of the environment; Tsk is the skin temperature (given 
in kelvins [K]); Ta is the ambient temperature (given in K); a is 
the absorptance; r is the relectance; and s is the solar radiation.
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receptors appear to be involved in local thermal vasodilation 
(below the pain threshold), because stimulation of these recep
tors with local application of capsaicin shifts thermal responsive
ness of the local cutaneous vasodilator response.214 However, 
neurogenic vasodilation in response to wholebody heating does 
not appear to be affected by acute or chronic local capsaicin 
treatment.39 TRP channels are also involved in activation of 
brown adipose tissue thermogenesis during cold exposure, and 
as such have been proposed as a target for weight loss with 
capsaicin or capsaicin derivatives.243 As examples of the ubiqui
tous, integrative nature of TRP superfamily, TRPM2, TRPM4, and 
TRPM5 respond to warm temperatures and are also involved in 
insulin secretion226 and taste.220 However, they are not regarded 
as warm receptors for thermal sensation, because sensory neurons 
do not appear to express those subtypes. In addition to TRP 
channels, some members of the TREK/TRAAK K(2P) potassium 
channel subfamily also appear to be involved in warmth and 
cold perception.7,125,155

Psychophysical and physiologic studies indicate that thermal 
receptors are not uniformly distributed across the body surface 
and that there are many more cold receptors.87 Cold receptors 
are abundant in the face and trunk areas, especially in the lips; 
however, they are less numerous in the feet and lower legs. The 
face and ingers have a greater number of receptors that respond 
to warmth.176,219 Threshold temperature for the perception of 
thermal sensation follows the anatomic distribution and is not 
uniform across the body. The face, particularly near the mouth, 
is exquisitely sensitive because of a high density of thermal 
receptors, whereas by comparison the extremities have a lower 
density of receptors and therefore poor sensitivity. Other regions 
of the body are intermediate in sensitivity.217

Because peripheral thermal input is intimately involved in 
regulation of body temperature, heating and cooling different 
body sites can differentially affect the magnitude of the restor
ative physiologic response produced. In one study, cooling the 
forehead was found to be more than three times as effective (per 
unit area) for decreasing ongoing sweating as cooling the lower 
leg.53 Another study evaluated regional trunk and appendage 

environment, reticular input is more important for behavioral and 
autonomic regulation of body temperature.55

The structure, location, and properties of peripheral thermo
receptors are well documented. Thermal sensors are free nerve 
endings and are categorized as warm or cold. Cold receptors are 
found immediately beneath the epidermis, whereas warm recep
tors are located slightly deeper in the dermis. The hallmark of 
both types of receptors is their extremely high rate sensitivity 
(Figure 64). Although the static iring rate of cold receptors is 
usually less than 10 impulses per second, under conditions of 
rapid temperature change, iring rates are often higher by an 
order of magnitude. Cold receptors are excited by cooling and 
inhibited by warming, and they have static maxima at about 25° C 
(77.0° F); these receptors are active from about 10° C (50.0° F) to 
40° C (104.0° F). Warm receptors are excited by warming and 
inhibited by cooling, and they have static maxima at more than 
40° C; they are active from about 30° C (86.0° F) to 45° C (113.0° F). 
At both ends of the spectrum, more extreme temperatures acti
vate neuronal responses that are subjectively reported as “cold 
pain” and “warm pain.”87

Over the past two decades, work with the use of cloning and 
ion channel characterization has provided insight into molecular 
mechanisms of central and peripheral temperature transduction. 
A family of related temperatureactivated transient receptor 
potential (TRP) ion channels is highly sensitive to temperature.35 
Although originally identiied in the context of noxious heat 
sensation, TRP channels have been found to be ubiquitous and 
have multiple roles in cardiovascular, metabolic, volume regula
tory, and many other integrative physiologic mechanisms.61,246

In terms of thermal sensation, the cloned receptors TRPV3 
and TRPV4 respond over a range similar to that of the warm 
receptors previously described,80 whereas TRPM8 responds simi
larly to the cool receptors. TRPM8 also responds to menthol, 
eucalyptol, and icillin.136,169 TRPV1, TRPV2, and TRPA1 respond 
similarly to the heatpain–sensitive and coldpain–sensitive 
neurons. The heatpain channels (vanilloid receptor 1 [VR1]) also 
respond to low pH, ethanol, and capsaicin, which is the active 
ingredient in hot peppers.167 In human skin circulation, the TRPV 

FIGURE 6-4 Impulses from a recording that includes a single warm iber and a single cold iber. A, In this 
recording, a shield was periodically placed in front of and then moved away from the skin site that was 
innervated by the warm iber. The discharge stops immediately when the skin is shielded from the radiation 
source. B, In this recording, the shield was simultaneously placed in front of the skin site innervated by 
both the warm iber and the cold iber. This caused excitation of the cold iber and inhibition of the warm 
iber. (From Hensel H, Kenshalo DR: Warm receptors in the nasal region of cats, J Physiol [Lond] 204:99, 
1969.)
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stimuli, such as osmotic pressure, glucose concentration, and 
steroid hormone concentration.205 Such neurons could form the 
basis for the interactions between the homeostatic systems 
described later in this chapter.

Figure 66 illustrates the response of a warmsensitive POAH 
neuron in a slice preparation. This cell is excited by increased 
temperature, low glucose, or increased osmotic pressure.17 
Because TRPV protein expression has been detected in the 
POAH, it was proposed that the TRPV channels may underlie the 

FIGURE 6-5 Effects of temperature on the activity of three different 
types of hypothalamic neurons. A, Low-slope temperature-insensitive 
neuron. B, Moderate-slope temperature-insensitive neuron. C, Warm-
sensitive neuron. The thermosensitivity in each case was 0.06 (A), 0.5 
(B), and 1.1 impulses s−1• °C−1 (C). All three types of neurons displayed 
depolarizing prepotentials, and action potentials occurred when the 
prepotentials reached threshold. As exempliied in C, putative post-
synaptic potentials (especially inhibitory ones) were often observed in 
all neuronal types. (From Grifin JD, Kaple ML, Chow AR, et al: Cellular 
mechanisms for neuronal thermosensitivity in the rat hypothalamus,  
J Physiol 492:231, 1996.)
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FIGURE 6-6 Response of a warm-sensitive preoptic nucleus–anterior hypothalamic area neuron to changes 
in temperature, glucose concentration, and osmotic pressure. Downward arrows indicate media changes. 
(From Boulant JA, Silva NL: Neuronal sensitivities in preoptic tissue slices: Interactions among homeostatic 
systems, Brain Res Bull 20:871, 1988.)
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sensitivity to cooling by assessing the magnitude of the gasping 
response that occurs at the onset of immersion.26 In this case, 
exposing various parts of the body to water at 15° C (59.0° F) 
indicated that the upper torso had the greatest cold receptor 
density or sensitivity (or both). The lower torso was somewhat 
less sensitive, with the arms and legs exhibiting similar but con
siderably lower sensitivity.

CENTRAL THERMAL SENSORS

Many sites within the body are capable of eliciting generalized 
thermoregulatory responses. Such areas include the abdominal 
viscera, spinal cord, hypothalamus, and lower portions of the 
brainstem.16,85 The speciic mechanisms by which heating or 
cooling these areas elicits thermoregulatory responses are incom
pletely understood. Although some central nuclei contain neurons 
that are clearly temperature sensitive,15,17 responses in other 
areas may result from modulation of synaptic connections rather 
than from stimulation of neurons that change their iring rate  
in response to temperature. Input from central, temperature
sensitive neurons is not rate sensitive; rather, it is a direct relec
tion of the absolute temperature.15,17 The area that has the highest 
thermal sensitivity and has received the most experimental atten
tion is the preoptic area/anterior hypothalamus (POAH). Heating 
or cooling this portion of the brainstem elicits the entire array of 
autonomic and behavioral heat loss and heat gain responses, 
respectively.84 Neurons in this portion of the brain exhibit both 
warm sensitivity and cold sensitivity.15,16 Data from hypothalamic 
slice preparations with the use of synaptic blockers indicate that 
warm sensitivity may be an inherent property of some of the 
POAH neurons, whereas cold sensitivity in this area of the brain 
requires synaptic input.15,16,57

Figure 65 illustrates the effects of temperature on the iring 
rates of three representative types of hypothalamic neurons. The 
high level of temperature sensitivity shown by one of the cells 
(labeled C) results from the temperaturedependent characteristic 
of the prepotential. Voltageclamp experiments indicate that the 
altered rate of depolarization is most likely the result of an effect 
on hyperpolarizing (K+) conductances.79 Work involving the use 
of hypothalamic slices has also established that about onehalf 
of the thermosensitive neurons also respond to nonthermal 
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anatomic, and imaging techniques have been used to extend our 
understanding of the systems involved in regulation of body 
temperature.139,140,244 In this context, the median preoptic nucleus, 
medullary raphe region, and dorsomedial hypothalamus have 
been identiied as important areas for integration of thermo
regulatory signals with cardiovascular, volume regulatory, and 
other related physiologic systems.134,137,148 Other notable advances 
include demonstration of the relative independence of popula
tions of neurons that control separate effector systems107,135,247 and 
elucidation of a pathway that conveys coldsensitive afferent 
(feedforward) information to the hypothalamus.149

Figure 67 presents a schematic model for regulation of body 
temperature, with credit to many others in the ield besides the 
authors listed. For ease of understanding, many aspects of the 
system’s complexity have been simpliied or modiied. The mul
tiple inputs to this system not shown include those mentioned 
in the previous discussion of central thermoreceptors (e.g., 

thermosensitivity found in POAH neurons,167 and that both TRPV1 
and TRPV2 channels may be active within the physiologic range 
of temperature.109,172 However, some evidence is contrary to the 
proposal of TRPV1 as a thermosensor.181

CENTRAL NEURAL STRUCTURES RESPONSIBLE 
FOR CONTROLLING THE LEVEL OF  
BODY TEMPERATURE

As mentioned previously, the brain is capable of accurately  
regulating body temperature under a wide range of conditions. 
Although almost all portions of the CNS can potentially be 
involved, the most critical neuroanatomic structures for thermo
regulation include the spinal cord, brainstem, hypothalamus, and 
septum. The preoptic area and anterior hypothalamus are par
ticularly important for both integration and sensing of internal 
temperature.15,17,84 Recent advances in neurophysiologic, neuro

FIGURE 6-7 Simpliied schematic diagram of the basic parts of the nervous system responsible for regulat-
ing internal body temperature. Details of how this system functions are given in the text. ac, Anterior 
commissure; GLU, glutaminergic synapse; GABA, GABAergic synapse (GABA, γ-aminobutyric acid); oc, 
optic chiasm. (Anatomic, neurophysiologic, and conceptual concepts represented in this image are from 
Boulant JA: Neuronal basis of Hammel’s model for set-point thermoregulation, J Appl Physiol 100:1347, 
2006; Hammel HT: Regulation of internal body temperature, Annu Rev Physiol 30:641, 1968; and Morrison 
SF, Nakamura K, Madden CJ: Central control of thermogenesis in mammals, Exp Physiol 93:773, 2008. 
These articles should be consulted for a more rigorous explanation of the details of the thermoregulatory 
system.)

Preoptic area/
anterior

hypothalamus

Midbrain
Lateral

parabrachial
nucleus GLU

G
L
U

G
L
U

G
A
B
A

G
A
B
A

ac GABA

Rostral ventro–
medial medulla

Rostral raphé
pallidus

Collateral
fibers

ascending to
midbrain

Dorsal horn–
spinal column

Input from
cutaneous

temperature
receptors

Cold
skin Warm

skin

Dorsomedial
hypothalamus

Cerebral cortex

Sensory integration and
localization of peripheral

thermal information

Thalamocortical
relay

Learned behavioral
responses—

integrate cortical, limbic,
and brainstem information

Reward system activated
when thermal deficit

decreased

Postural reflexes

Sprawl

Huddle

To final autonomic
organization and
output

Sweat
Vasodilation

Increase metabolic
heat production
Vasoconstriction

To
thalamus

Heat loss

Cold defense

35 37 39

0

+

35 37 39

0

35 37 39

0

E
ff
e
c
to

r
o
u
tp

u
t

Cold environment Core temperature (° C)
Neutral environment

Warm environment

oc

+

+

+

+

−

−

+

+

+

+

−
−

−



128

C
O

L
D

 A
N

D
 H

E
A

T
P

A
R

T
 2

cally active organs is convectively distributed to portions of the 
body where less heat is produced. More frequently appreciated 
are alterations of blood low patterns that increase or decrease 
the overall thermal conductivity of the body during exposure to 
hot or cold environments, respectively. Some of these alterations 
in conductivity result from the preferential shunting of peripheral 
blood low supericial or deep relative to the subcutaneous fat 
layer. Fat has about onehalf the tissue conductivity of muscle 
and typically has a much lower rate of blood perfusion. Never
theless, shunting blood away from major portions of the body is 
at least as important for determining overall conductivity as the 
conductive property of the tissue itself. For example, during 
immersion in cold water, muscle accounts for about 90% of the 
total tissue insulation of the forearm.60 Thus, directing blood away 
from poorly insulated (and more highly conductive) regions 
reduces heat loss and preserves core temperature.

The cutaneous microcirculation is the primary circulation 
responsible for controlling heat transfer to the environment.37,38,101 
Microcirculatory units contain capillaries, arterioles, venules, 
metarterioles, and arteriovenous anastomoses (AVAs). The skin 
has a compliant vascular bed, with the majority of cutaneous 
blood volume contained in a plexus of veins just under the 
surface. The slow linear velocity of low in this venous plexus 
allows for substantial heat transfer to occur between the skin and 
environment, particularly when skin blood low is elevated.186

The major systemic neural control of skin blood low occurs 
through two branches of the sympathetic nervous system: nor
adrenergic vasoconstrictor nerves and a nonnoradrenergic active 
vasodilator system.37,101 The vasoconstrictor system exhibits tonic 
activity and is responsible for most of the smaller, daily changes 
in skin blood low that occur during minor changes in environ
ment or activity.194 This system is also responsible for the dramatic 
decreases in skin blood low that occur with cold exposure, when 
skin blood low can approach zero. Vasoconstrictor nerves 
release norepinephrine, which interacts primarily on the vascular 
smooth muscle with α1 and α2adrenergic receptors to cause 
vasoconstriction. Glabrous skin (i.e., palms, lips, soles) contains 
numerous AVAs and is innervated only by sympathetic vasocon
strictor ibers. Therefore, all the dramatic changes in skin blood 
low that can occur in these regions are controlled by changes 
in vasoconstrictor neural activity.

Nonglabrous (i.e., hairy) skin is innervated by sympathetic 
vasoconstrictor and vasodilator ibers and contains few AVAs.  
In contrast to the vasoconstrictor system, the active vasodilator 
system in human skin does not exhibit tonic activity and is only 
activated during increases in internal temperature. The vasodila
tor system operates through cholinergic nerve cotransmission. 
Although several candidate vasodilators have been studied, the 
speciic vasodilator substance has not been identiied; vasoactive 
intestinal polypeptide is a likely candidate.8,235 Additionally, nitric 
oxide has an important role in active vasodilation, contributing 
about 30% to the total neurogenic vasodilation seen during 
wholebody heat stress.111,112 Active vasodilation accounts for 80% 
to 90% of the increases in skin blood low during heat stress, 
with about 10% to 20% caused by withdrawal of tonic activity  
of vasoconstrictor nerves.101 Thermoregulatory vasodilation can 
result in skin blood low values up to 8 L/min and 60% of cardiac 
output, making the skin circulation extremely relevant to systemic 
hemodynamics, particularly during severe heat stress.37,186

Cutaneous vascular responses to temperature are affected by 
excessive exposure to ultraviolet B (UVB) radiation. Moderate 
sunburn impairs the vasoconstrictor response to cold; an associ
ated uncontrolled increase in thermal conduction is still present 
1 week after exposure, although the original erythema will have 
disappeared.164

CENTRAL SIGNAL

Vascular changes are bioenergetically the least costly thermo
regulatory autonomic effector response. Because of the high 
sensitivity of the vasomotor system, ambient temperatures 
between the thresholds for sweating and shivering are often 
referred to as being in the zone of vasomotor regulation, or the 
“neutral zone” of human temperature regulation.194 In dogs, 

glucose concentration, osmotic pressure) as well as factors 
covered later in this chapter (e.g., time of day, hormone levels, 
pyrogen titer, oxygen concentration of blood). In addition, ther
moreceptors from many locations in the body provide input to 
this system. The key sensing elements of Figure 67 involve the 
peripheral warm and cold receptors and the central thermodetec
tors, the latter depicted by solid cell bodies and bold axons. 
Peripheral input originates in the skin and enters the CNS via the 
spinal or trigeminal dorsal horns; this information ascends to both 
the midbrain and the thalamus. The thalamic neurons that receive 
thermal information project to the sensory cortex and subserve 
sensory integration and localization of peripheral thermal infor
mation. They are also likely involved to some degree in learned 
behavioral thermoregulatory responses.

Thermal afferent pathways reaching the midbrain are involved 
in the feedforward aspect of regulation.149 Axons of the cell 
bodies in the midbrain synapse on cells in the midline subregion 
of the preoptic area. These preoptic cells receive excitatory input 
from peripheral warm and cold sensors, but they inhibit the cells 
on which they synapse. The systems that subserve heat loss and 
cold defense appear to inhibit each other reciprocally and receive 
output from a unitary integrating system. However, as mentioned 
previously, the systems are actually functionally separate to a 
large degree. In the schema of Figure 67, both systems depend 
on inherently warmsensitive cells that have a high spontaneous 
iring rate at normal body temperatures. These cells inhibit the 
succeeding neurons, but the connections are such that, in a cold 
environment or when the body temperature is below normal, 
cold defense responses are disinhibited and heat loss responses 
are further suppressed. The opposite would occur in a warm 
environment or when the body becomes excessively hot.

The output of these systems under different conditions is 
illustrated in the panels below the neuroanatomic diagram of 
Figure 67. The middle graph illustrates the situation for a person 
with a body temperature of 37° C (98.6° F) in a thermoneutral 
environment. At 37° C, both systems are inhibited, and there is 
no effector response. If the body cools or becomes warmer, the 
inherently temperaturesensitive neurons disinhibit either the 
cold defense or the heat loss system. The graph on the left illus
trates the action of the feedforward cold neurons in a cold 
environment. Although the inherently thermosensitive neurons 
do not change their iring rate as a result of a local temperature 
that stays constant, input from the peripheral coldsensitive 
pathway disinhibits the cold defense system. A similar situation—
but in reverse—occurs when a person encounters a warm envi
ronment; this situation is depicted in the right graph. The error 
signal or output driving force is shown as the difference between 
the horizontal dashed line and the effector output at a given 
body temperature. The system is extremely accurate, and the 
error signal created by peripheral feedforward input is usually 
just suficient to counteract the sensed disturbance and to main
tain body temperature at a constant level.

In addition to autonomic responses that are organized and 
transmitted from the brainstem (e.g., sweating, shivering), various 
complex wholeanimal responses are also activated by the ther
moregulatory system. Postural relexes (e.g., huddling, sprawling) 
and learned behavioral thermoregulatory responses are initiated 
by cold and warm error signals. Although the mechanism is  
not entirely understood, appropriate behavior reduces the error 
signal and activates the reward system, which likely culminates 
in the release of dopamine in the nucleus accumbens of the 
septum by cell bodies located in the ventral midbrain.96

EFFECTOR RESPONSES
VASCULAR ADJUSTMENTS

Cardiovascular responses to thermal stress are largely geared 
toward changing blood low to the skin surface, thereby increas
ing or decreasing convective heat transfer to the skin and to the 
external environment, as appropriate for the internal and external 
thermal environments.20,37,38,101 In general terms, an important 
function of the circulatory system is to maintain a relatively 
homogeneous internal body temperature. Heat from metaboli
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By controlling the local milieu at different skin sites, it has been 
possible to separate the central thermoregulatory drive to sweat 
glands from local effects on the glands themselves. The central 
thermoregulatory system provides a proportional output that is 
inluenced by both internal and wholebody skin temperatures. 
Per each degree increase above thermoneutral values, internal 
temperature is about 10 times as important as mean skin tem
perature for eliciting an output to the sweat glands.144,146

LOCAL MODULATION

Local effects are also important for determining the output of 
sweat glands. Sweat gland temperature exerts a multiplicative 
effect on sweat secretion; the Q10 for this augmentation is about 
3.70. In addition, skin wetness has an important local effect on 
sweat glands; the wetter the skin, the greater the suppression of 
sweating.145

Moderate sunburn disrupts evaporative cooling. This effect is 
locally mediated and involves decreases in both responsiveness 
and capacity of the sweat glands.163

METABOLIC ADJUSTMENTS
Heat is an inevitable byproduct of the ineficiencies of the body’s 
metabolic reactions. When oxidizing foodstuffs to carbon dioxide 
and water during production and transport of adenosine triphos
phate (ATP) to the functional systems of the cells, about 75% of 
the original chemical potential energy is given off as heat. With 
the exception of chemical energy sources that are excreted or 
used to perform physical work, the remaining 25% of the original 
energy is also converted to heat when ATP is used in the numer
ous metabolic reactions of the body.198 Mammals, compared with 
poikilotherms such as reptiles or ish, use much more ATP to 
maintain ionic and electrochemical balances of the cells,216 as 
well as for other necessary functions. This leads to greatly 
increased metabolic heat production (relative to poikilotherms), 
which forms the basis of homeothermy. It also creates the need 
to maintain a substantial thermal gradient between the body and 
the environment to dissipate the high levels of heat that are 
continually produced.

An increased rate of metabolism above basal levels is critical 
for maintenance of body temperature in cold environments. The 
elevated heat production is derived from shivering and nonshiv
ering responses. Shivering is muscular contraction for the spe
ciic purpose of producing heat, consisting of simultaneous 
rhythmic excitation of agonistic and antagonistic skeletal muscles. 
Under normal circumstances, carbohydrate oxidation provides 
the major substrate for shivering. In glycogendepleted individu
als, shivering levels are maintained by the greatly increased 
oxidation of lipid and protein reserves.83 Nonshivering heat pro
duction (or nonshivering thermogenesis) is associated with the 
presence of uncoupling protein 1 (UCP1) in brown adipose 
tissue and is under strong sympathetic neural regulation in 
humans and other species.139,140 UCP1 is a transmembrane 
protein located in the mitochondrial inner membrane, which, on 
activation by the sympathetic nervous system, allows for protons 
to reenter the mitochondrial matrix without passing through ATP 
synthase. Because energy released during substrate oxidation  
is not conserved as ATP, heat is generated. Although brown 
adipose tissue was previously believed to be of little importance 
in adult humans, recent research has indicated the presence  
and physiologic signiicance of active brown adipose tissue in 
adults.56,139,140,189

Hormonal responses contribute importantly to increases in 
metabolism with cold exposure. Evidence shows that both epi
nephrine and thyroid hormones are released in humans exposed 
to cold environments.69,211 Both these hormones augment overall 
tissue metabolism. Circulating epinephrine and norepinephrine 
are increased as part of the overall sympathoexcitatory response 
to body cooling. These hormones interact with βadrenergic 
receptors on brown adipose tissue and in skeletal muscle to 
increase mitochondrial uncoupling, thereby increasing nonshiv
ering thermogenesis.233,234

manipulation of hypothalamic temperature in this range conirms 
a high level of vasomotor activity between the thresholds for  
the activation of panting and shivering.86 Within the vasomotor 
zone (i.e., skin temperatures of 33° to 35° C [91.5° to 95.1° F]),  
core and skin temperatures linearly combine to control skin 
blood low. Skin blood low responds accurately and rapidly to 
changes in skin temperature, which leads to a very stable core 
temperature.21,194

Although most peripheral arterioles are well supplied with 
adrenergic receptors, thermoregulatory innervation is not homo
geneously distributed. For example, the density of thermosensory 
innervation in the lips, ears, and distal extremities is higher than 
in other areas; immersing the feet in cold water thus leads to 
marked vasoconstriction in the hands and forearms, but not in 
the abdomen or upper arms.78

LOCAL MODULATION

In addition to systemic (wholebody) stimuli that elicit cutaneous 
vasoconstriction and vasodilation through changes in whole
body temperature, local temperature of the skin can substantially 
change skin blood low through local mechanisms that do not 
require intact neural input.101 Local warming of the skin elicits 
substantial, rapid vasodilation and can cause maximal vasodila
tion when temperature is held at 42° to 44° C for 25 to 30 
minutes. This local warming response occurs in two phases: an 
initial peak that occurs within the irst few minutes of heating 
and that depends on local sensory innervation, and a slower, 
prolonged phase that reaches a plateau at 25 to 30 minutes. The 
plateau phase of vasodilation largely depends on nitric oxide 
(40% to 70%, depending on the population studied).37,101

Local cooling can decrease supericial cutaneous blood low 
to almost zero.38,101 Although vascular beds on the skin surface 
constrict in response to cooling, other vascular beds dilate when 
cooled.66,67 The speciic response to cold shown by cutaneous 
vessels follows from the observed distribution and properties of 
the αadrenergic vascular receptors. Local temperature affects the 
α2 and α1adrenergic receptors in a reciprocal manner. Although 
cooling augments the response of the α2receptors, it either 
inhibits or does not affect the response of the α1receptors.46,67 
Although initial work was done on canine vessels, subsequent 
studies that involved αadrenergic agonists and antagonists 
have demonstrated that a similar mechanism exists in human 
ingers.62,67

The responsiveness of cutaneous blood vessels is diminished 
in people with type 2 diabetes mellitus, both in terms of local 
responses to temperature and responses to wholebody heat
ing,208,209 resulting in impaired ability to thermoregulate in the 
heat. The increased incidence of type 2 diabetes among the 
general population may therefore presage a greater number of 
patients exhibiting severe hyperthermia.38

EVAPORATIVE COOLING
At high workloads and at environmental temperatures approach
ing 37° C (98.6° F), the only way to maintain thermal balance is 
to augment evaporative cooling by activating the eccrine sweat 
glands. This sympathetic, cholinergically innervated organ system 
is spread over the entire body surface, but it is more profuse in 
some areas than in others. A person who is acclimatized to heat 
can sustainably produce as much as 1 to 2 L of sweat per hour.2 
High rates of sweating occur on the forehead, neck, anterior and 
posterior portions of the trunk, and dorsal surfaces of the hands 
and forearms. Lower rates occur on the medial femoral regions, 
lateral trunk areas, and palms and soles.151 Sweat is secreted in 
these latter two areas in response to a combination of stimuli, 
including both nonthermal (emotional, exercise) and thermal 
inputs.20,187 Because sweating is cholinergically mediated, it can 
be completely abolished by atropine. Sweat gland activity inter
acts with the regional vasculature; metabolic products of active 
sweat glands increase blood low in areas of active sweating. In 
wellhydrated individuals, the degree of anhidrosis is correlated 
with the severity of generalized autonomic failure.78,128 Several 
reviews discuss the many aspects of sweating disorders.44,128,213,229
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these conditions (particularly in cold environments), the choice 
of thermal microenvironment and clothing provides a much 
higher gain than any of the autonomic effector systems discussed 
previously. Wholebody adjustments are achieved by all motile 
animals and are particularly well developed in vertebrates.52 In 
addition to moving the body, the somatic effectors are important 
for optimizing autonomic responses to thermal stress. Thus, 
spreading out the arms and legs during heat stress increases the 
surface area available for the autonomic augmentation of conduc
tive, convective, evaporative, and radiative heat losses.

Cabanac28 found that internal body temperature determined 
whether a particular surface temperature was perceived as pleas
ant or unpleasant. When individuals were hypothermic, a warm 
stimulus applied to the hand was experienced as pleasant and  
a cold stimulus as unpleasant. The opposite responses were 
observed in hyperthermic persons. An overall sensation of “ther
mal pleasantness” is obtained when environmental conditions are 
appropriate for maintaining a normal body temperature with no 
luid or energy expenditure. However, altered body temperature 
did not affect the discriminative (cortically mediated) aspects of 
the thermal stimuli; participants had no problem correctly iden
tifying the actual peripheral temperature. This study also con
irmed the intimate relationship between the thermoregulatory 
network and the pleasurepain system.165

CENTRAL SIGNAL

Compared with the knowledge about autonomic thermoregula
tion, we know little about the neural mechanisms that underlie 
behavioral thermoregulation. As noted in previous sections, the 
POAH plays a key role in autonomic thermoregulation. It is also 
important for behavioral thermoregulation, because local heating 
and cooling of this area lead to the appropriate behavioral 
response.31,190 Although animals with lesions of the POAH are 
severely compromised in their ability to use autonomic thermo
regulatory effectors, their ability behaviorally to thermoregulate 
is relatively intact.32,191 These results indicate that the preoptic 
area is not as crucial for behavioral thermoregulatory processes 
as for autonomic processes. Alternatively, lesions of the lateral 
hypothalamus, which is involved in various reward systems, 
result in the loss of behavioral thermoregulation.192

Recent studies involving positron emission tomography (PET) 
and functional magnetic resonance imaging (fMRI) have demon
strated that temperature signals from the body surface reach the 
insular cortex.50,93,161 However, insular activation correlates with 
the discrimination between hot and cold rather than with thermal 
pleasure, so this system is likely minimally involved with behav
ioral thermoregulatory processes. Also, thermal pleasantness is 
clearly important for behavioral thermoregulation. In other stud
ies involving fMRI, it has been shown that activation of the 
amygdala, midorbitofrontal and pregenual cingulate cortices, 
and striatum is correlated with thermally related pleasant and 
unpleasant feelings.107,180

Because behavioral processes are usually activated by feed
forward signals before body core temperature changes, signals 
from the skin are clearly important. In a study involving persons 
who were given the choice of moving between 8° C (46° F) and 
46° C (115° F), behavior (i.e., moving between environments) was 
the primary method of thermoregulation.196 Physiologic (auto
nomic) responses occurred but were minimal and secondary to 
choice of environment. Furthermore, skin temperature was the 
primary driver of these behavioral choices, because core tem
perature changes were minimal throughout the study.196 Although 
feedforward information from the skin appears to predominate 
in this type of behavioral thermoregulation, severe deviations in 
core temperature disrupt ability of feedforward information to 
contribute to appropriate behavioral responses. When this occurs, 
the person no longer feels too hot or too cold, and the desire 
to take corrective action is lost.

Regional differences exist in the contribution of the body 
surface to thermal comfort.150 Facial cooling produces the most 
pleasant experiences during mild heat exposure, whereas during 
cold exposure, local warming of the chest and abdomen leads 
to the most pleasant sensations. This would induce people 

Thyroid hormone acts by both accelerating ATP turnover 
and reducing eficiency of ATP synthesis, contributing about 
30% of resting metabolic heat production.204 Thyroid hormone 
levels are ultimately controlled by thyrotropinreleasing hor
mone (TRH), which is synthesized and released in the paraven
tricular nucleus of the hypothalamus (PVN). Cold exposure 
increases biosynthesis, processing, and release of TRH through 
α and βadrenergic mechanisms, and a subsequent increase in 
thyroid hormone levels appears to increase thermogenesis in 
part through binding to thyroid hormone receptors on brown 
adipose tissue.65

Basal metabolic rate (BMR), when calculated on a weight
speciic basis, decreases with body size. This relationship holds 
within as well as across species. BMR relates to size according 
to the following equation.197

ɺVO Mb2
0 750 676= ( . ) .

Where ɺVO2 is oxygen consumption in L/hr and Mb is body mass 
in kg.

CENTRAL SIGNAL

Of the various thermoregulatory outputs, metabolism is the 
easiest to evaluate quantitatively; the most complete documenta
tion is available for this response, and most models of the ther
moregulatory system are based on this information. Experiments 
on mediumsize mammals have allowed for separate thermal 
manipulation of various parts of the brain, body core, and skin. 
This work has made it clear that the thermoregulatory centers 
act as a proportional controller, and that skin temperature  
provides a feedforward input to the system.84,100 Thus, greater 
decreases in either core or skin temperature (or both) below 
neutral values elicit proportionally larger compensatory increases 
in metabolism. In addition to an impaired ability to generate 
metabolic heat, hypothyroidism is also associated with a decrease 
in regulated core temperature of about 1° C (1.8° F).240

Evidence indicates that humans have a control system similar 
to that of mediumsized mammals such as dogs or wolves. In a 
summary of their data and of that collected previously, Hong and 
Nadel92 noted that the central output for shivering is augmented 
by an increased rate of skin cooling. They also concluded that 
a given decrease in core temperature elicits 10 to 20 times the 
metabolic response of an equivalent decrease in mean skin  
temperature. Exercise is not incompatible with shivering, but 
increased levels of exercise exert increasing degrees of suppres
sion on the shivering response, possibly as a consequence of an 
increased arousal response.92

LOCAL MODULATION

Although the central and local effects of decreased core tempera
ture on shivering have not been directly partitioned, both inputs 
are important. Slight decreases in core temperature create large 
compensatory responses, as delineated previously. However, 
even moderate hypothermia decreases the metabolic response to 
cold, and with severe hypothermia (~30° C [86.0° F] core tempera
ture), the shivering response is lost altogether.20 This decrement 
likely involves impaired transmission of neural signals, because 
the muscles themselves are quite responsive below this tempera
ture. For example, in vitro studies show that limb muscles and 
diaphragm muscles develop peak tensions that are not greatly 
affected by temperatures as low as 25° C (77.1° F), and fatigue 
resistance is considerably increased at 25° C.173,199 Likewise, alter
ing the local skin and supericial muscle temperature of the 
anterior thigh through a range of temperatures between 12° and 
40° C (53.6° and 104.0° F) for 30 minutes had minimal effect on 
subsequent isometric peak torque production during isometric 
knee extensions to exhaustion.225 Additionally, time to fatigue 
was longer at the coolest temperature.

BEHAVIORAL ADJUSTMENTS
In most wilderness situations, a variety of ambient temperatures 
is available, and external insulation is easily adjusted. Under 
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exertion for a standardized task is the greatest, and thermoregula
tion is less effective than at the time of maximum temperature 
(5:00 PM). At the time when the body temperature is rising at the 
fastest rate (11:00 AM), heat loss mechanisms are less responsive; 
alternatively, at 11:00 PM, when the body temperature is falling 
at the fastest rate, heat loss mechanisms are much more respon
sive.230 Results of studies involving heat dissipation mechanisms 
during passive heat exposure or exercise suggest that the thresh
old for the onset of heat dissipation responses is shifted over the 
circadian cycle.35,215 Sensitivity (responsiveness) of the sweating 
signal with respect to increases in core temperature does not 
appear to change over the course of the day;5,215 results regarding 
cutaneous vasodilator sensitivity were less consistent, with some 
studies showing changes3,4 while others did not.215 An excellent 
overview of body temperature cycles is available.177

Interindividual Differences

Most oral temperature measurements are between 36.0° C (96.9° F) 
and 37.1° C (98.9° F) in the early morning. Corresponding values 
for the late afternoon are 36.3° C (97.4° F) and 37.4° C (99.4° F). 
On the basis of interindividual differences and diurnal changes, 
it has been suggested that the upper limit for a normal oral 
temperature should be 37.2° C (98.9° F) in early morning, which 
then increases gradually to 37.8° C (99.9° F) by early afternoon 
and remains at that level until early evening.129 These values 
delineate the 99th percentile for body temperature observed 
during the respective time periods.

Alternatively, it is important to be aware that the normal body 
temperature of some individuals falls outside of population 
norms. We are anecdotally aware of three individuals whose core 
temperature is consistently 35.5° to 36.5° C (95.9° to 97.7° F). 
These individuals state that occasionally they have felt ill with a 
fever, but were told by a physician that their temperature of 37° C 
(98.6° F) was normal. For these individuals, however, it was not 
normal; a core temperature of 37° C (98.6° F) in fact represented 
a febrile state. Many individuals with atypical body temperatures 
are aware of their condition, and it is prudent to ask about this 
possibility.

Age

The circadian rhythm of body temperature develops soon after 
birth. Although newborns display smallamplitude rhythms,  
the patterns are not circadian. Circadian rhythmicity begins to 
develop during the second and third weeks of life, and, after a 
progressive increase in amplitude, the typical adult temperature 
rhythms are reached by age 2 years.177 Under thermoneutral 
conditions, rectal temperatures of older adults are similar to those 
of younger people, whereas oral and axillary temperatures are 
slightly lower.105 A recent overview of circadian temperature and 
aging is available.231

Of the major regulatory systems, temperature regulation is 
unique in the extent to which the effector organs are shared with 
other systems. This makes developmental assessments dificult 
because functional changes may be secondary to changes in 
primary systems, such as the skeletal muscles or the blood 
vessels. Other dificulties, as detailed by Cooper,48 include incon
sistencies between chronologic age and physiologic viability and 
the increased incidence of interfering disease states and cerebral 
microinfarcts as aging progresses.

Thermoregulatory capacities of young people show a progres
sive increase, but these are not fully developed until after puberty. 
Effectors that are more important to infants than to adults include 
certain behavioral responses (including calling for help) and the 
ability to activate thermogenic brown adipose tissue. Shivering 
is not present in infants; it develops fully only after several years 
of nervous system maturation. Metabolism in infants is increased 
to some degree by the increase in motor activity that accompa
nies cold stress.113

Sweating is present and effective in children, but the typical 
high capacity for evaporative heat loss that is present in adults 
is attained only following the changes that occur with puberty.64 
Factors that affect loss of body heat during cold stress throughout 
the adult years have been investigated with a multiple regression 
analysis. Fitness, fatness, and age from the 20s to the early 50s 

preferentially to cool the head in the heat and to huddle or add 
clothing to warm the torso in the cold.

LOCAL MODULATION

As with shivering, most problems that involve behavioral tem
perature regulation probably originate with disruption of central 
control mechanisms. Skeletal muscle function is fairly resistant to 
impairment by thermal mechanisms, as described previously. If 
this occurs, however, a major disruption of the body’s thermal 
defense ensues.

IMPORTANT MODIFICATIONS OF 
THERMOREGULATORY RESPONSES
In addition to establishing the status of the body temperature 
when the regulatory system is functioning normally, monitoring 
body temperature provides a signiicant diagnostic indicator for 
many pathologic conditions. Whether the goal is to stabilize or 
monitor the body temperature, it is necessary to understand the 
many conditions that affect both the regulated temperature and 
effectiveness of the thermoregulatory system.

NORMAL VARIATIONS IN REGULATED 
TEMPERATURE AND ABILITY TO MAINTAIN  
BODY TEMPERATURE

The same body temperature can represent a different set of 
conditions even under regularly encountered circumstances. 
Some of these conditions are noted here.

Level of Activity

Activity normally leads to increases in body temperature. 
However, the level of activity does not appear to provide direct 
input to central thermoregulatory nuclei. Unlike the feedforward 
input received from peripheral temperature, the magnitude of 
the error signal for increased heat dissipation is determined 
simply by the increase in body temperature.218 A person who is 
exercising heavily (or who has just exercised) in a neutral envi
ronment will have an unusually high body temperature, whereas 
a person who is sleeping or resting quietly will have a relatively 
low body temperature. Core temperature increases at the onset 
of exercise. The time course and magnitude of the temperature 
increase during exercise depends on several factors, including 
absolute exercise intensity (metabolic heat production), environ
ment, body mass, and body surface area.98

Circadian Changes

Body temperature shows cyclic changes throughout the day. 
Some of this variation is the result of the daily cycle of activity, 
as described previously. However, there also exists a circadian 
rhythm for the regulated body temperature.35 This sinusoidal 
rhythm accounts for much of the observed variations in body 
temperature. In a study that involved 700 observations of 148 
healthy individuals, the daily mean oral reading was 36.8° C 
(98.2° F). However, this was only a midpoint; the mean early
morning low was 36.4° C (97.6° F), and the mean lateafternoon 
high was 36.9° C (98.4° F).153 These diurnal changes deinitely 
relect alterations in the controller, because the body temperature 
thresholds for eliciting sweating and peripheral vasodilation are 
signiicantly lower in the early morning than in the afternoon or 
evening, whereas the sensitivities and maximal response levels 
remain unchanged.35 The body’s biologic clock may directly 
modulate the body temperature rhythm. The suprachiasmatic 
nucleus in the hypothalamus is the main pacemaker for the cir
cadian system of the body. The core molecular mechanisms of 
the circadian clock consist of autoregulatory transcription and 
translation loops by the clock genes and show a periodicity of 
approximately 24 hours. Removing the circadian clock abolishes 
the body temperature rhythm as well as the circadian inluences 
on thermoregulatory responses.147,227

Thermoregulatory responses to exercise are affected by the 
circadian clock as well. At the daily low (5:00 AM), the perceived 
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sweating, vasodilation, and heart rate.126,127 Heat and exercise may 
be particularly stressful during and after these episodes. An 
increase in body temperature caused by heat exposure or exer
cise could also trigger a hot lash.117 The integrative mechanism 
for the thermal responses appears to involve estrogen activating 
central (POAH) warmsensitive neurons, which then trigger heat 
dissipation responses.205 Hot lashes may be associated with 
activation of the insular cortex,68 as well as circulating serotonin 
levels.133 Additionally, nitric oxide has been shown to contribute 
to the peripheral vasodilator response.94

Pregnancy is of special concern to the physician in the wilder
ness. This concern does not apply to wellhydrated women who 
are exercising at submaximal levels, because the thermoregula
tory system makes adaptive adjustments as pregnancy proceeds. 
In the course of a pregnancy, basal body temperature shows a 
continuous decline, and heat loss responses are elicited at pro
gressively lower levels so that, near term, the steadystate tem
perature during exercise is about 1° C (1.8° F) lower than before 
conception.124 This reduces thermal stress on the fetus, which is 
typically 0.5° C (0.9° F) warmer than the mother.47,212

However, concern is warranted if hyperthermia develops in 
pregnant women. Animal experiments and epidemiologic analy
sis both indicate that, during pregnancy, it is dangerous for body 
temperature to exceed 39° C (102.2° F). During the irst half of 
pregnancy, excessive body temperature is likely to produce birth 
defects; during the latter half, birth weight is more likely to be 
affected. The ifth week after conception, which is the period of 
neural tube closure, is a particularly vulnerable time for the 
fetus.124 Because women in the early stages of pregnancy may 
be unaware of their condition, it is critical that heat stress be 
promptly treated in women of childbearing age. When exercis
ing, it is important that pregnant or potentially pregnant women 
acclimatize gradually to extreme thermal environments, remain 
well hydrated, wear looseitting clothing, exercise at a comfort
able pace, and avoid swimming in warm water or immersing 
themselves in hot tubs.212 A program of water aerobics for preg
nant women was reported to decrease requests for analgesia 
when these women gave birth, and it was not found to be det
rimental to the health of the mother or the child.6

INDUCED ALTERATIONS OF THE 
REGULATED TEMPERATURE
The optimal body temperature is not always the same. In certain 
conditions of stress or vulnerability, the regulated temperature of 
the body may be altered; this is often an adaptive response to a 
particular perturbation or physiologic/pathophysiologic state. In 
such circumstances, altered body temperature may be beneicial 
and should not necessarily be manipulated until the underlying 
condition is improved.

FEVER

The association between illness and increased body temperature 
has been recognized for thousands of years. Febrile body tem
peratures for resting young adults include a morning temperature 
of 37.3° C (99.2° F) or higher, which increases gradually to 37.8° C 
(100.0° F) for early afternoon and evening. Such elevated tem
perature needs to relect a regulated increase to be considered 
a true fever.

Pathogens that cause fevers interact with components of the 
immune system such as macrophages, T cells, monocytes, and 
Kupffer cells as well as with glial, epithelial, and many other 
types of cells. This interaction stimulates the cells to produce 
pyrogenic cytokines,131 including interleukin1 (IL1), interleukin6, 
and macrophage inlammatory protein1. The thermoregulatory 
“resetting” that results in a regulated increase in body tempera
ture is initiated by activation of the complement cascade in the 
liver, which then initiates afferent neural signaling to the hypo
thalamus via a prostaglandin E2–dependent vagal mechanism.13,185 
Aspirin and related drugs block fever by inhibiting prostaglandin 
synthesis.13,185 In addition to causing fever, IL1 and other cyto
kines have many other effects, including decreased appetite, 

were evaluated. Fitness had no effect, but fatness impaired heat 
loss. Aging during this period was correlated with progressive 
weakening of the vasoconstrictor response to cold.25

Individuals in their late 60s and beyond have a deinite 
decrease in thermoregulatory capacity. Sweating is lessened in 
response to passive heating,97 vascular responses to heating and 
cooling are signiicantly reduced,91,110,113 and a distinct shivering 
tremor is rarely observed.113 In older adults, thermoregulatory 
sympathetic nerve impulses to the skin are reduced by 60%,77 
several mechanisms of cutaneous vasoconstriction and vasodila
tion are impaired,91 and resting metabolic rate is lower than in 
younger individuals.236

Young children and older adults are particularly vulnerable to 
thermal extremes and should be given treatment priority when 
possible. Both groups are susceptible to climatic heat injury. If 
core temperatures exceed 40° C (104° F) and are accompanied by 
an altered mental status, treatment should be immediate, even at 
the risk of misdiagnosing a febrile condition. As for all such cases, 
most clothing should be removed; if available, ice should be 
placed around the groin, in the axillae, and around the neck. 
Cool water should be sprayed on the skin and the individual 
then fanned. Blood gas and electrolyte status should be deter
mined and any appropriate treatment measures taken.34

Sex and Reproductive Hormone Status

Women have a number of physiologic and morphologic charac
teristics that could theoretically produce differences in the regula
tion of body temperature. These include smaller blood volume, 
lower hemoglobin concentration, smaller heart, smaller lean 
body mass, greater percentage of subcutaneous and total body 
fat, greater surface area–to–mass ratio (due to smaller overall 
body size), thinner extremities, and cyclic changes in sex hor
mone levels. In general, however, historical studies that originally 
suggested major differences in thermoregulation between men 
and women were poorly controlled or unclear in data presenta
tion.43 Most reports have shown that when age, thermal accli
mation, body size, maximal aerobic capacity, cardiovascular 
responses during exercise, and relative workload are matched, 
sex differences in thermoregulation are minimal.71 In particular, 
a recent, well controlled comparison of thermoregulatory re
sponses between men and women during exercise concluded 
that female sex was associated with a slight impairment of ther
moregulatory heat dissipation only at very high exercise intensi
ties,72 and the impairment was not such that it would cause an 
increase in dangerous levels of hyperthermia in women.

The menstrual cycle, oral contraceptives, menopause, and 
pregnancy are all associated with important effects on the ther
moregulatory system. Relative to the early follicular phase of the 
menstrual cycle, core temperature is typically 0.3° C (0.5° F) lower 
during the late follicular (preovulatory) phase, when estrogen is 
elevated unopposed by progesterone, and 0.5° to 0.7° C (1.0° to 
1.3° F) higher in the midluteal phase, when both progesterone 
and estrogen are elevated.115,116,215 Thermoregulatory control 
mechanisms are similarly shifted across the menstrual cycle, such 
that heat dissipation responses, including cutaneous vasodilation 
and sweating, are initiated at lower temperatures during the 
preovulatory phase and higher temperatures during the midluteal 
phase.40,116,215 These inluences are also seen with the exogenous 
hormones in oral contraceptives.40,42 Such data support the idea 
that estrogen tends to promote peripheral vasodilation and a 
lower body temperature, whereas progesterone tends to promote 
increased body temperature.41,116

The effects of reproductive hormones on thermoregulation  
in postmenopausal women undergoing hormone replacement 
therapy are generally consistent with those just described in 
younger women. Administered estrogen acts to lower the core 
temperature at which heat loss effector mechanisms are activated 
and results in a lowered core temperature.22,222 The addition of 
exogenous progestins reverses these effects.22 Although less work 
has been done on the thermoregulatory effects of testosterone, 
epidemiologic studies indicate that lower testosterone concentra
tion may be associated with a sensation of cold.76

During menopause, luctuating hormone levels are thought to 
contribute to hot lashes or “lushes,” which involve increases in 
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development of hypothermia and decreases the incidence of 
infectious complications.118,201

SEVERE HYPOXIA AND ENDOTOXIN SHOCK

When inspired oxygen concentration falls to between 10% and 
12%, a substantial decrease in the regulated temperature occurs. 
This reaction has been documented with the use of behavioral 
responses in ish, amphibians, reptiles, and mammals.74,237 For 
humans who are exercising in 28° C (82.4° F) water under eucap
nic conditions, decreasing inspired oxygen to 12% lowers the 
core temperature thresholds for vasoconstriction and shivering 
and increases the rate of core cooling by 33%.104 The value of 
the resultant lowered body temperature is clear: the afinity of 
hemoglobin for oxygen is increased, and overall metabolic rate 
is decreased. The mechanism underlying the change in the regu
lated temperature may involve differential sensitivities of central 
neurons; hypoxia speciically increases activity of warmsensitive 
neurons in the POAH.221

A somewhat similar regulated hypothermic response occurs 
when an animal is exposed to very high levels of pyrogens; the 
same response occurs under less extreme conditions in weak or 
malnourished animals. The lowered body temperature may serve 
to decrease the energy costs of maintaining a high body tem
perature for a severely compromised animal.183

ALTERED SYSTEM RESPONSIVENESS  
AND CAPACITIES
A number of situations alter responsiveness of the thermoregula
tory system. Awareness of these conditions is important when 
assessing the thermoregulatory capabilities of a particular person 
and when determining possible causes for hyperthermia or 
hypothermia.

THERMAL ACCLIMATION

Thermoregulation is affected by chronic exposure to very cold 
or hot environments as well as by chronic exercise in cool or 
warm ambient temperatures. Such exercise in a cool environment 
greatly increases responsiveness of the sweat glands; if exercise 
is in the heat, the central temperature at which sweating is initi
ated is also lowered. The net consequence of these adjustments 
is that a heatacclimated and exerciseacclimated individual can 
work at a given level with far less increase in core temperature.146 
A regimen of exercise in humid heat appears to decrease resting 
core temperature in acclimated individuals.168 Repeated acute 
increases in both core and skin temperatures contribute to 
various changes involved in heat acclimation.175 Physical training 
also increases skin blood low at any given increase in core 
temperature.100 Although acclimation to warm conditions pro
duces many changes in the cardiovascular system, basic barore
lex responses are not altered.239

Heat acclimation may result in protective cellular adaptations. 
Intracellular heat shock protein (HSP) 72 is likely involved in 
the maintenance of cellular protein conformation and homeosta
sis during hyperthermia, inlammation, and injury.141 Consistent 
with this, a 10day program of heat and exercise acclimation 
increased HSP72 levels in peripheral blood mononuclear 
cells.238

Chronic cold exposure alters many thermoregulatory systems. 
These effects can accrue to both evolutionary change and long
term individual thermal acclimation. In many cases, resting meta
bolic rate is increased after repeated cold exposure;24 however, 
repeated exposure to very cold environments may produce the 
opposite effect. For example, eighty 30minute sessions at 5° C 
(41° F) decreased the metabolic response to a standard coldair 
test and often led to lower internal temperatures in these cold
acclimated individuals.89

On initial exposure of extremities to cold, substantial cutane
ous vasoconstriction is observed. At some point, however, cold
induced removal of the supericial αreceptor inhibition leads to 
transient vasodilation of the ingers, which occurs in a cyclic 

hypoferremia, activation of B and T lymphocytes, and increased 
slowwave sleep.114

The increase in body temperature during fever helps with 
many immune functions; neutrophil migration, release of reactive 
oxygen intermediates and nitric oxide by neutrophils, and inter
feron production are all augmented. The most important aspect 
of fever may be to increase greatly the temperature of the periph
eral tissues by selecting a warmer microclimate, adding insula
tion, and making postural changes. As peripheral temperatures 
increase from typical levels (i.e., 29° to 33° C [84.2° to 91.4° F]) 
to those that approximate core temperature, the activation, pro
liferation, and effector production in peripheral cells involved in 
cellmediated and humoral immunity are greatly increased and 
show temperature coeficients (Q10) of 100 to 1000. By contrast, 
the Q10 for the effectiveness of the newly created effectors them
selves, as well as for antigennonspeciic defense systems, are 
much lower, at about 1.5 to 5.36.184

The presence and beneicial effects of fever have been docu
mented in a variety of coldblooded and warmblooded verte
brates and even in some invertebrates. Under most conditions, 
it is probably not advisable to alleviate a fever. Exceptions 
include malignant hyperthermia and particularly high fevers 
during pregnancy. In addition, for patients with limited luid, 
oxygen transport, or cardiopulmonary reserves, a febrile re
sponse should be treated with antipyretics.110 Consequences 
of the decreased immune response can be treated after the 
emergency.

ALCOHOL, ANESTHETICS, AND TOXINS

Increases in the blood concentrations of ethanol, anesthetics, and 
a number of toxic substances lead to substantial decreases in 
body temperature.54,200 In many cases, this fall is caused by a 
decrease in the regulated temperature. In the case of high con
centrations of alcohol and certain toxins, the reduction appears 
to be an adaptive adjustment that promotes survival. These 
chemicals disrupt protein structures within the cell membrane, 
and this effect is counteracted by a lower temperature.54 Indeed, 
mouse studies have shown that lowered body temperature coun
teracts ethanol toxicity.132 In humans as well, a decrease in the 
regulated temperature is caused by increases in blood ethanol 
concentration. After ingestion of ethanol (3.0 mL/kg body weight) 
at 33° C (91.4° F), sweat rate increased and body temperature fell. 
Although skin temperature did not increase, individuals reported 
a warm sensation that paralleled the increase in sweat rate.242 At 
18° C (64.4° F), body temperature decreased continuously before 
and after the drinking of alcohol, with no facilitation of metabolic 
heat production. During this period, the thermal discomfort sen
sation became more intense, although the discrimination of cold 
was impaired after the ingestion of ethanol.241,242 However, lower 
blood ethanol levels associated with moderate consumption in 
humans have minimal and inconsistent effects on thermal balance 
of the whole body.58,103

Excellent overviews of the effects of general anesthetics on 
perioperative thermoregulation are available.201,202 Many of these 
substances (e.g., halothane, fentanyl and nitrous oxide, enlu
rane, isolurane) in anesthetic doses act in a similar manner. Heat 
loss thresholds are increased by about 1° C (1.8° F), and heat 
maintenance thresholds are lowered by approximately 2.5° C 
(4.5° F). Interestingly, in the typical clinical dose range, the gain 
(sensitivity) of the effector responses is near normal. In the con
ditions under which general anesthetics are normally adminis
tered, body temperature decreases signiicantly. An initial rapid 
drop is caused by redistribution of heat; cool blood from the 
periphery lowers central core temperature. A second and slower 
decrease results from a fall in body heat content. Finally, a 
plateau is reached, either because heat production and heat loss 
are passively balanced, or because heat maintenance thresholds 
are reached. During postanesthetic recovery, there is vigorous 
shivering. Anestheticinduced hypothermia is reduced in patients 
with higher preoperative systolic blood pressure. This difference 
is associated with higher preoperative plasma norepinephrine 
levels, which may intensify the vasoconstriction response.108 
Cutaneous warming before and during anesthesia prevents the 
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tion of blood low from the core to the periphery, and associated 
decreases in stroke volume maximize cardiovascular strain in 
high environmental temperatures. These mechanisms appear to 
be as important as the core temperature itself (or more so) with 
regard to development of fatigue. The integrative contributions 
of various mechanisms of fatigue are detailed in a recent 
review.156

For maintenance of exercise performance and body tempera
ture in a warm environment, body water status is critical.45,195 It 
is common for a person who is working in the heat to lose 1 L 
of water per hour. Even when luids are readily available, main
taining a euhydrated state may be dificult. For hypohydration 
during continued activity, each percent decrease in body weight 
leads to a core temperature increase of about 0.15° C (0.27° F). 
This decreased heat dissipation is mediated by two mechanisms. 
At a given core temperature, hypertonicity decreases the sweat
ing response, and hypovolemia reduces skin blood low.45,195 
During compensable heat stress, in which a steadystate core 
temperature can be maintained, hyperhydration has no effect on 
thermoregulation.119 During uncompensable exercise heat stress, 
in which core temperature continues to rise, hyperhydration 
slightly increases the time to exhaustion, but only by delaying 
hypohydration; thermoregulation is not affected.120 It is important 
to be alert to the possibility of dehydration in many atypical situ
ations. For example, swimmers training in an outdoor pool with 
a water temperature of 26° C (78.8° F) lost suficient luid (2.5% 
of their body weight) in 3 hours to compromise thermoregulatory 
responses.210

Exposure to hypoxia can alter thermoregulatory vascular 
responses, in part because hypoxia itself is a vasodilator.207 
During exposure to cold, augmented vasoconstriction appears to 
defend core temperature such that the rate of body cooling is 
unaffected.206 Paradoxically, in a hot environment, hypoxia may 
reduce the cutaneous vasodilator response for a given level of 
hyperthermia.188 This may be caused by the sympathoexcitatory 
inluence of hypoxia.82 However, regional differences in the inlu
ence of hypoxia on blood low and vascular tone make mecha
nistic interpretation challenging.

ALCOHOL, DRUGS, ANESTHETICS, AND TOXINS

Although moderate doses of anesthetics and toxins may elicit 
adaptive changes in the regulated body temperature, elevated 
doses of these substances impair or abolish both autonomic and 
behavioral aspects of thermoregulation. Body temperature then 
changes passively, depending on the thermal environment. This 
can be particularly dangerous when elevated levels of alcohol or 
similar substances are combined with heat stress. Impaired ability 
to dissipate heat is then combined with the enhanced toxicity of 
increased tissue temperature.

Drugs that increase metabolic heat production (e.g., amphet
amines, ecstasy [3,4methylenedioxymethamphetamine], cocaine) 
are also particularly dangerous to use in the heat. In addition, 
cocaine interferes with heat dissipation mechanisms and with the 
perception of warmth.23,51
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pattern.1,159 This socalled coldinduced vasodilation warms the 
extremities, protects against frostbite, decreases pain, and im
proves manual dexterity during prolonged cold exposure.1,90 This 
response has a genetic component; for individuals who are not 
cold acclimated, this response is very strong among Inuit Eskimos, 
moderate among whites, and minimal among Chinese from Hong 
Kong.78 No differences appear to exist between men and women 
in the coldinduced vasodilation response.228 Individual differ
ences in the vasodilation response to cold determine the relative 
likelihood of the development of frostbite. An environmental 
inluence in this response is also likely; ishermen in northeastern 
Canada did not exhibit vasoconstriction of the ingers when 
exposed to cold.78

COMPETITION WITH OTHER  
HOMEOSTATIC SYSTEMS

In addition to a constant core temperature, the body has many 
other requirements. When luid balance or energy requirements 
are not met, thermoregulatory responses can be compromised. 
For heat production and heat conservation, an adequate energy 
supply, patent nervous system, and functional effector organs are 
critical. Thus, hypoglycemia decreases the core temperature at 
which shivering is initiated while leaving the thresholds for 
sweating and vasodilation unaffected.166 Competition between 
skin and muscle for blood low during hyperthermic exercise is 
another consideration. During exercise, cutaneous vasodilation 
is elicited later, at a higher internal temperature than in resting 
hyperthermia, resulting in lower skin blood low for a given 
internal temperature during exercise than at rest.99 The arterial 
barorelex is another nonthermal relex that can alter skin blood 
low responses to thermal stimuli. Activation of the barorelex 
using lowerbody negative pressure (LBNP) causes decreases  
in skin blood low in both normothermic and hyperthermic 
individuals.102

During exercise, heat is generated by activity of the muscles. 
About 80% of the energy consumption is converted into heat, 
with only about 20% going to the actual work produced by 
contraction of the muscles. High muscle temperature increases 
eficiency of muscle contraction.10,11 However, an excessive rise 
in body temperature impairs endurance performance and leads 
to more rapid fatigue. Some controversy surrounds the concept 
of a “critical core temperature” (~40° C [104° F]) at which fatigue 
occurs to protect the brain from neuronal damage caused by high 
internal temperatures.75 Support for this includes observations 
that time to exhaustion during heavy exercise is affected by  
the initial body temperature.75,152,154 In a heat acclimation study, 
individuals exercised until exhaustion at 60% of their maximum 
ɺVO2 for 9 to 12 consecutive days at 40° C (104° F).154 The time 
to exhaustion became progressively longer with acclimation, but 
core temperature at exhaustion remained at about 40° C. When 
body temperature was altered by water immersion before bicycle 
ergometer exercise at 40° C, time to exhaustion became progres
sively longer as initial body temperature was progressively 
lowered. Again, body temperature at exhaustion remained at 
approximately 40° C.75

Recent evidence suggests that the story may not be as “simple” 
as one core temperature that causes fatigue at the central level. 
In a ield study, runners with rectal temperature above 40° C 
performed similar to runners with rectal temperature of 40° C or 
lower at the end of 8km (4.8mile) time trials.63 With high skin 
temperatures, cardiovascular mechanisms, including redistribu
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Although used for medical purposes for millennia, cold modali-
ties were not scientiically evaluated until the 18th century. The 
hemostatic, analgesic, and therapeutic effects of cold on various 
conditions were well known. Biblical references cite truncal 
rewarming of King David by a damsel; various remedies were 
mentioned by Hippocrates, Aristotle, and Galen.253 Folklore from 
Maine still recounts the buggy ride of “Frozen Charlotte.”

The effects of cold on human performance are perhaps  
best documented in military history.65,226 Frosty conditions have 
decided many battles. Numerous casualties occur even in train-
ing. Most cold injuries currently encountered affect destitute 
urban people and wilderness or sports enthusiasts, such as skiers, 
hunters, sailors, climbers, and swimmers.6,278 The popularity of 
Arctic and mountain expeditions increases the number of persons 
at risk.3,145 Among those challenging the environment are climb-
ers of Mt Everest, Mt Hood, and Denali.122,212,236

EPIDEMIOLOGY
In most countries, deaths from primary hypothermia are consid-
ered violent and classiied as accidental, homicidal, or suicidal.41 
Deaths from secondary hypothermia are usually considered natu-
ral complications of systemic disorders, including trauma, carci-
noma, and sepsis. The true incidence of secondary hypothermia 
throughout the world is unknown because hypothermic persons 
found indoors usually have other serious and diverting medical 
illnesses. In addition, delays are common between hospital 
admission and death, so secondary hypothermia is signiicantly 
underreported. In contrast, death certiicate data more accurately 
quantify primary hypothermia.81

Hypothermia occurs in various locations and in all sea-
sons.33,222,293,340 In a multicenter survey of 428 cases of civilian 
accidental hypothermia, 69 occurred in Florida.62,319 Urban set-
tings account for the majority of cases in most industrialized 
countries.62,279,309 An annual average of more than 1300 deaths is 
attributed to primary hypothermia in the United States. About 
one-half these fatalities are in patients older than 65, and 67% 
are males.17

The reason for any year-to-year decline in fatalities is unknown. 
Of note, the incidence of secondary hypothermia fatalities is 
much greater, but there are no reliable histologic criteria to 
conirm that hypothermia is the cause of death.

CLASSIFICATIONS

Accidental hypothermia is best deined as the unintentional 
decrease of about 2° C (3.6° F) in the “normal” core temperature 
of 37.2° to 37.7° C (99.0° to 99.9° F) without disease in the pre-
optic and anterior hypothalamic nuclei (Table 7-1). Classically, 
hypothermia is deined as a core temperature below 35° C 
(95° F).78 Hypothermia is both a symptom and a clinical disease 
entity. When suficient heat cannot be generated to maintain 
homeostasis and core temperature drops below 30° C (86° F),  
the patient becomes poikilothermic and cools to the ambient 
temperature.182,61

Among clinical classiications, the most practical division 
includes healthy patients with simple environmental exposure 
(primary), those with speciic diseases that produce hypothermia 
(secondary), and those with predisposing conditions. Other divi-
sions that relect the etiology of hypothermia include immersion 
versus nonimmersion and acute versus chronic heat loss.204,228

Various physiologic stressors and other factors can impair 
thermoregulation.286 Age extremes, state of health and nutrition, 

type of exposure, and a multitude of intoxicants or medications 
can jeopardize thermostability by decreasing heat production or 
increasing heat loss. Physiologic stressors also include dehydra-
tion, sleep deprivation, and fatigue. These challenges increase 
heat loss through evaporation, radiation, conduction, and con-
vection, and compensatory responses often fail.204 The resulting 
mortality rates range to well over 50% in many clinical series, 
depending largely on the severity of risk factors and on patient 
selection criteria.62,222,270,340

For safety, experimental investigations of induced hypother-
mia in human volunteers usually terminate cooling at about 35° C 
(95° F). Naturally, this precludes analysis of some of the more 
signiicant pathophysiologic features of moderate or severe hypo-
thermia. Design limitations also occur in studies of anesthetized 
animals, because the results of these experiments require varying 
degrees of extrapolation to humans. For example, large differ-
ences exist both in the cardiovascular responses to interventions 
and in the amounts of peripheral musculature that are present, 
particularly in nonporcine animal models. As a result, clinical 
treatment recommendations must be predicated on the degree 
and duration of hypothermia and on the predisposing factors that 
are subsequently identiied.34,78,120,229

NORMAL PHYSIOLOGY OF 
TEMPERATURE REGULATION
Warm-blooded animals maintain a precariously dynamic equilib-
rium between heat production and heat loss.152,153 The normal 
diurnal variation in humans is only 1° C (1.8° F). Because physi-
ologic changes occurring in humans are modiied by predispos-
ing or contributory factors, the normal responses to severe 
temperature depression require signiicant extrapolation.208,237

Basal heat production usually averages 40 to 60 kilocalories 
per square meter (kcal/m2) of body surface area per hour, which 
approximates the heat from a 100-watt incandescent bulb. This 
increases with shivering thermogenesis,220 food ingestion, fever, 
activity, and cold stress. Normal thermoregulation in vertebrates 
involves transmitting cold sensation to hypothalamic neurons via 
the lateral spinothalamic tracts and the thalamus (Figure 7-1). 
Table 7-2 lists the physiologic characteristics of the four zones 
of hypothermia.

PATHOPHYSIOLOGY
NERVOUS SYSTEM

Numbing cold depresses the central nervous system (CNS),  
producing impaired memory and judgment, slurred speech,  
and decreased consciousness. During cold-weather expeditions, 
leaders are prone to impaired judgment, risk-taking behavior, 
and the attendant trauma. Temperature-dependent enzyme 
systems in the brain do not function properly at cold tempera-
tures that are well tolerated by the kidneys. As a result, most 
patients are comatose below 30° C (86° F), although some remain 
amazingly alert.138

Neurons are initially stimulated by a 1° C (1.8° F) drop in 
temperature, but the brain does not always cool uniformly during 
accidental hypothermia. After the initial increase, there is a linear 
decrease in cerebral metabolism by 6% to 10% per degree Celsius 
from 35° C (95° F) to 25° C (77° F). Hypothermia can initially 
afford cerebral protection because of the diminished cerebral 
metabolic requirements for oxygen.104 The electroencephalogram 
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TABLE 7-1 Fahrenheit-to-Celsius Conversion Scale

Fahrenheit† Celsius*

95 35.00
94 34.44
93 33.89
92 33.33
91 32.78
90 32.22
89 31.67
88 31.11
87 30.56
86 30.00
85 29.44
84 28.89
83 28.33
82 27.78
81 27.22
80 26.67
79 26.11
78 25.56
77 25.00
76 24.44
75 23.89
74 23.33
73 22.78
72 22.22
71 21.67
70 21.11
69 20.56
68 20.00
67 19.44
66 18.89
65 18.33
64 17.78

Fahrenheit† Celsius*

63 17.22
62 16.67
61 16.11
60 15.56
59 15.00
58 14.44
57 13.89
56 13.33
55 12.78
54 12.22
53 11.67
52 11.11
51 10.56
50 10.00
49 9.44
48 8.89
47 8.33
46 7.78
45 7.22
44 6.67
43 6.11
42 5.56
41 5.00
40 4.44
39 3.89
38 3.33
37 2.78
36 2.22
35 1.67
34 1.11
33 0.56
32 0.00

* C = (F − 32) × 5/9
† F = 9/5 C + 32

FIGURE 7-1 Physiology of cold exposure. 
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is abnormal below 33.5° C (92.3° F) and becomes silent at 19°  
to 20° C (66.2° to 68° F). The triphasic waves typically noted  
in hypothermia are also observed in various metabolic, toxic,  
and diffuse encephalopathies. Visual evoked potentials, another 
objective measure of cerebral function, become smaller as the 

mercury drops. After cerebral cortical function becomes impaired, 
lower brainstem functions are also deranged.

Cerebrovascular autoregulation is protectively intact until the 
temperature drops below 25° C (77° F). Although vascular resis-
tance is increased, blood low is disproportionately redistributed 
to the brain. In canine studies, blood low in the brain, muscle, 
kidneys, and myocardium recovers quickly to control levels after 
rewarming. Flow deicits persist in the pulmonary, digestive, and 
endocrine systems for up to 2 hours after rewarming.

Chilling the peripheral nervous system increases muscle 
tension and preshivering tone, eventually leading to shivering. 
Shivering, which is also centrally controlled, is a more eficient 
heat producer than are voluntary muscle contractions of the 
extremities.

CARDIOVASCULAR SYSTEM

Many cardiovascular responses caused by or associated with 
hypothermia are well described.184 Cold stress increases con-
sumption of myocardial oxygen. Autonomic nervous system 
stimulation causes tachycardia and peripheral vasoconstriction, 
both of which increase systemic blood pressure and cardiac 
afterload.

As core temperature drops, there should be a fairly linear 
decrease in pulse rate. After premonitory tachycardia, decre-
mental bradycardia produces a 50% decrease in heart rate at 
28° C (82.4° F). Because this bradycardia is caused by decreased 
spontaneous depolarization of pacemaker cells, it is refractory 
to atropinization. If there is a “relative” tachycardia not consis-
tent with the degree of hypothermia, the clinician should  
consider occult trauma with hypovolemia, drug ingestion, and 
hypoglycemia.

During hypothermic bradycardia, unlike normothermia, sys-
tole is more prolonged than diastole. In addition, the conduction 
system is more sensitive to cold than is the myocardium, so the 
cardiac cycle is lengthened. Cold-induced changes in pH, oxygen, 
electrolytes, and nutrients also alter electrical conduction.203

Hypothermia progressively decreases mean arterial pressure 
and the cardiac index. Cardiac output drops to about 45% of 
normal at 25° C (77° F). Systemic arterial resistance, determined 
by invasive hemodynamic monitoring, is increased. Even after 
rewarming, cardiovascular function may remain temporarily 
depressed, with impaired myocardial contractility, metabolism, 
and peripheral vascular function.

Mild, steady hypothermia in patients with poikilothermic ther-
moregulatory disorders causes electrocardiographic (ECG) altera-
tions and conduction abnormalities.9,71 First the PR, then the QRS, 
and most characteristically the QTc intervals are prolonged. 
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TABLE 7-2 Characteristics of the Four Zones of Hypothermia

Core 
Temperature

Stage °C °F Characteristics

Mild 37.6 99.7 ±1 Normal rectal temperature

37.0 98.6 ±1 Normal oral temperature

36.0 96.8 Increases in metabolic rate, blood pressure, and preshivering muscle tone
35.0 95.0 Urine temperature 34.8° C (94.6° F); maximal shivering thermogenesis
34.0 93.2 Development of amnesia, dysarthria, and poor judgment; maladaptive behavior; normal blood pressure; 

maximal respiratory stimulation; tachycardia, then progressive bradycardia
33.30 91.4 Development of ataxia and apathy; linear depression of cerebral metabolism; tachypnea, then progressive 

decrease in respiratory minute volume; cold diuresis
Moderate 32.0 89.6 Stupor; 25% decrease in oxygen consumption

31.0 87.8 Extinguished shivering thermogenesis
30.0 86.0 Development of atrial ibrillation and other arrhythmias; poikilothermia; cardiac output two-thirds normal; 

insulin ineffective
29.0 84.2 Progressive decrease in level of consciousness, pulse, and respiration; pupils dilated; paradoxical undressing

Severe 28.0 82.4 Decreased ventricular ibrillation threshold; 50% decrease in oxygen consumption and pulse; hypoventilation
27.0 80.6 Loss of relexes and voluntary motion
26.0 78.8 Major acid-base disturbances; no relexes or response to pain
25.0 77.0 Cerebral blood low one-third normal; loss of cerebrovascular autoregulation; cardiac output 45% of normal; 

pulmonary edema may develop106,258,264

24.0 75.2 Signiicant hypotension and bradycardia
23.0 73.4 No corneal or oculocephalic relexes; arelexia
22.0 71.6 Maximal risk of ventricular ibrillation; 75% decrease in oxygen consumption

Profound 20.0 68.0 Lowest temperature for mechanical resumption of cardiac electromechanical activity; pulse 20% of normal
19.0 66.2 Electroencephalographic silencing
18.0 64.4 Asystole
13.7 56.7 Lowest adult accidental hypothermia survival106

15.0 59.0 Lowest infant accidental hypothermia survival264

10.0 50.0 92% decrease in oxygen consumption
9.0 48.2 Lowest therapeutic hypothermia survival237

Clinically invisible increased preshivering muscle tone can 
obscure the P waves; ST-segment and T-wave abnormalities are 
inconsistent.9,326 Of note, standard surface ECG electrodes, when 
attached to dry skin, will accurately relect cardiac electrical activ-
ity. Needle electrodes are not necessary to detect weak ECG 
signals.170

The J wave (Osborn wave or hypothermic hump; Figure 7-2), 
irst described by Tomaszewski in 1938, occurs at the junction 
of the QRS complex and the ST segment. It is not prognostic but 
is potentially diagnostic.108,177 J waves occur at any temperature 
below 32.2° C (90° F) and are most frequently seen in leads II 
and V6. When core temperature falls below 25° C (77° F), J waves 
are found in the precordial leads (especially V3 or V4). The size 
of the J waves also increases with temperature depression, but 
is unrelated to arterial pH.350 J waves are usually upright in aVL, 
aVF, and the left precordial leads.4,158,241

J waves may represent hypothermia-induced ion luxes, result-
ing in delayed depolarization or early repolarization of the left 
ventricle, or there may be an unidentiied hypothalamic or neu-
rogenic factor. J waves are not pathognomonic of hypothermia 
but occur also with CNS lesions, focal cardiac ischemia, and 
sepsis.158 J waves may also be present in young, healthy persons. 
When pronounced, J waveform abnormalities can simulate myo-
cardial infarction. Computer software that can successfully rec-
ognize and suggest the diagnosis of hypothermia is not widely 
available (see Figure 7-2).180,213,234

The prehospital capability to differentiate between J waves 
and injury current is particularly important in rural and wilderness 
settings with long patient transport times.60 Thrombolysis is 
unstudied in accidental hypothermia but would be expected to 
exacerbate coagulopathies.105

Below 32.2° C (90° F), all types of atrial and ventricular arrhyth-
mias are encountered.45,77 The His-Purkinje system is more sensi-

tive to cold than is the myocardium. As a result, conduction 
velocity decreases and electrical signals can disperse. Because 
conduction time is prolonged more than the absolute refractory 
period, reentry currents can produce circus rhythms (movements) 
that initiate ventricular ibrillation (VF).

In addition to causing bradycardia, widening the QRS complex, 
and prolonging the QT interval, hypothermia increases the dura-
tion of action potentials (Figure 7-3).20 During rewarming, non-
uniform myocardial temperatures can disperse conduction and 
further increase the action potential duration, another mechanism 
to develop the unidirectional blocks that facilitate reentrant 
arrhythmias. At temperatures between 25° and 20° C (77° and 
68° F), myocardial conduction time is prolonged further than the 
absolute refractory period. Another arrhythmogenic mechanism 
is development of independent electrical foci that precipitate 
arrhythmias.

Various electrolyte abnormalities can further complicate the 
situation during hypothermic conditions, because they exacer-
bate the effects of prolonged action potentials. Most conspicu-
ously, hypothermia-induced cellular calcium loading mimics 
digitalis toxicity and may predispose to a forme fruste of torsades 
de pointes.

Hypothermia-induced VF and asystole often occur spontane-
ously below 25° C (77° F). The VF threshold and transmembrane 
resting potential are decreased. Because the heart is cold, the 
conduction delay is facilitated by the large dispersion of repolar-
ization, and the action potential is prolonged. The increased 
temporal dispersion of the recovery of excitability is linked to 
VF. Nature’s model of resistance to VF is the heart of hibernat-
ing animals during rewarming.151 Animals with this capacity 
seem to be protected by a shortened QT duration and a calcium 
channel handling system that prevents intracellular calcium 
overload.
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FIGURE 7-2 The J or Osborn wave of hypothermia. Note that the obvious J waves are usually misinter-
preted by the computer as injury current or nonspeciic interventricular conduction delay (A and B). 
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temperature afterdrops occur when participants are rewarmed 
with plumbed garments and heating pads.

In summary, core temperature afterdrop appears to become 
most clinically relevant when a large temperature gradient exists 
between the periphery and the core, particularly in dehydrated, 
chronically cold patients. Both conductive and convective mecha-
nisms are responsible for afterdrop.100 Stimulating peripheral 
blood low can increase afterdrop. Major afterdrops are also 
observed when frostbitten extremities are thawed before crystal-
loid volume resuscitation and thermal stabilization of the core 
temperature.

RESPIRATORY SYSTEM

Any exposure to a large chill initially stimulates respiratory  
drive, which is followed by progressive depression of respira-
tory minute volume as cellular metabolism is depressed.267 The 
respiratory rate often falls to 5 to 10 breaths/min below 30° C 
(86° F), and ultimately, brainstem neurocontrol of ventilation 
fails. An important physiologic observation is that carbon diox-
ide (CO2) production drops 50% for each 8° C (14° F) fall in 
temperature. In severe hypothermia, CO2 retention and respira-
tory acidosis relect the aberrant responses to normothermic 
respiratory stimuli.96

Other pathophysiologic factors contributing to ventilation-
perfusion mismatch include decreased ciliary motility, increased 
quantity and viscosity of secretions, hypothermic acute respira-
tory distress syndrome, and noncardiogenic pulmonary edema.310 
The thorax loses elasticity, and pulmonary compliance drops. 
The respiratory “bellows” stiffen and fail because of a decline in 
contractile eficiency of the intercostal muscles and diaphragm.

Box 7-1 lists pertinent, potentially protective or detrimental 
factors that affect tissue oxygenation in endothermic humans.

RENAL SYSTEM

The kidneys respond briskly to hypothermia-induced changes in 
the vascular tree’s capacitance. Peripheral vasoconstriction can 
result initially in a relative central hypervolemia, producing diure-
sis, even with mild dehydration. In addition, renal blood low is 
depressed by 50% at 27° to 30° C (80.6° to 86° F), which decreases 
glomerular iltration rate. Nevertheless, there is an initial large 
diuresis of this dilute glomerular iltrate, which does not efi-
ciently clear nitrogenous wastes.

The etiology of the cold diuresis is multifactorial.110 Suggested 
mechanisms include inhibition of antidiuretic hormone (ADH) 
release and decreased renal tubular function. Neither hydration 
nor ADH infusions inluence the diuretic response, which appears 

Asystole and VF may both result from hypovolemia, tissue 
hypoxia, therapeutic manipulations, acid-base luxes, autonomic 
dysfunction, and coronary vasoconstriction coupled with in-
creased blood viscosity. Other causes may include rough han-
dling or jostling, sudden vertical positioning, and acute metabolic 
stress from exertion or very rapid rewarming.

CORE TEMPERATURE AFTERDROP

Core temperature afterdrop refers to the continued decline in a 
hypothermic patient’s temperature after removal from the cold. 
Contributing to afterdrop is the simple temperature equilibration 
between the warmer core and cooler periphery. Circulatory 
changes account for another set of observations. The countercur-
rent cooling of blood that perfuses cold extremities results in 
core temperature decline until the existing temperature gradient 
is eliminated. In cold-water immersion, collapse after rescue may 
also result from abrupt hypotension following loss of hydrostatic 
squeeze contributed by the water.

The incidence and magnitude of core temperature afterdrop 
vary widely in clinical experiments and in surgically induced 
hypothermia.99,100 Hayward123 measured his own esophageal, 
rectal, tympanic, and cardiac temperatures (via lotation tip cath-
eter) during rewarming after being cooled in 10° C (50° F) water. 
On three different days, rewarming was achieved by shivering 
thermogenesis, heated humidiied inhalation, and warm-bath 
immersion. Coincident with a 0.3° C (0.5° F) afterdrop during 
warm-bath immersion, his mean arterial pressure fell 30% and 
peripheral vascular resistance fell 50%. Therefore, the circulatory 
mechanism is another major contributor to afterdrop.

A human study of peripheral blood low during rewarming 
from mild hypothermia suggests that minimal skin blood low 
changes can also lead to afterdrop (Figure 7-4). The largest core 

FIGURE 7-3 Example of the effects of temperature on action poten-
tials in cardiac cells. 

° ° °37 32 27
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FIGURE 7-4 Infrared scan of the palmar hand surface. Blue, 43° C 
(109.4° F); red, 68° C (154.4° F). A, At room temperature. B, After 5 
minutes in a cold room, with evidence of vasoconstriction. (Courtesy 
Naval Health Research Center, San Diego, Calif.)

A B

BOX 7-1 Oxygenation Considerations during 
Hypothermia

Detrimental Factors
• Oxygen consumption increases with rise in temperature; use 

caution if rewarming is rapid; shivering also increases demand
• Decreased temperature shifts oxyhemoglobin dissociation curve 

to the left
• Ventilation-perfusion mismatch; atelectasis; decreased 

respiratory minute volume; bronchorrhea; decreased protective 
airway relexes

• Decreased tissue perfusion from vasoconstriction; increased 
viscosity

• “Functional hemoglobin” concept: capability of hemoglobin to 
unload oxygen is lowered

• Decreased thoracic elasticity and pulmonary compliance

Protective Factors
• Reduction of oxygen consumption by 50% at 28° C (82.4° F), 75% 

at 22° C (71.6° F), and 92% at 10° C (50° F)
• Increased oxygen solubility in plasma
• Decreased pH and increased PaCO2 shift oxyhemoglobin 

dissociation curve to right
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BOX 7-2 Factors Predisposing to Hypothermia

Decreased Heat Production

Endocrinologic Failure
• Hypopituitarism
• Hypoadrenalism
• Hypothyroidism
• Lactic acidosis
• Diabetic and alcoholic ketoacidosis

Insufficient Fuel
• Hypoglycemia
• Malnutrition
• Marasmus
• Kwashiorkor
• Extreme physical exertion

Neuromuscular Physical Exertion
• Age extremes
• Impaired shivering
• Inactivity
• Lack of adaptation

Impaired Thermoregulation

Peripheral Failure
• Neuropathies
• Acute spinal cord transection
• Diabetes

Central or Neurologic Failure
• Cardiovascular accident
• Central nervous system (CNS) trauma

• Toxicologic effects
• Metabolic failure
• Subarachnoid hemorrhage
• Pharmacologic effects
• Hypothalamic dysfunction
• Parkinson’s disease
• Anorexia nervosa
• Cerebellar lesion
• Neoplasm
• Congenital intracranial anomalies
• Multiple sclerosis
• Hyperkalemic periodic paralysis

Increased Heat Loss

Environmental
• Immersion
• Nonimmersion

Induced Vasodilation
• Pharmacologic effects
• Toxicologic effects

Erythrodermas
• Burns
• Psoriasis
• Ichthyosis
• Exfoliative dermatitis

Iatrogenic
• Emergency childbirth
• Cold infusions
• Heatstroke treatment

Miscellaneous Associated Clinical States
• Multisystem trauma
• Recurrent hypothermia
• Episodic hypothermia
• Shapiro syndrome
• Infections: bacterial, viral, parasitic
• Pancreatitis
• Carcinomatosis
• Cardiopulmonary disease
• Vascular insuficiency
• Uremia
• Paget’s disease
• Giant cell arteritis
• Sarcoidosis
• Shaken baby syndrome
• Systemic lupus erythematosus
• Wernicke-Korsakoff syndrome
• Hodgkin’s disease
• Shock
• Sickle cell anemia
• Sudden infant death syndrome

to be an attempt to compensate for initial relative central hyper-
volemia that is caused by vasoconstrictive overload of capaci-
tance vessels.

The diuresis may also be pressure related, caused by impaired 
autoregulation in the kidneys. Cold diuresis has circadian  
rhythmicity and correlates with periods of shivering. Cold-water 
immersion increases urine output 3.5 times, and the presence of 
ethanol impressively doubles this diuresis.

COAGULATION

Coagulopathies often develop in hypothermic patients because 
of effects on the enzymatic nature of the activated clotting 
factors.88 In vivo, clotting prolongation is proportional to the 
number of steps in the cascade. For example, at 29° C (84.2° F), 
a 50% to 60% increase in the partial thromboplastin time (PTT) 
would be expected. Kinetic tests of coagulation, however, are 
performed in the laboratory at 37° C (98.6° F). As the blood warms 
in the machine, the enzymes between the factors in the cascade 
are activated. The sample of warmed in vitro blood then clots 
normally.79

The reversible hemostatic defect created by hypothermia may 
not be relected by the reported “normal” prothrombin time (PT), 
PTT,272 or international normalized ratio (INR). This coagulopathy 
is basically independent of clotting factor levels and cannot be 
conirmed by laboratory studies performed at 37° C (98.6° F). 
Treatment is rewarming and not simply administration of clotting 
factors.269 When rapid rewarming is dificult, concentrations of 
0.01 to 1 nM of desmopressin may partially reverse hypothermia-
induced coagulopathy in vitro.351

Thrombocytopenia as a cause of bleeding becomes progres-
sively signiicant in severe hypothermia. Proposed mechanisms 
include direct bone marrow suppression and splenic or hepatic 
sequestration. Thromboxane B2 production by platelets is also 
temperature dependent, so cooling skin temperature produces 
reversible platelet dysfunction. Thrombocytopenia is a common 
but poorly recognized corollary of hypothermia in neonates and 
older adults.

Coagulopathy in trauma patients is attributed to enzyme  
inhibition, platelet alteration, and ibrinolysis. The critical tem-

perature at which enzyme activity slows signiicantly is 34° C 
(93.2° F).334 In addition, clot strength weakens as a result of 
platelet malfunction. Fibrinolysis is not signiicantly affected at 
any temperature in the range measured (33° to 37° C [91.4° to 
98.6° F]) (see Trauma, later).

Physiologic hypercoagulability also develops during hypother-
mia, with a sequence similar to that seen in disseminated intra-
vascular coagulation (DIC). This produces a higher incidence of 
thromboembolism during hypothermia. Causes include thrombo-
plastin release from cold tissue, simple circulatory collapse, and 
release of catecholamines and steroids. Because levels of ibrin 
split products can be normal, bleeding is not always considered 
a hematologic manifestation of DIC.

Whole-blood viscosity increases with the hemoconcentration 
seen after diuresis and the shift of luid out of vascular com-
partments. Red blood cells (RBCs) simply stiffen and have 
diminished cellular deformability when chilled.258 The elevated 
viscosity of hypothermia is also exacerbated by cryoglobuline-
mia. Cryoibrinogen is a cold-precipitated ibrinogen occasion-
ally seen with carcinoma, sepsis, and collagen vascular diseases. 
Blood viscosity is increased by the transient increases in platelet 
and RBC counts seen with mild surface cooling. This explains 
the increased coronary and cerebral thromboses that occur in 
winter.204

PREDISPOSING FACTORS
The factors that predispose to hypothermia can be separated into 
those that decrease heat production, increase heat loss, and 
impair thermoregulation.204 There is signiicant overlap between 
these groups (Box 7-2).

DECREASED HEAT PRODUCTION

Thermogenesis is decreased at both extremes of age.54 In older 
adults, neuromuscular ineficiency and decreased physical activ-
ity impair shivering. Aging progressively diminishes homeostatic 
and cold-adaptive capabilities. Although most older adults have 
normal thermoregulation, they tend to develop conditions that 
impair heat conservation.265
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Older adults are physiologically less adept at increasing heat 

production and the respiratory quotient, which is the ratio of the 
volume of CO2 produced to the volume of oxygen consumed 
per unit of time. Impaired thermal perception, possibly caused 
by decreased resting peripheral blood low, leads to poor adap-
tive behavior. Metabolic studies also demonstrate that in severely 
hypothermic older adults, lipolysis occurs in preference to 
glucose consumption.235,254

Neonates have a large surface area–to–mass ratio, a relatively 
noninsulating subcutaneous tissue layer, and virtually no behav-
ioral defense mechanisms. Newborn “unadapted” infants attempt 
to thermoregulate with initial vasoconstriction and acceleration 
of metabolic rate. In contrast, “adapted” infants who are older 
than 5 days can increase lipolysis immediately and “burn” oxida-
tive brown adipose tissue.

No cause-and-effect relationship has been found between 
hypothermia and the mortality rate of premature infants.282 
Although the smaller infants in a neonatal intensive care unit are 
at the greatest risk for hypothermia, mortality is related to hypo-
thermia only in larger neonates.

Emergency deliveries and resuscitations are responsible for 
most acute neonatal hypothermia. Other common risk factors are 
prematurity, low birth weight, inexperienced parents, perinatal 
morbidity, and low socioeconomic status. In babies with more 
chronically induced subacute hypothermia, lethargy, a weak cry, 
and failure to thrive are common.314

Many cold infants have “paradoxical rosy cheeks,” looking 
surprisingly healthy. After the irst few days of life, hypothermia 
frequently indicates septicemia and carries a high mortality rate. 
Low weight and malnutrition are common. Hypothermia in a 
low-birth-weight neonate should suggest the possibility of intra-
cranial hemorrhage; hypothermia is also observed in shaken 
baby syndrome.

Endocrinologic failure, including hypopituitarism, hypoadre-
nalism, and myxedema, frequently decreases heat production. 
Interestingly, congenital adrenal hyperplasia with mineralocorti-
coid insuficiency is more common in cold climates, possibly 
an adaptive response to prolonged exposure to cold tempera-
tures, because “normal” cold diuresis is reduced in these 
patients.

Hypothyroidism is often occult, with no history of cold intol-
erance, dry skin, lassitude, or arthralgias. A thyroid scar or any 
history of thyroid hormone replacement should be suggestive. 
The degree of temperature depression correlates fairly directly 
with mortality. About 80% of patients in myxedema coma, 
which is several times more common in female patients, are 
hypothermic.

The effects of insuficient nutrition extend from hypoglyce-
mia to marasmus to kwashiorkor. Kwashiorkor is less often 
associated with hypothermia than is marasmus, because of the 
insulating effect of hypoproteinemic edema. Neuroglycopenia 
distorts hypothalamic function. Many alcoholic patients with 
hypothermia are hypoglycemic. Malnutrition decreases insulative 
subcutaneous fat and directly alters thermoregulation. Poor 
nutrition predisposes to hypothermia and its attendant clumsi-
ness in older adult women with femoral neck fractures. Partly 
because of fuel depletion, hypothermia is as great a threat as 
hyperthermia in marathon races run in cool climates. Runners 
slowing from fatigue or injury late in a race are at serious risk 
for hypothermia.155

INCREASED HEAT LOSS

Poorly acclimated and insulated individuals often have high dia-
phoretic, convective, and evaporative heat losses during expo-
sure to cold. Because the skin functions as a radiator, any 
dermatologic malfunction increases heat loss. Such erythroder-
mas include psoriasis, exfoliative dermatitis, and toxic epidermal 
necrolysis.

Burns and inappropriate burn treatment cause excessive  
heat loss, as do other iatrogenic factors, including massive cold 
intravenous (IV) infusions and overcooling heatstroke patients. 
When CO2 is used for abdominal insuflation before laparos-

copy, warming the gas before administration helps prevent 
hypothermia.

Many pharmacologic and toxicologic agents both increase 
heat loss and impair thermoregulation.152,153,320 The most com-
mon is ethanol, which interacts with every putative thermo-
regulatory neurotransmitter. Although ingestion of ethanol 
produces a feeling of warmth and perhaps visible lushing, it is 
the major cause of urban hypothermia.62,222 In fatal cases of 
accidental hypothermia, many victims are under the inluence 
of ethanol. In children with ethanol intoxication, hypothermia  
is common.

Ethanol is also a poikilothermia-producing agent that directly 
impairs thermoregulation at high or low temperatures. Body 
temperature is lowered both from cutaneous vasodilation with 
radiative heat loss and from impaired shivering thermogenesis. 
Chronic ethanol ingestion damages the mammillary bodies and 
posterior hypothalamus, which modulates shivering thermogen-
esis.259 Ethanol also increases the risk for being exposed to the 
environment by modifying protective adaptive behavior. The 
ultimate example is paradoxical undressing, or removal of cloth-
ing in response to a cold stress.110

The neurophysiologic effects of ethanol are modiied by dura-
tion and intensity of exercise, food consumption, and applied cold 
stress.92 Aging increases sensitivity to the hypothermic actions of 
ethanol. Chronic ingestion yields tolerance to its hypothermic 
effects, and rebound hyperthermia may be seen during with-
drawal. Conditions associated with ethanol ingestion that adversely 
affect heat balance include immobility and hypoglycemia.345

Inhibited hepatic gluconeogenesis coexists with malnutrition. 
Hypothermic alcoholic ketoacidosis occurs.340 IV thiamine is diag-
nostic and therapeutic for Wernicke’s encephalopathy, another 
cause of reversible hypothermia. The acute triad of global  
confusion, ophthalmoplegia, and truncal ataxia is often masked  
by hypothermia, and temperature depression may persist for 
weeks.

IMPAIRED THERMOREGULATION

Various conditions that impair thermoregulation can be consid-
ered as having central, peripheral, metabolic, and pharmacologic 
or toxicologic effects.

Central Effects

Central conditions may directly affect hypothalamic function and 
mediate vasodilation. Traumatic lesions include skull fractures, 
especially basilar, and intracerebral hemorrhages, most often 
chronic subdural hematomas. Pathologic lesions include neo-
plasms, congenital anomalies, and Parkinson’s disease. Patients 
with Parkinson’s or Alzheimer’s disease, because of global neu-
rologic impairment, are particularly at behavioral risk. Finally, 
cerebellar lesions also impede heat production because of inef-
icient choreiform shivering.

Hypothermia can occur with Reye’s syndrome. In Hodgkin’s 
disease, hypothermia is seen only in previously febrile patients 
with advanced disease. This is a disease-associated functional 
disorder of thermoregulation, similar to that seen in anorexia 
nervosa. Centrally induced hypothermia is completely antago-
nized with thyrotropin-releasing hormone.

Peripheral Effects

Peripheral thermoregulation fails after acute spinal cord tran-
section. Patients are functionally poikilothermic as soon as 
peripheral vasoconstriction is extinguished.219 Other peripheral 
impediments to thermostability include neuropathies and diabe-
tes mellitus. Hypothermia is more common in older adult dia-
betic patients than in the general population, even after 
excluding patients with diabetic metabolic emergencies. The 
common denominator in metabolic derangements may be 
abnormal plasma osmolality that interferes with hypothalamic 
function. Similar causes of hypothermia include hypoglycemia, 
diabetic ketoacidosis, and uremia. Remarkably, the pH was 6.67 
in one hypothermic survivor with lactic acidosis, and 6.41 in 
another.232
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An inverse relationship usually exists between the Injury 
Severity Score (ISS) and core temperature of traumatized patients 
on arrival in the emergency department (ED). This observation 
does not settle whether hypothermia is just another risk factor 
for increased mortality or relects that the most severely injured 
patients are in hemorrhagic shock.126,225 One study assessed the 
impact of hypothermia as an independent variable during resus-
citation from major trauma.95 Patients not aggressively rewarmed 
with continuous arteriovenous rewarming (CAVR) had increased 
luid requirements, increased lactate levels, and increased acute 
mortality.

Of the clinical entities associated with hypothermia, traumatic 
conditions causing hypotension and hypovolemia most dramati-
cally jeopardize thermostability. Hypothermia is often obscured 
by obvious hemorrhaging and injuries. Liberalized indications for 
Focused Assessment with Sonography for Trauma (FAST) ultra-
sound examinations can minimize unnecessary computed tomog-
raphy (CT) imaging. On the other hand, traumatic neurologic 
deicits, including paresis and arelexia, can be misattributed to 
hypothermia. In trauma patients requiring surgery, the mean 
temperature loss was greater in the ED than in the operating 
room.111,112 Thermal insults are often added during a trauma 
resuscitation. The patient is completely exposed for examination, 
and resuscitative procedures cause further heat loss.287

When stratifying patients with the anatomic ISS, hypothermic 
patients may have a higher mortality rate than similarly injured 
patients who remain normothermic. Caution is advised when 
using trauma revised injury severity score (TRISS) methodology. 
It is less valid during hypothermia because the physiologic com-
ponents overestimate injury severity. To illustrate this point, some 
component of hypotension is normal for a given degree of 
hypothermia.300

Various adverse physiologic events accompany hypothermia 
with trauma.201,202 Decreased skin and core temperatures without 
compensatory shivering thermogenesis occur in patients with 
major trauma as deined by the ISS.

Hypothermia directly causes coagulopathies in trauma patients 
through at least three avenues (see Coagulation, earlier).32 The 
cascade of enzymatic reactions is impaired and plasma ibrino-
lytic activity is enhanced, producing a clinical presentation similar 
to that of DIC. Also, platelets are poorly functional and become 
sequestered.

Hypothermia is protective only when induced before shock 
occurs. This reduces adenosine triphosphate (ATP) utilization 
while ATP stores are still normal, as during elective surgery. ATP 
stores in traumatized patients are already depleted. Hypothermia 
worsens the effects of endotoxins on clotting time in vitro and 
may synergistically exacerbate the coagulopathy seen in trauma.88 
The average temperature of 123 initially normothermic trauma 
patients in whom lethal coagulopathies developed was 31.2° C 
(88.2° F). Postinjury life-threatening coagulopathy in the seriously 
injured patient who requires massive transfusion is predicted by 
persistent hypothermia and progressive metabolic acidosis.55,89

The appropriate target core temperature for a hypothermic 
patient with an isolated severe head injury is unclear. The target 
temperature could help balance neuroprotection against the 
adverse hematologic and physiologic consequences of hypother-
mia18,210 (see Cerebral Resuscitation, later.)

PRESENTATION
The patient’s history may suggest hypothermia.32 Diagnosis is 
simple when exposure is obvious, as with avalanche victims. 
Subtle presentations, however, predominate in urban settings. 
Patients often complain only of vague symptoms, including 
hunger, nausea, fatigue, and dizziness. Predisposing underlying 
illness or ethanol ingestion is also common, as are major trauma, 
immersion, overdose, cerebrovascular accident (CVA, stroke), 
and psychiatric emergencies (Box 7-3).

During the head, eye, ear, nose, and throat examination, 
abnormal indings can include decreased corneal relexes, mydri-
asis, strabismus, lushing, erythropsia, facial edema, rhinorrhea, 
and epistaxis. Mild hypothermia usually does not depress pupil-
lary light relexes.

Pharmacologic or Toxicologic Effects

Numerous medications and toxins in therapeutic or toxic doses 
impair centrally mediated thermoregulation and vasoconstric-
tion.156,352 The usual offenders are barbiturates, benzodiazepines, 
antimanic agents, and antidepressants. Reduced core temperature 
may be a prodrome of lithium poisoning. Organophosphates, 
narcotics, glutethimide, bromocriptine, erythromycin, clonidine, 
luphenazine, bethanechol, atropine, acetaminophen, and carbon 
monoxide (CO) all cause hypothermia. Hypothermia after acute 
CO poisoning is associated with increased mortality.

RECURRENT HYPOTHERMIA

Recurrent and episodic hypothermia are widely reported. The 
recurrent variety is more common and is usually secondary to 
ethanol abuse, with one person having survived 12 episodes.58 
Severe, recurrent presentations are also caused by self-poisoning 
and anorexia nervosa.

Persons with episodic hypothermia can be divided into two 
groups, with signiicant overlap, as follows:
Group 1: Diaphoretic episodes precede the temperature decline, 

which lasts several hours. This group includes those with 
hypothalamic lesions and agenesis of the corpus callosum 
(Shapiro syndrome) and persons with spontaneous periodic 
hyperthermia. Resultant hyperhidrosis and hypothermia  
are successfully treated with clonidine, a centrally acting 
α-adrenergic agonist. The hypothermia of corpus callosum 
agenesis is also seen with hypercalcemia and status epilepti-
cus. Since hypothermia does not result from experimental 
sectioning of the corpus callosum, associated lesions, includ-
ing lipomas, probably cause thermoinstability. Spontaneous 
periodic hypothermia may relect a diencephalic autonomic 
seizure disorder and can accompany paroxysmal hyper-
tension. Vasomotor and thermoregulatory mechanisms  
are successfully treated with anticonvulsants. Florid psychiat-
ric symptoms often mask these intermittent hypothermic 
episodes.

Group 2: This group consists of persons who remain cold for 
days to weeks, rather than hours. These people have more 
seizure disorders, and the central hypothalamic thermostat is 
set abnormally low.
Patients with intermittent hypothermia usually show some 

characteristics of both groups.204 Circadian rhythm disturbances 
are also seen in persons with neurologic disorders who have 
chronic hypothermia.

PREDISPOSING INFECTIONS OR CONDITIONS

Among the infestations and infections that may elevate or depress 
core temperature are septicemia, pneumonia, peritonitis, men-
ingitis, encephalitis, bacterial endocarditis, typhoid, miliary  
tuberculosis, syphilis, brucellosis, and trypanosomiasis.192 Other 
diseases, in addition to cerebrovascular and cardiopulmonary 
disorders, that produce secondary hypothermia include systemic 
lupus erythematosus, carcinomatosis, pancreatitis, and multiple 
sclerosis. Hypothalamic demyelination may explain episodic 
hypothermia observed in some patients with multiple sclerosis.

Hypothermia can also result from low cardiac output after a 
major myocardial infarction. Other causes include vascular insuf-
iciency, giant cell arteritis, uremia, sickle cell anemia, Paget’s 
disease, sarcoidosis, and sudden infant death syndrome. Magne-
sium sulfate infusion during preterm labor can produce hypo-
thermia with fetal and maternal bradycardia, and hypothyroidism 
can be manifested as hypothermia after preeclampsia (see  
Box 7-2).

TRAUMA

Hypothermia protects the brain from ischemia but can result in 
arrhythmias, acidosis, and coagulopathies and extracts a high 
metabolic cost during rewarming.95 Hypothermia hinders 
protective physiologic responses to acute trauma and affects  
pharmacologic and therapeutic maneuvers necessary to treat 
injuries.15,26
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BOX 7-3 Signs of Hypothermia

Head, Eye, Ear, Nose, Throat
• Mydriasis
• Decreased corneal relexes
• Extraocular muscle abnormalities
• Erythropsia
• Flushing
• Facial edema
• Epistaxis
• Rhinorrhea
• Strabismus

Cardiovascular
• Initial tachycardia
• Subsequent tachycardia
• Arrhythmias
• Decreased heart tones
• Hepatojugular relux
• Jugular venous distention
• Hypotension
• Peripheral vasoconstriction

Respiratory
• Initial tachypnea
• Adventitious sounds
• Bronchorrhea
• Progressive hypoventilation
• Apnea

Gastrointestinal
• Ileus
• Constipation
• Abdominal distention or rigidity
• Poor rectal tone

• Gastric dilation in neonates or in adults 
with myxedema

• Vomiting

Genitourinary
• Anuria
• Polyuria
• Oliguria
• Testicular torsion

Neurologic
• Depressed level of consciousness
• Ataxia
• Dysarthria
• Amnesia
• Anesthesia
• Arelexia
• Poor suck relex
• Hypoesthesia
• Antinociception
• Initial hyperrelexia
• Hyporelexia
• Central pontine myelinolysis

Psychiatric
• Impaired judgment
• Perseveration
• Mood changes
• Peculiar “lat” affect
• Altered mental status
• Paradoxical undressing
• Neuroses
• Psychoses

• Suicide
• Organic brain syndrome
• Anorexia nervosa
• Depression
• Apathy
• Irritability

Musculoskeletal
• Increased muscle tone
• Shivering
• Rigidity or pseudo–rigor mortis
• Paravertebral spasm
• Opisthotonos
• Compartment syndrome

Dermatologic
• Erythema
• Pallor
• Cyanosis
• Icterus
• Scleral edema
• Ecchymosis
• Edema
• Pernio
• Frostnip
• Frostbite
• Panniculitis
• Cold urticaria
• Necrosis
• Gangrene

Cardiovascular indings after initial tachycardia include brady-
arrhythmias and hypotension. Heart sounds may be mufled and 
distant. Tachypnea, an early respiratory inding, is usually fol-
lowed by progressive hypoventilation with bronchorrhea and 
adventitious sounds. Because the gastrointestinal (GI) tract is 
depressed, abdominal distention or rigidity, ileus, obstipation, 
and poor rectal tone are often present. Gastric dilation is common 
in neonates and myxedematous adults. Urine output ranges from 
initial polyuria resulting from cold diuresis to anuria. The inci-
dence of testicular torsion increases because of cremasteric 
contractions.

Diffuse neurologic abnormalities vary widely. Some persons 
can still converse at 32° C (89.6° F) and are normorelexic. The 
level of consciousness generally declines proportionate to the 
degree of hypothermia. The presence of ataxia and dysarthria 
may mimic a CVA. Speed of reasoning and memory registration 
are also impaired. Amnesia, antinociception, anesthesia, or  
hypesthesia can develop. Cranial nerve abnormalities are present 
after bulbar damage from central pontine myelinolysis. These 
extraocular muscle movement abnormalities, as with extensor 
plantar responses, do not directly correlate with the degree of 
hypothermia.

Hyperrelexia predominates from 35° to 32.2° C (95° to 90° F) 
and is followed by hyporelexia. The plantar response remains 
lexor until 26° C (78.8° F), when arelexia develops. The knee 
jerk is usually the last relex to disappear and the irst to reappear 
during rewarming. From 30° to 26° C (86° to 78.8° F), both con-
traction and relaxation phases of relexes are prolonged equally. 
In myxedema, however, the relaxation phase of the ankle relex 
is more prolonged than the contraction phase.204 Spinal cord and 
other CNS lesions may be obscured by depressive neurologic 
changes that normally accompany hypothermia.

Psychiatric presentations and suicide attempts associated with 
hypothermia often are initially misdiagnosed. Preexisting psychi-
atric disorders can blossom in the cold, even if they were stabi-
lized in temperate climates.29 Mental status alterations include 
anxiety, impaired judgment, perseveration, neurosis, and psycho-

sis.145 Leaders of expeditions can become moody, apathetic, 
uncooperative, and risk taking. Older adult patients often with-
draw in confusion, become silent, and display lassitude and poor 
judgment. A peculiar or lat affect is common, and psychomotor 
impairment can resemble organic brain syndrome.

Early in hypothermia, simply losing effective use of the hands 
can be devastating. Appropriate behavior adapted to the cold, 
such as seeking a heat source, is often lacking. An extreme 
example is paradoxical undressing.167 The clothing is removed in 
a preterminal effort to address impending thermoregulatory col-
lapse, and many persons are mistakenly identiied as sexual 
assault victims. This phenomenon is also seen in hypothermic 
children. Undressing may result from Alzheimer’s disease before 
the patient wanders into the cold.165

Musculoskeletal posturing can extend to pseudo–rigor mortis. 
Preshivering muscle tone is increased before core temperature 
drops to 35° C (95° F), and muscular rigidity, paravertebral spasm, 
and even opisthotonos may occur. Extremity compartment syn-
dromes often develop because of associated conditions causing 
prolonged compression and immobility, in addition to com-
partment hypertension seen during reperfusion of frostbitten 
extremities.

Dermatologic presentations of hypothermia include erythema, 
pallor, edema, and scleral edema. Cold urticaria, frostnip, frost-
bite, and gangrene should also cause the clinician to consider 
this diagnosis. Pernio is also observed with chronic myelomono-
cytic leukemia.

LABORATORY EVALUATION
ACID-BASE BALANCE

The strategy for achieving and maintaining acid-base balance in 
hypothermia differs from that of normothermia.68,121,141,162 After 
initial respiratory alkalosis from hyperventilation when a person 
irst becomes chilled, a common underlying disturbance is mixed 
acidosis. The respiratory component of the acidosis is caused 
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exhibit this respiratory adaptation and do not depress their respi-
ratory minute volume when cold. This response, termed the 
ectothermic, or alpha-stat, strategy, allows them to maintain total 
bicarbonate and CO2 content while increasing pH. Hibernating 
mammals are far more acidic because of respiratory acidosis and 
use an acid-base strategy that suppresses metabolism, termed the 
endothermic, or pH-stat, strategy.

Induced hypothermia, which clearly differs from accidental 
hypothermia, might beneit from the alpha-stat approach, with 
improved neurologic outcome and myocardial function.69,162,179,268 
On the other hand, various animal models suggest that the 
pH-stat strategy may be preferable.76 Accidental hypothermia in 
a human should not be considered a protective form of hiberna-
tion. The ectothermic (alpha-stat) approach appears to ensure 
adequate alveolar ventilation and acid-base balance at any tem-
perature when the uncorrected pH is 7.42 and the uncorrected 
PaCO2 is 40 mm Hg.132,162,273

HEMATOLOGIC EVALUATION

Severity of blood loss is easily underestimated. Hematocrit value 
increases because of a decline in plasma volume that leads to a 
2% increase per 1° C (1.8° F) fall in temperature. In addition, total 
RBC mass might already be low because of preexisting anemia, 
malnutrition, leukemia, uremia, or neoplasm.

The white blood cell count is frequently normal or low, even 
if sepsis is present. As a result, systemic leukopenia does not 
imply absence of infection, especially if the patient is at either 
age extreme; is debilitated, intoxicated, or myxedematous; or has 
secondary hypothermia.192 The leukocyte count also drops during 
hypothermia because of direct bone marrow depression and 
hepatic, splenic, and splanchnic sequestration.

Serum electrolyte levels must be continuously monitored and 
rechecked during warming. There are no safe predictors of elec-
trolyte values.120 Serum electrolytes luctuate with temperature, 
duration of exposure, and rewarming technique selected. Both 
membrane permeability and sodium-potassium pump eficiency 
also change with temperature. Isolated temperature depression 
has no consistent effect on sodium and chloride levels until well 
below 25° C (77° F). Plasma electrolyte levels are also affected by 
ongoing luid shifts, prehydration, rehydration, and endocrine or 
GI dysfunction.

The plasma potassium level is independent of temperature. 
Empirical potassium supplementation during hypothermia often 
results in normothermic toxicity. From a clinical perspective, 
hypokalemia occurs as potassium moves into the musculature 
and not simply out of the body through kaliuresis. The physio-
logically illogical discrepancy of decreasing potassium level with 
decreasing pH results from greater intracellular than extracellular 
pH changes. Hypokalemia is much more common in prolonged 
or chronically induced hypothermia.

Systemic potassium deiciencies can also be exacerbated  
by prior diuretic therapy, alcoholism, diabetic ketoacidosis,  
hypopituitarism, and inappropriate antidiuretic hormone (ADH) 
secretion. Hypokalemic digitalis sensitivity can be masked by 
hypothermia, and gradual correction of persistent and severe 
hypokalemia during rewarming is necessary for optimal cardiac 
and GI function.

When hyperkalemia is identiied, the physician should search 
for other causes of metabolic acidosis, crush injury or rhabdo-
myolysis, renal failure, postsubmersion hemolysis, or hypoaldo-
steronism. Temperature depression can increase hyperkalemic 
cardiac toxicity. An important caveat is that the well-known 
diagnostic ECG changes are often obscured by hypothermia, and 
VF can occur with serum potassium levels of less than 7 mEq/L.

Hypothermia has no consistent effect on magnesium or 
calcium levels. Severe hypophosphatemia can occur during treat-
ment of profound hypothermia. Although increases in serum 
enzyme levels are not seen in mild experimental hypothermia, 
numerous serum enzymes are elevated when diffuse intracellular 
structural damage occurs in severe accidental hypothermia. Cre-
atine kinase (CK) levels over 200,000 international units (IU) are 
observed, and rhabdomyolysis is often present.58

mainly by direct respiratory depression. In addition, as body 
temperature decreases, solubility of CO2 in blood increases. 
Further contributors to the metabolic component of this acidosis 
include impaired hepatic metabolism and acid excretion, lactate 
generation from shivering, and decreased tissue perfusion.129 
Nevertheless, reliable clinical prediction of the acid-base status 
in accidental hypothermia is not possible. In one series of 135 
patients, 30% were acidotic and 25% alkalotic.222

Circulatory changes also prevent adequate mobilization and 
delivery of organic acids to buffer systems. As in normothermia, 
mixed venous blood may best relect acid-base status during 
resuscitation. Despite low changes in a canine model of moder-
ate hypothermia, a signiicant correlation persists between arterial 
and mixed venous pH. The arteriovenous change in pH is 0.03 
to 0.04 pH unit.

The buffering capacity of cold blood is also greatly impaired. 
In normothermia, when the arterial partial pressure of carbon 
dioxide (PaCO2) increases 10 mm Hg, a decrease in pH of 0.08 
unit occurs. At 28° C (82.4° F), the decrease in pH doubles to  
0.16 unit.

The initial assumption was that 7.42 was the ideal “corrected” 
patient pH at all temperatures and that therapy should be directed 
at maintenance of the corrected arterial pH at 7.42.339 A better 
intracellular pH reference is electrochemical neutrality, at which 
pH equals pOH. Because the neutral point of water at 37° C 
(98.6° F) is pH 6.8, Rahn264 hypothesizes that this normal 0.6 unit 
pH offset in body luids should be maintained at all temperatures. 
Because the neutral pH rises with cooling, so should blood pH 
(Figure 7-5).268

Relative alkalinity of tissues makes physiologic sense. Intracel-
lular electrochemical neutrality ensures optimal function of 
enzyme systems and transport proteins at all temperatures and 
allows excretion of the neutral intracellular waste product  
urea.13

Depressed metabolism and CO2 generation are physiologic 
responses to temperature depression, because each temperature 
has its associated metabolic rate. Ventilation is intrinsically 
adjusted to maintain a net charge on the defended parameter, 
the peptide-linked histidine-imidazole buffering system.

One homeostatic approach to maintain a steady pH is to keep 
the bicarbonate content constant. This is achievable only if total 
blood CO2 content does not change. Because CO2 solubility 
increases with temperature depression, alveolar ventilation must 
increase to compensate by lowering the PaCO2. Active ectotherms 

FIGURE 7-5 Neutrality is the pH of water at any given temperature. 
At 25° C (77° F), the neutral pH of water is 7.0; at 37° C (98.6° F), it is 
6.8. An ectotherm’s physiologic 0.6 pH offset from neutral water pro-
gressively diminishes if the arterial blood gases are temperature cor-
rected. After the in vitro sample is warmed in the analyzer to 37° C 
(98.6° F), do not mathematically correct the reported values to relect 
the in vivo temperature. 
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may or may not be shivering and often have a distant gaze and 
slurred speech.98

The type of power available in the transport vehicle deter-
mines the options for active rewarming. These include forced-air 
warming devices, heated IV luids, and resistive and combustive 
heat.99,101,106

Comatose patients require careful handling because they are 
extremely likely to develop VF and asystole with rough handling 
(Figure 7-6). Gurneys should be carried or rolled slowly to avoid 
jostling, and “code 3, full lights and sirens” transport should be 
avoided if patients are perfusing spontaneously.

It is often impossible for rescuers to separate primary from 
secondary hypothermia when an unwitnessed cardiac arrest 
patient is found in a frigid environment. Patients with cold, stiff, 
and cyanotic primary hypothermia and ixed and dilated pupils 
have been “reanimated.” A succinct summary of prehospital care 
of the hypothermic patient is rescue, examine, insulate, and 
transport.

The initial rescuer and irst responder often encounter obsta-
cles to preventing further heat loss.224,335 In certain imposing 
geographic settings, treatment protocols are helpful to standard-
ize treatment while tacitly acknowledging that available health 
care facilities may offer limited expertise and equipment. All 
treatment recommendations must be adapted to local rescue 
systems and facilities.78,274 Aeromedical transport is often ideal in 
these circumstances.347 In dificult environments, proper proto-
cols with rehearsal and critique of mass casualty plans in the 
cold are very important.

The history obtained at the scene helps determine optimal 
treatment. The pertinent medical history regarding prior cardio-
pulmonary, endocrinologic, and neurologic conditions is par-
ticularly helpful. The circumstances of discovery, duration of 
exposure, associated injuries or frostbite, and obvious predispos-
ing conditions should be recorded. No prognostic neurologic 
scale (e.g., Glasgow Coma Scale score) is valid during hypother-
mia, but trends are often useful.

Accurate ield measurement of core temperature is difi-
cult.306 The International Commission for Mountain Emergency 
Medicine recommends tympanic or esophageal ield measure-
ments, although these have signiicant limitations. Never insert 
an esophageal probe unless the patient is already tracheally 
intubated.62,274

Prolonged ield treatment should be avoided whenever pos-
sible, although the rescuer must attempt to prevent further heat 
loss (Box 7-4). The rescuer should anticipate the presence of an 
irritable myocardium, hypovolemia, and a large temperature gra-
dient between the periphery and the core.353

The crux of the prehospital quandary surrounds the safety of 
providing prehospital heat. On the one hand, the original “meta-
bolic icebox” concept223,224 implies that the risk of inducing a 
nonperfusing rhythm in a hostile environment justiies simple 
stabilization of the core temperature; on the other hand, the 
warmer the heart, the better. Core temperature can decrease 
beyond reversal. Operant factors impacting the decision whether 
or not to provide prehospital heat include core temperature, luid 
status, predisposing factors, extent of frostbite, length and type 
of exposure, available expertise and position of transport, and 
type of active rewarming available.

Inhibition of cellular membrane transport decreases glucose 
utilization. In addition, insulin release and activity are greatly 
reduced below 30° C (86° F). Because target cells are insulin 
resistant, hyperglycemia is frequently seen initially. Markedly 
elevated glucose levels often correlate with hyperamylasemia and 
increased cortisol secretion.340

Acute hypothermia initially elevates the serum glucose level 
through catecholamine-induced glycogenolysis. Chronic expo-
sure after exhaustion and glycogen depletion leads to hypogly-
cemia.305 The symptoms often resemble those of hypothermia. 
Cold-induced renal glycosuria is common and does not imply 
normoglycemia or hyperglycemia. When hypoglycemia and 
central neuroglycopenia are present, correction improves the 
level of consciousness only to that expected for the current core 
temperature. Cholesterol and triglyceride levels are also often 
below normal.

Hyperglycemia that persists during and after rewarming 
should suggest diabetic ketoacidosis or hemorrhagic pancreatitis. 
Insulin is ineffective until the core temperature is well above 30° 
to 32° C (86° to 89.6° F) and therefore should be withheld to 
avoid iatrogenic hypoglycemia after rewarming. Although prior 
renal disease should be a consideration, blood urea nitrogen 
(BUN) and creatinine concentrations are often elevated because 
of decreased nitrogenous waste clearance by the cold diuresis. 
Ongoing luid shifts render the BUN a poor relection of circula-
tory volume status.97

The relationship between primary accidental hypothermia and 
hyperamylasemia appears to correlate with the severity of tem-
perature depression, but preexisting or hypothermia-induced 
pancreatitis is present in up to 50% of patients. The abdominal 
examination is frequently unreliable. Therefore, lipase levels 
should be measured, except in minor cases.51 Ischemic pancre-
atitis is attributable to microcirculatory collapse in hypothermia. 
Decreased pancreatic blood low activates many proteolytic 
enzymes.

TREATMENT
Four decisive factors should be considered when assessing non-
perfusing, severely hypothermic patients at the site. Rescuers 
should reconsider the decision to resuscitate if there is evidence 
of asphyxia or lethal injuries. A rigid thorax precludes closed-
chest cardiopulmonary resuscitation (CPR), and a probable ield 
core temperature below 10° to 12° C (50° to 53.6° F) is ominous.

Pulses are dificult to palpate in vasoconstricted and extremely 
bradycardic patients. If possible, check for an organized rhythm 
on a cardiac monitor. Bedside echocardiography is an ideal tool 
to assess cardiac activity.28,229

The combination of cold and exhaustion is a common cause 
of hypothermia in the ield.142,223,224 The individual’s cold tolerance 
depends on temperature, wind, clothing worn, and wetness. It 
does not take an extremely cold temperature to produce hypo-
thermia after energy depletion. As mental function decreases, the 
hypothermic patient cannot respond to the rising threat. Judg-
ment is impaired, and the patient seldom takes necessary precau-
tions to prevent further disaster.24

Field presentation of patients who are awake covers a wide 
spectrum. Some persons are obtunded but conscious. Patients 

FIGURE 7-6 In this patient, ventricular ibrillation developed during a code 3 transport by emergency 
medical services to the emergency department. Note the pronounced J waves after the QRS complexes. 
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BOX 7-4 Preparing Hypothermic Patients for Transport

1. The patient must be dry. Gently remove or cut off wet clothing, 
and replace it with dry clothing or a dry insulation system. Keep 
the patient horizontal, and do not allow exertion or massage of 
the extremities.

2. Stabilize injuries (i.e., the spine; place fractures in the correct 
anatomic position). Open wounds should be covered before 
packaging.

3. Initiate heated intravenous infusions (IVs) if feasible; bags can 
be placed under the patient’s buttocks or in a compressor 
system. Administer a luid challenge.

4. Active rewarming should be limited to heated inhalation and 
truncal heat. Insulate hot-water bottles in stockings or mittens, 
and then place them in the patient’s axillae and groin.

5. The patient should be wrapped. Begin building the wrap by 
placing a large plastic sheet on the available surface (loor, 
ground), and on it place an insulated sleeping pad. A layer of 
blankets, a sleeping bag, or “bubble wrap” insulating material 
is laid over the sleeping pad. The patient is then placed on the 
insulation. Heating bottles are put in place along with IVs, and 
the entire package is wrapped layer over layer, with the plastic 
as the inal closure. The patient’s face should be partially 
covered, but a tunnel should be created to allow access for 
breathing and monitoring.

cerns regarding these agents before warming include precipita-
tion of acute withdrawal, seizures, and markedly increased 
oxygen utilization.

Most patients are volume depleted. Nevertheless, iatrogenic 
volume overload should be avoided, because myocardial con-
tractility is impaired. Improvisation during transport is often 
helpful. For example, a plastic IV container can be placed under 
the patient’s back, shoulders, or buttocks to add warmth and 
infusion pressure. Taping heat-producing packets to IV bags is 
another option. These heating agents may be chemical packets 
or phase-change crystals, which produce heat for up to several 
hours. A variety of hot-pack hypothermia devices are commer-
cially available.

Intravenous luid compressors are bulb-inlating cuffs that 
surround IV pouches to maintain low. The Israeli army has a 
spring steel compressor system for IV bags. Portable IV luid 
heaters are commercially available. The devices it in-line and 
are DC powered. Commercial heaters are available that are 
powered by a battery or from a DC converter plugged into an 
AC outlet.

Some warmers run on 12 volts from any vehicle or portable 
battery. The current drain can be 4 amperes, and the insulation 
case may lose only 0.5° C (0.9° F) over 10 minutes. In a study 
comparing IV warming techniques, meals ready to eat (MRE) heat 
packs or a camp stove outperformed standard chemical heat 
packs.257 Another option is an in-line battery-powered, dispos-
able, lightweight luid-warming device.

Peripheral vessels may be dificult to locate, and IV lines are 
dificult to maintain during transport. Ideally, IV luids should be 
warmed to body temperature or slightly higher, but total body 
warming is not accomplished with IV luids in the ield. Using 
intraosseous infusions may provide a reasonable pathway for 
luid replacement in the ield when peripheral vessels have 
collapsed.

The methods selected to stabilize core temperature should be 
tailored to the severity of hypothermia and the ield circum-
stances.313 Gently removing or cutting off wet clothing while the 
patient remains prone may be the best option to limit heat loss 
and prevent orthostasis. Passive external rewarming with water-
proof insulation sufices for mild chronic hypothermia. The addi-
tion of a vapor barrier will reduce evaporative heat loss.127,128 
Other common equipment types include duvets and plastic 
bubble wrap.159

In a series of patients requiring cardiopulmonary bypass 
(CPB), hypothermia was maintained during transport.332 Whether 
supplemental active ield rewarming should be initiated en route 
to the ED, and in which subsets of patients, is not deinitively 
established. Intentionally maintaining hypothermia during gentle 
transport seems wise only for patients with an isolated closed-
head injury. For long helicopter or ambulance transports, the 
ideal ambient temperature in the vehicle is unclear. Rescue per-
sonnel comfort is important to maximize performance, and it is 
unlikely that heating the interior above 25° C (77° F) will acceler-
ate the rate of rewarming or induce vasodilation.

“Field rewarming” is a misnomer, because adding much heat 
to a hypothermic patient in the ield is dificult.82 Warmed IV 
solutions, heated sarongs, or heated humidiied oxygen can 
provide only a small amount of heat input. Hot-water bottles or 
heat packs can be placed in the axillae, in the groin, and around 
the neck. Casualty evacuation bags are available in many models 
and designs. Some have more insulation than others, and some 
have specialized zippers and openings that allow access to the 
victim during transport. Most bags are windproof and waterproof. 
Experimentally, convective air warming is more effective than 
resistive heating147 and might be a viable option in some transport 
situations.

Inhalation therapy is safe for active rewarming of patients with 
profound hypothermia in the ield.120 It helps prevent respiratory 
heat loss, which represents an important percentage of heat 
production when the core temperature is below 32° C (89.6° F). 
Technical dificulties can occur while using inhalation rewarming 
devices in volunteers, illustrating the importance of proper 
instruction for the rescuer.302 Under certain conditions, the impact 
of ield inhalation therapy on the rate of rewarming may not be 

The rescuer should stabilize injuries, protect the spine, splint 
fractures, and cover open wounds. Rescuer safety concerns typi-
cally include unstable snow or ice and falling rocks.263

Passive external rewarming with dry insulating materials  
minimizes conductive, convective, evaporative, and radiant heat 
losses. Remove any wet clothing from awake patients, and insu-
late them with sleeping bags, insulated pads, plastic “bubble 
wrap,” metallized or regular blankets, or even newspaper. One 
device has a nylon shell and a polyester-pile liner to wick mois-
ture. In a survey of common ield rewarming methods used by 
mountain rescue teams, the most common techniques included 
chemical pads, sleeping bags, body-to-body contact, and hot-
water bottles.118

If extrication will be delayed, give mildly hypothermic patients 
warm, sweet drinks, warm gelatin (Jell-O), Tang, juice, tea, or 
cocoa, because carbohydrates fuel shivering. Avoid heavily caf-
feinated drinks. A signiicant diuresis is usually associated with 
the cooling process, so the patient’s luid balance must be reas-
sessed. Once mildly hypothermic patients are well hydrated, they 
can be walked out to safety.

Handle severely hypothermic patients gently, immobilizing 
them to prevent exertion. Although exercise can rewarm a person 
more rapidly than shivering, it also greatly increases afterdrop.97,100 
Patients must be kept in a horizontal position whenever possible 
to minimize orthostatic hypotension. Vigorously massaging cold 
extremities is also contraindicated, because skin rubbing, as with 
ethanol, suppresses shivering thermogenesis and increases cuta-
neous vasodilation.

Field management of the comatose patient irst involves ven-
tilation to raise oxygen saturation. Rescue breathing may be 
dificult because of chest stiffness and signiicant resistance to 
diaphragmatic motion. Forced ventilation increases oxygenation, 
which helps stabilize cardiac conduction. The single greatest 
factor in maintaining perfusion during severe hypothermia is 
oxygenation.98 At altitude, a portable hyperbaric chamber may 
prove useful.42

During a storm, prolonged ield rewarming may be the only 
viable option until meteorologic conditions become more favor-
able for land or, preferably, aeromedical evacuation.347 Many 
prehospital medications freeze in solution. If this occurs, their 
pharmacologic activity after thawing is indeterminate (see Appen-
dix at the end of this book).

The rescuer should administer an IV luid challenge with 250 
to 500 mL of heated (37° to 41° C [98.6° to 105.8° F]) 5% dextrose 
in normal saline solution. Empirical 50% dextrose is indicated 
only in select cases. The safety of several reversal agents, such 
as naloxone or lumazenil, used in the ield is unknown. Con-
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convective warming is more eficient than resistive heating.147 The 
U.S. Army has a commercially available Hypothermia Prevention 
Management Kit. A heat-relective shell and blanket with chemi-
cal heat packs provide 6 hours of heat.

PREHOSPITAL LIFE SUPPORT

The Wilderness Medical Society has published evidence-based 
guidelines providing consensus suggestions for evaluation and 
treatment of hypothermic patients. The key factors to guide treat-
ment are the level of consciousness, intensity of shivering, and 
cardiovascular stability.353 An altered mental status or lack of 
shivering after minimal cold exposure should suggest secondary 
hypothermia. The value of characterizing the ive stages of the 
“Swiss” hypothermia grading system is limited by the high vari-
ability of physiologic responses during hypothermia.78,353

A patent airway and the presence of respirations must be 
established (Figure 7-7). The patient may appear apneic if  
the respiratory minute ventilation is signiicantly depressed. A 
common error in tracheally intubated patients is excessive ven-
tilation, which can induce hypocapnic ventricular irritability. The 
indications for prehospital endotracheal intubation are identical 
to those under normothermic conditions. Appropriate ventilation 
with 100% oxygen may protect the heart during extrication and 
transport. Avoid overinlation of the tracheal cuff with frigid 
ambient air. As the patient warms, air in the cuff can expand and 
kink the tube. Careful protection and ixation of the tubing of 
the cuff port during extremely cold conditions are necessary to 
prevent breakage and cuff leak.

The palpation of peripheral pulses is often dificult in vaso-
constricted and bradycardic patients.252 Apparent cardiovascular 
collapse may actually relect cardiac output that can meet minimal 
metabolic demands. The rescuer should auscultate and palpate 
for at least 1 minute to ind pulses if a cardiac monitor or portable 
ultrasound is unavailable. Iatrogenic VF can easily result from 
chest compressions that are not indicated.

When a cardiac monitor is available, use maximal ampliica-
tion to search for QRS complexes. If the patient is in VF, the 
rescuer should attempt deibrillation initially with 2 watt sec/kg 
and up to 200 watt sec. The energy requirement for deibrillation 
does not increase in hypothermia. If the patient does not respond, 
generally defer further attempts, and assume that the patient must 

signiicant.106 In shivering, mildly cold patients the thermal advan-
tage is minimal.74,218

One rewarming device weighs 3 kg (6.6 lb), including oxygen 
tank, and consists of an oxygen cylinder, demand valve, 2-L 
reservoir bag, soda lime, and pediatric water canister. An in-line 
thermometer measures mean air temperature at the face mask. 
In the ield, heat and moisture exchangers are practical, light, 
and inexpensive. They are, however, less eficient than active 
humidiiers.195,196

Commercially available lightweight, portable, noninvasive 
core-rewarming systems that deliver heated humidiied air or 
oxygen at 42° to 44° C (107.6° to 111.2° F) are available. Some 
systems consist of a heating chamber connected by a corrugated 
hose to a one-way low valve and an oronasal mask. The tem-
perature is controlled by a transducer in the one-way low valve 
that provides feedback to the electronic control circuits.

Although surface rewarming suppresses shivering, it may be 
the only option when the patient is isolated from medical care. 
Active external rewarming options include radiant heat, warmed 
objects placed on the patient, and body-to-body contact. Care 
must be exercised not to burn victims with hot objects, including 
commercially produced hot packs. Total-body-contact rewarming 
may carry some risk,120 but logistical impediments limit the use 
of this method unless extrication will be signiicantly delayed. In 
a prospective prehospital rewarming study, hot-pack rewarming 
was the only technique that increased body temperature during 
transport.335

A hydraulic sarong or vest, in which heated water is circulated 
via a hand pump, is another option.118 Immersion rewarming is 
dangerous in the ield because monitoring and resuscitation 
capabilities are limited.

Charcoal heaters can deliver 100 watts for 8 hours. The char-
coal “vest” burns a briquette and has a favorable heat-to-weight 
ratio, unlike most rewarming devices.52 Battery polarity is critical 
to prevent CO exposure.302 The battery must be inserted correctly 
to avoid a CO exhaust hazard. Do not use in an aircraft. These 
devices can circulate hot air within a blanket or sleeping bag and 
provide a comfortable, warm, and dry environment for transport-
ing patients.

Another option is a modiied forced-air warming system for 
ield use.75,101 It covers the patient’s trunk and thighs and can 
adapt to various transport vehicle power sources. Experimentally, 

FIGURE 7-7 Prehospital life support. IV D5 NS, Intravenous 5% dextrose in normal saline; PEA, pulseless 
electrical activity. 
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mometers that are in contact with the tympanic membrane. These 
are usually impractical except in anesthetized patients. External 
auditory canal thermometers that measure infrared emission from 
the tympanic membrane are available. These are actually “epi-
tympanic” thermometers.355 Infrared external auditory canal 
thermometers are not very sensitive. Tympanic thermometers are 
inaccurate if the canal is full of cerumen or snow, or is not 
adequately sealed.85

Although bladder temperature measurement devices can be 
incorporated into the urinary drainage catheter, the readings  
are frequently unreliable. Measurements are falsely elevated with 
heated peritoneal lavage and, more often, low as a result of 
cold-induced diuresis and crystalloid resuscitation.

Initial Stabilization

After core temperature measurement, all clothing should be 
gently removed or cut off with minimal patient manipulation.251 
Immediately insulate the patient with dry blankets. Apply a 
cardiac monitor, and insert IV catheters as needed. Arterial cath-
eter insertion may help in managing select, profoundly hypother-
mic patients. Pulmonary artery catheters can precipitate cardiac 
arrhythmias and should be reserved for complex cases. Insertion 
of pulmonary artery catheters into cold vessels may perforate  
the pulmonary artery.50 Central venous catheters should not be 
inserted into the right atrium, because this could precipitate 
arrhythmias. A better option is temporary catheterization of the 
femoral vein.

The accuracy of pulse oximetry during conditions of poor 
perfusion is unclear, because there are no studies in accidental 
hypothermia.172 In one study of hypothermic patients on CPB, 
the inger probes were inaccurate.46 The probe may be more 
reliable if a vasodilating cream is applied irst. In addition, there 
is a lag time in pulse oximetry with hypoxic desaturation in 
anesthetized hypothermic individuals. There is less failure with 
forehead pulse oximetry compared to ingertip readings.205

In theory, combining pulse oximetry with near-infrared spec-
troscopy could provide tissue perfusion information during hypo-
thermic vasoconstriction. More practically, an accurate core and 
peripheral muscle temperature would prove just as useful. The 
value of end-tidal CO2 measurements to assess adequacy of tissue 
perfusion and tracheal tube placement is established at normal 
temperatures. Most of these devices, however, measure only the 

be rewarmed at least past 30° C (86° F) before further attempts.7 
Effective CPR in deep accidental hypothermia is demonstrated in 
many cases. One patient fully recovered with extracorporeal 
rewarming after 130 minutes of CPR and 38 deibrillation 
attempts.242

Do not perform deibrillation if organized, narrow electrical 
complexes are seen on the monitor.187 Most monitors and deibril-
lators are not tested for operation at temperatures below 15.5° C 
(59.9° F). Standard monitor leads do not always stick well to cold 
skin, so benzoin may be useful. If this fails, needle electrodes 
may be necessary. Another option is to puncture the Gelfoam 
conventional monitor pad with a small-gauge injection needle.336

Unresponsive patients should be carefully assessed for a 
central pulse before assuming they have pulseless electrical activ-
ity (PEA). The lowest temperature at which mechanical reestab-
lishment of cardiac activity has been successful is 20° C (68° F),64 
and deibrillation attempts rarely succeed below 30° C (86° F). If 
resuscitation in the ield is unsuccessful, rewarming and CPR 
should be continued during transport to the ED.251

MANAGEMENT IN THE EMERGENCY 
DEPARTMENT

The history obtained from a hypothermic patient is often unreli-
able, so it is prudent to conirm hypothermia and monitor with 
continuous core temperature measurements. Diagnostic errors in 
the ED usually result from incomplete monitoring of vital signs. 
Doppler ultrasound may be necessary to locate a pulse and 
should be supported by continuous ECG monitoring. The physi-
cian should also address the requirements for resuscitation and 
initiate advanced life support when necessary (Box 7-5).295

Temperature Measurement

Few emergency departments have a hypothermia protocol.107 
Most have adequate equipment for accurate core temperature 
measurement.166,238 Rectal measurements are most practical clini-
cally for mild cases but may not relect cardiac or brain tempera-
tures. An indwelling thermistor probe placed to a depth of 15 cm 
(6 inches) is fairly reliable unless adjacent to cold feces. Rectal 
temperature lags behind core temperature luctuations and is also 
affected by lower-extremity temperatures (Table 7-3).341

Esophageal temperature measurements are far preferable in 
severe cases when airway protection is provided with endotra-
cheal intubation. Esophageal temperature approximates cardiac 
temperature. Because the upper third of the esophagus is near 
the trachea, the probe may read falsely high during heated inha-
lation therapy if the probe is positioned too proximally. The 
probe does not have markings but should be placed 24 cm (9.5 
inches) below the larynx into the lower third of the esophagus. 
The greatest discordance between rectal and esophageal tem-
peratures is noted during the transition phase between cooling 
and rewarming.

Tympanic temperature theoretically approximates hypotha-
lamic temperature and can be accurately measured with ther-

TABLE 7-3 Core Temperature Measurements

Type Advantages Considerations

Rectal Convenient Insert 15 cm (6 inches)
Continuous 

monitoring
Lags during transition from 

cooling to rewarming
Falsely elevated with peritoneal 

lavage
Falsely low if probe is in cold 

feces or when lower 
extremities are frozen

Esophageal Convenient
Continuous 

monitoring

Insert 24 cm (9.5 inches) below 
larynx

Tracheal misplacement
Aspiration
Falsely elevated with heated 

inhalation
Tympanic Approximates 

hypothalamic 
temperature 
via internal 
carotid artery

Probe: tympanic membrane 
perforation; canal hemorrhage

Infrared: unreliable; cerumen 
effect

Bladder Convenient Unreliable
Continuous 

monitoring
Falsely elevated with peritoneal 

lavage
Falsely low with cold diuresis

BOX 7-5 Resuscitation Requirements

Thermal Stabilization
• Conduction
• Convection
• Radiation
• Evaporation
• Respiration

Maintenance of Tissue Oxygenation
• Adequate circulation
• Adequate ventilation

Identiication of Primary vs. Secondary Hypothermia 
Rewarming Options
• Passive external rewarming
• Active external rewarming
• Active core rewarming
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increased. In neonates, adequate luid resuscitation greatly de-
creases mortality. Adults receiving hemodynamic monitoring 
show improvement of cardiovascular eficiency during crystalloid 
administration. VF immediately after rescue is attributed to both 
core temperature afterdrop and vascular imbalance in patients 
who are moved suddenly from a horizontal supine position. The 
luxing relationship between active vascular capacity and circulat-
ing luid volume depends not only on the mechanism of cooling 
but also on the method of rewarming.353

Hypothermic patients, particularly those with frostbite, are at 
high risk for extremity compartment syndromes and rhabdomy-
olysis. Pelvic fracture belt slings should be considered only  
to temporarily stabilize coexistent exsanguinating major pelvic 
fractures.

REWARMING OPTIONS
Hypothermia is an extremely heterogeneous condition, and 
deinitive evidence-based treatment guidelines do not exist. 
Therefore, rigid treatment protocols are ill advised.274,280,356 A 
versatile approach to rewarming can be developed after careful 
consideration of the observations from animal experiments, 
human experiments on mild hypothermia, and various clinical 
reports (Box 7-6).113,114,260 Treatment should be predicated on the 
presenting pathophysiology and the available resources and 
expertise. The initial key treatment decision is whether to use 
passive or active rewarming (Box 7-7).

PASSIVE EXTERNAL REWARMING

Noninvasive passive external rewarming (PER) is ideal for most 
previously healthy patients with mild hypothermia. The patient 
is covered with dry insulating materials in a warm environment 

CO2 content of dehumidiied air and thus cannot be used during 
airway rewarming.

Laboratory evaluations, except in some patients with mild 
hypothermia, include blood glucose, arterial blood gases,  
complete blood cell count, electrolytes, BUN, creatinine, serum 
calcium, serum magnesium, serum amylase and lipase, PT, PTT, 
INR, platelet count, and ibrinogen level. A toxicologic screen 
should be considered if the level of consciousness does not  
correlate with the degree of hypothermia. Selective studies of 
thyroid function, cardiac markers, and serum cortisol levels are 
indicated.61

The indications for radiography should be liberalized from 
normothermia. Radiologic evaluation of poorly responsive pa-
tients must include cervical and other spine images to detect 
occult trauma. Chest radiographs may predict lung collapse 
during rewarming when cardiomegaly and redistribution of vas-
cularity are already present. Abdominal imaging should be ob-
tained when the physical examination is unreliable. Bowel sounds 
are usually diminished or absent in severe hypothermia, and 
rectus muscle rigidity is frequently present. Pneumoperitoneum, 
pancreatic calciications, or hemoperitoneum may be noted. Small 
bowel dilation is associated with cold-induced mesenteric vascu-
lar occlusion, and colonic dilation is often present in conjunction 
with myxedema coma. The use of FAST may be helpful.58

Nasogastric tube insertion should be performed after endotra-
cheal intubation in moderate or severe hypothermia, because 
gastric dilation and poor GI motility are common. Indwelling 
bladder catheters with urine meters are needed to monitor urine 
output and the cold diuresis.

FLUID RESUSCITATION
Most luid shifts are reversed by rewarming, and mild hypo-
thermia usually requires only modest amounts of crystalloids. In 
more severe cases, volume shifts and elevated blood viscosity 
from hemoconcentration, lowered temperature, increased vascu-
lar permeability, and low low state mandate aggressive luid 
resuscitation. The viscosity of blood increases 2% per degree 
Celsius drop in temperature; therefore, hematocrit values over 
50% are commonly seen. Low circulatory plasma volume is 
often coupled with elevated total plasma volume during rewarm-
ing. Hemodilution is usually not a problem and is seen only 
during massive crystalloid resuscitation of actively hemorrhaging 
patients.31,58

Most patients are signiicantly dehydrated, with free water 
depletion elevating serum sodium concentration and osmolality. 
During the descent into a hypothermic state, normal physiologic 
cues for thirst become inactive, and access to water is often dif-
icult. Because hypothermia results in natriuresis, saline depletion 
may be present. Further causes of sodium losses include prior 
diuretic therapy and GI losses. Preexisting total body sodium 
excess is seen with congestive heart failure, cirrhosis, and 
nephrosis. In these patients, serum sodium and osmolality values 
are often normal. Rarely, serum sodium level is low because of 
free water excess. Other causes include myxedema, panhypopi-
tuitarism, and inappropriate ADH secretion.

Most adult patients with a core temperature below 32.2° C 
(90° F) should receive an initial luid challenge with 250 to 
500 mL of warmed 5% dextrose in normal saline solution. Theo-
retically, Ringer’s lactate solution should be avoided because a 
cold liver cannot metabolize lactate. In severe cases, some clini-
cians favor a mixture of crystalloids and colloids.

The patient should be monitored for standard clinical signs 
of luid overload, including rales, jugular venous distention, 
hepatojugular relux, and S3 cardiac gallop. Persistent cardiovas-
cular instability often relects inadequate intravascular volume. 
As mentioned, a properly placed central venous pressure cath-
eter, such as a femoral line that does not enter and irritate the 
right atrium, has a role. Pulmonary wedge pressure measure-
ments are rarely indicated. The need for RBC transfusions is 
determined by the corrected hematocrit; blood dilution with 
warmed infusate does not cause signiicant hemolysis.

In many cases, rapid volume expansion is critical. Circulatory 
volume is decreased, and peripheral vascular resistance is  

BOX 7-7 Indications for Active Rewarming

• Cardiovascular instability
• Moderate or severe hypothermia (<32.2° C [90° F]) 

(poikilothermia)
• Inadequate rate or failure to rewarm
• Endocrinologic insuficiency
• Traumatic or toxicologic peripheral vasodilation
• Secondary hypothermia impairing thermoregulation
• Identiication of predisposing factors (see Box 7-2)

BOX 7-6 Rewarming Techniques

Passive External
• Thermal stabilization

Active

External
• Radiant heat
• Hot-water bottles
• Plumbed garments
• Electric heating pads and blankets
• Forced circulated hot air
• Immersion in warm water
• Negative-pressure rewarming

Core
• Inhalation rewarming
• Heated infusions
• Gastric and colonic lavage
• Mediastinal lavage
• Thoracic lavage
• Peritoneal lavage
• Diathermy
• Hemodialysis
• Venovenous extracorporeal blood rewarming
• Arteriovenous extracorporeal blood rewarming
• Cardiopulmonary bypass
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techniques deliver heat directly to the skin. Examples include 
forced-air rewarming, immersion, arteriovenous anastomosis 
(AVA) rewarming, plumbed garments, hot-water bottles, heating 
pads and blankets, and radiant heat sources.69,328

During rewarming of hypothermic patients, there are meta-
bolic pH and inlammatory interleukin luxes.216,321 Cytokine pro-
duction may be activated by accidental hypothermia.2

ACTIVE EXTERNAL REWARMING

The interpretation of survival rates with AER is affected by various 
risk factors and patient selection criteria.296 Some experimental 
and clinical reports link AER with peripheral vasodilation, hypo-
tension, and core temperature afterdrop, but previously healthy, 
young, and acutely hypothermic patients are usually safe  
candidates for AER.31 Heat application conined to the thorax 
may mitigate many of the physiologic concerns pertaining to  
the depressed cardiovascular and metabolic systems, which are 
unable to meet accelerated peripheral demands.318 Combining 
truncal AER with active core rewarming may further avert many 
potential side effects.74

Forced-Air Surface Rewarming

Forced-air surface warming systems eficiently transfer heat.11,99,176 
Hot air is circulated through a blanket. The air exits apertures 
on the patient side of the cover, permitting the convective trans-
fer of heat.215 In one study that rewarmed accidental hypothermia 
patients in the ED, rewarming shock and core temperature after-
drop were not noted299 with the use of heated inhalation and 
warmed IV luids. A group also treated with a convective cover 
inlated at 43° C (109.4° F) rewarmed 1° C (1.8° F) per hour faster 
than a group covered with a cotton blanket (1.4° C [2.5° F] per 
hour). Experimentally, resistive external heating is more effective 
than passive metallic-foil insulation.115

A study of full-body forced-air warming compared a com-
mercially available convective blanket with simple air delivery 
beneath bedsheets.163 Directed 38° C (100.4° F) warm air under 
the sheets warmed standardized thermal bodies containing water 
very eficiently. Commercially available convective air rewarming 
devices are also effective. Another option is conductive warming 
with a warm-water–illed heat exchange blanket.

The use of forced-air surface warming systems is most practi-
cal in the ED.174,189 Although these devices decrease shivering 
thermogenesis, afterdrop is minimized and heat transfer can be 
signiicant. Thermal injury to poorly perfused, vasoconstricted 
skin using some of the other external heat application techniques 
is a hazard in both adults and children.118 In particular, avoid 
resistance-heat electric blankets on which a patient lies, because 
vasoconstricted capillaries are compressed and burns occur 
easily.

Another AER option is a thermoregulatory system that circu-
lates warm water through energy transfer pads placed on the 
chest and lower limbs.48 The core temperature measured via 
probe is fed back to the control module.

Immersion

Immersion in a 40° C (104° F) circulating bath presents dificulties 
in monitoring, resuscitation, treatment of injuries, and mainte-
nance of extremity vasoconstriction to prevent core temperature 
afterdrop. In normothermic men with coronary artery disease, 
the cardiovascular stress and arrhythmogenic response to immer-
sion in a hot tub are mild, less than those induced by exercise. 
In contrast, placing the hands and feet in warm water theoreti-
cally opens arteriovenous shunts and accelerates rewarming in 
acute hypothermia. Scandinavian palmar heat packs may capital-
ize on this physiology.

Arteriovenous Anastomosis Rewarming

The original description of this noninvasive AER technique is by 
Vangaard.324 Exogenous heat is provided by immersion of the 
distal extremities (hands, forearms, feet, calves) in 44° to 45° C 
(111.2° to 113° F) water. The heat opens arteriovenous anasto-
moses (AVAs). These structures are 1 mm (0.04 inch) below the 
epidermal surface in the digits.16,220 Countercurrent heat loss is 

to minimize the normal mechanisms of heat loss. When the wind 
is blocked, less heat escapes through radiation, convection, and 
conduction. Conditions with higher ambient humidity slightly 
limit respiratory heat loss.

Aluminized body covers also reduce heat loss.83 Nevertheless, 
endogenous thermogenesis must generate an acceptable rate of 
rewarming for PER to be effective.239 Humans are functionally 
poikilothermic below 30° C (86° F), and metabolic heat produc-
tion is less than 50% of normal below 28° C (82.4° F). Shivering 
thermogenesis is also extinguished below 32° C (89.6° F). This 
thermoregulatory neuromuscular response to cold normally 
increases heat production from 250 to 1000 kcal/hr unless gly-
cogen is depleted before or during cooling.

Older adult patients in whom mild hypothermia develops 
gradually are less acceptable candidates for PER. When rewarm-
ing times are markedly prolonged (more than 12 hours), com-
plications tend to increase.

Patients who are centrally hypovolemic, glycogen depleted, 
and without normal cardiovascular responses should be stabi-
lized and rewarmed at a conservative rate. In a multicenter 
survey, the rewarming rates for older adults in the irst (0.75° C 
[1.35° F]), second (1.17° C [2.11° F]), and third (1.26° C [2.27° F]) 
hours far exceeded 0.5° C (0.9° F) per hour, with no increase in 
mortality rate (Figure 7-8).62

ACTIVE REWARMING

Active rewarming, which is the direct transfer of exogenous heat 
to a patient, is usually required with temperatures below 32° C 
(89.6° F).185 Rapid identiication of any impediment to normal 
thermoregulation, such as cardiovascular instability or endocri-
nologic insuficiency, is essential.186 Intrinsic thermogenesis may 
also be insuficient after traumatic spinal cord transection or 
pharmacologically induced peripheral vasodilation. Some patient 
populations generally require active rewarming.66 For example, 
aggressive rewarming of infants minimizes energy expenditure 
and decreases mortality. In these circumstances, vigorous moni-
toring for respiratory, hematologic, metabolic, and infectious 
complications is essential.329

When active rewarming is needed, heat can be delivered 
externally or to the core. Active external rewarming (AER) 

FIGURE 7-8 First-hour rewarming rates from a large multicenter 
survey. ACR, Active core rewarming; AER, active external rewarming; 
ECR, extracorporeal rewarming; ETT, endotracheal tube; GBC, gastric-
bladder-colon; IV, intravenous; NT, nasotracheal tube; P, peritoneal; 
PER, passive external rewarming. (Data from Danzl DF, Pozos RS, 
Auerbach PS, et al: Multicenter hypothermia survey, Ann Emerg Med 
16:1042, 1987.)
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ventricular contractions (PVCs) may reappear during rewarming, 
there is no evidence that inhalation rewarming precipitates new, 
clinically signiicant ventricular arrhythmias. Vapor absorption 
does not increase pulmonary congestion or wash out surfactant. 
When the pulmonary vasculature is heated, warmed oxygenated 
blood that returns to the myocardium could attenuate intermittent 
temperature gradients. The amplitude of shivering is also lowered, 
an advantage in more severe cases. This suppression could 
decrease heat production in mild hypothermia, although experi-
mentally the core temperature continues to rise.56

There are numerous oxygenation considerations in hypother-
mia (see Box 7-1). The “functional” value of hemoglobin at 28° C 
(82.4° F) is 4.2 g/10 g in patients on CPB. The oxyhemoglobin 
dissociation curve also shifts to the left (Figure 7-9). This impairs 
release of oxygen from hemoglobin into the tissues. Although 
some patients can self-adjust their respiratory minute volume 
(RMV) for current CO2 production, this may not be possible if 
there are additional toxins or metabolic depressants.58

Most humidiiers are manufactured in accordance with Inter-
national Standards Organization (ISO) regulations. The humidiier 
will not exceed 41° C (105.8° F) close to the patient outlet with 
a 6-foot (180-cm) tubing length.331 If the decision is made to alter 
equipment, carefully monitor the temperature and do not exceed 
45° C (113° F). The only report of thermal airway injury was in  
a patient ventilated by ETT for 11 hours with 80° C (176° F) 
inhalant.

Strategies to circumvent the 41° C ceiling include reduction  
of tubing length, adding additional heat sources, disabling the 
humidiier safety system, and placing the temperature probe 
outside the patient circuit.331 Label all modiied equipment to 
avoid routine use. A volume ventilator with a heated cascade 
humidiier can also deliver CPAP or positive end-expiratory pres-
sure (PEEP) if needed during rewarming. The airway rewarming 
rates clinically range from 1° to 2.5° C (1.8° to 4.5° F) per hour.58 
In stable patients, circumventing the 41° C ceiling may not be 
worth the effort because the clinical beneit is modest.162

Heat and moisture exchangers function as artiicial nares by 
trapping exhaled moisture and then returning it. The exchangers 
provide inadequate humidiication to treat accidental hypother-
mia. With prolonged use, ETT occlusion and atelectasis are both 
problems.49

Airway rewarming is indicated in the ED when core tempera-
ture is lower than 32.2° C (90° F) on arrival. Although airway 
rewarming provides less heat than other forms of active core 
warming, it prevents normal respiratory heat and moisture loss 
and is safe, fairly noninvasive, and practical in all settings.

Heated Infusions

Cold-luid resuscitation of hypovolemic patients can induce 
hypothermia. In one series of previously normothermic patients 
with major abdominal vascular trauma, the average temperature 
after resuscitation was 31.2° C (88.2° F) in those with refractory 

minimized because the supericial veins are not close to the arte-
rial tree.

To be eficacious, the cutaneous heat exchange area must 
include the lower legs and forearms, and the water must be 44° 
to 45° C (111.2° to 113° F). Advantages with AVA rewarming 
include patient comfort and decreased afterdrop after cooling.296

A permutation of AVA rewarming is negative-pressure rewarm-
ing. Under hypothermic conditions, the AVAs remain closed 
during peripheral vasoconstriction. In combination with localized 
heat application, application of subatmospheric pressure theoreti-
cally distends the venous rete and increases low through the 
AVAs.

To initiate negative-pressure rewarming, the forearm is 
inserted through an acrylic tubing sleeve device itted with a 
neoprene collar. After a vacuum pressure of −40 mm Hg is 
created, heat is applied over the dilated AVAs. The thermal load 
can be provided by an exothermic chemical reaction or a heated 
perfusion blanket.

The clinical eficacy of AVA rewarming in accidental hypo-
thermia is unclear.39,56 The potential for supericial burns of 
anesthetic, vasoconstricted skin is a consideration. Another caveat 
is hypotension precipitated in hypovolemic patients who remain 
semiupright with this technique. In one study, the rate of core 
rewarming increased dramatically,109 but another study compar-
ing negative-pressure rewarming with forced-air warming failed 
to replicate these results.308

Active Core Rewarming

Various techniques that can effectively deliver heat to the core 
include heated inhalation, heated infusion, diathermy, lavage 
(gastric, colonic, mediastinal, thoracic, peritoneal), and extracor-
poreal rewarming. Figure 7-8 lists average irst-hour rewarming 
rates reported with some of these techniques in one multicenter 
study. Although hemodynamic instability impacts the rewarming 
strategy, noninvasive techniques often succeed unless signiicant 
comorbidities exist.269,323

Airway Rewarming

The effectiveness of the respiratory tract as a heat exchanger 
varies with technique and ambient conditions.218 Dry air has low 
thermal conductivity, and complete humidiication coupled with 
an inhalant temperature of 40° to 45° C (104° to 113° F) is 
required.267 The main beneit of airway rewarming is prevention 
of respiratory heat loss. Heat yield can represent 10% to 30% of 
the hypothermic patient’s heat production when respiratory 
minute volume is adequate.27

The rate of rewarming is greater using an endotracheal tube 
(ETT) than by mask. In one series, the reported rewarming rate 
with a 40° C (104° F) aerosol was 0.74° C (1.33° F) per hour by 
mask and 1.22° C (2.2° F) per hour by ETT.222 In a multicenter 
survey,62 the average irst- and second-hour rewarming rates in 
severe cases were 1.5° to 2° C (2.7° to 3.6° F) per hour. The 
decremental eficiency at higher temperatures slows the rate 
(10 kcal/hr) in mild cases.62

Thermal countercurrent exchange in the cerebrovascular bed 
of humans67 affects the eficiency and inluence of heated-mask 
ventilation during hypothermia. Known as the rete mirabile, this 
system could preferentially rewarm the brainstem. Heated inhala-
tion by face mask continuous positive airway pressure (CPAP) 
may correct the ventilation-perfusion mismatch.40 Heated humidi-
ied oxygen by face mask is not feasible in some patients with 
coexistent midface trauma.

Heat liberated during airway rewarming is produced mainly 
from condensation of water vapor. The latent heat of vaporiza-
tion of water in the lungs is slightly lower than 540 kcal/g H2O. 
This is multiplied by the liters per minute (L/min) ventilation to 
calculate the quantity of heat transfer. When core temperature is 
28° C (82.4° F), the rate of rewarming with heated ventilation at 
42° C (107.6° F) equals endogenous heat production. Although 
the effect on overall thermal balance can be minimal, there may 
be preferential rewarming of thermoregulatory control centers.58

Heated humidiied inhalation ensures adequate oxygenation, 
stimulates pulmonary cilia, and reduces the amount and viscosity 
of cold-induced bronchorrhea. Although preexisting premature 

FIGURE 7-9 Oxyhemoglobin dissociation curve at 37° C (98.6° F). At 
colder temperatures, the curve shifts to the left. 
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with warm luids. Disadvantages include the small surface area 
available for heat exchange and the large amount of luid escap-
ing into the duodenum.38 Regurgitation is common, and the 
technique must be terminated during CPR. Esophageal and 
bladder heat exchange are also very limited.336,337 Aesthetic obsta-
cles aside, heat transfer through colonic irrigation is negligible.

Mediastinal Lavage

Mediastinal irrigation and direct myocardial lavage are alterna-
tives in patients lacking spontaneous perfusion. A standard left 
thoracotomy is performed while CPR is continued. Opening the 
pericardium is unnecessary unless an effusion or tamponade is 
present. The physician bathes the heart for several minutes in 1 
to 2 L of an isotonic electrolyte solution heated to 40° C (104° F), 
then suctions and replaces warm luids.36

The physician may attempt internal deibrillation after myo-
cardial temperature reaches 26° to 28° C (78.8° to 82.4° F). Unless 
a perfusing rhythm is achieved, lavage and all available heating 
techniques are continued until myocardial temperature exceeds 
32° to 33° C (89.6° to 91.4° F). A standard post-thoracotomy tube 
in the left side of the chest could provide an avenue for contin-
ued rewarming via thoracic irrigation.

A median sternotomy also allows ventricular decompression 
and direct deibrillation.190 One potential disadvantage of both 
these techniques is that open cardiac massage of a cold, rigid, 
and contracted heart may not generate low.5,57 Unless immediate 
CPB is an option, mediastinal irrigation and direct myocardial 
lavage are indicated only if cardiac arrest has occurred. In this 
circumstance, personnel skilled in the technique should also initi-
ate all other available rewarming modalities.

Thoracic Lavage

Irrigation of the hemithoraces is a valuable rewarming 
adjunct.37,171,317 An important semantic issue is that closed thoracic 
lavage via two thoracostomy tubes differs from open mediastinal 
and direct myocardial lavage. With the latter, closed-chest CPR 
is not possible. Two large-bore thoracostomy tubes (36 French 
[36F] to 40F in adults; 14F to 24F, ages 1 to 3; 20F to 32F, ages 
4 to 7) are inserted in one or both of the hemithoraces. One is 
placed anteriorly in the second to third intercostal space at the 

FIGURE 7-10 Gastric lavage. 
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coagulopathies. IV luids are heated to 40° to 42° C (104° to 
107.6° F), although higher temperatures may be safe. The amount 
of heat provided by solutions becomes signiicant during massive 
volume resuscitations.26,291 One liter of luid at 42° C (107.6° F) 
provides 14 kcal to a 70-kg (154-lb) patient at 28° C (82.4° F), 
elevating the core temperature almost 0.33° C (0.6° F).

Signiicant conductive heat loss occurs through IV tubing, so 
long lengths of IV tubing increase heat loss, especially at slow 
low rates.84 IV tubing insulators are available. There are various 
methods to achieve and maintain ideal delivery temperature of 
IV and lavage luids in hypothermia, but there is no standardized 
approach.119,277

Blood preheated to 38° C (100.4° F) in a standard warmer is 
useful, but clotting and shortened RBC life are hazards with 
blood-warming packs. Local microwave overheating hemolyzes 
blood. An alternative is to dilute packed RBCs with warm, 
calcium-free crystalloid. Portable and other commercial luid 
warmers heat cold crystalloid and blood through a heat exchanger 
at low rates of up to 500 mL/min.

Microwave heating of IV luids in lexible plastic bags is 
another option when more standardized heaters are unavailable. 
The plasticizer in the polyvinyl chloride containers is stable to 
microwave heating. Heating times should average 2 minutes at 
high power for a 1-L bag of crystalloid. The luid should be 
thoroughly mixed before administration to eliminate hot spots.

Rapid administration of luid into the right atrium at a tem-
perature signiicantly different from that of circulating blood may 
produce myocardial thermal gradients. In one study, heated IV 
luid, up to 550 mL/min, was administered through the internal 
jugular vein without complication. In an experimental canine 
model with adequate cardiac output, central infusion of extremely 
hot (65° C [149° F]) IV luids accelerates rewarming without 
hemolysis.90,288

Using amino acid infusions may accelerate energy metabo-
lism.285 Fever is common in patients receiving hyperalimentation. 
In patients recovering from elective surgery, however, amino 
acids have no signiicant thermogenic effect.133 The results might 
differ in energy-depleted patients with chronically induced acci-
dental hypothermia.

In summary, IV solutions and blood should be routinely 
heated during hypothermia resuscitations. Various blood warmers 
are available commercially, but countercurrent in-line warmers 
are the most eficient.148 A mathematic model indicates that infu-
sion heating devices are essential in trauma patients with high 
luid requirements.26

HEATED LAVAGE

Gastrointestinal Lavage

Heat transfer from irrigation luids is usually limited by the avail-
able surface area. The irrigant should not exceed 45° C (113° F). 
Direct GI irrigation is less desirable than irrigation via intragastric 
or intracolonic balloons because of induced luid and electrolyte 
luxes. Exceeding 200- to 300-mL aliquots may force luid into 
the duodenum; therefore frequent luid removal by gravity drain-
age minimizes “lost” luid. A log of input and output is essential. 
This facilitates estimation of luid balance during resuscitation 
and helps determine if irrigation should be abandoned in antici-
pation of dilutional electrolyte disturbances.

To avoid these limitations, a double-lumen esophageal tube 
is available, as are other modiied tubes. Patients should be tra-
cheally intubated before gastric lavage. Because of the proximity 
of an irritable heart, overly vigorous placement of a large gastric 
tube is not advised. In a multicenter survey, gastric, bladder, and 
colon lavage rewarmed severely hypothermic patients at 1° to 
1.5° C (1.8° to 2.7° F) for the irst hour and 1.5° to 2° C (2.7° to 
3.6° F) for the second hour.62

Commercially available kits designed for gastric decontamina-
tion are convenient (Figure 7-10). The use of a Y connector and 
clamp simpliies the exchanges. Ideal dwell times for thermal 
exchange depend on low rates and may average several minutes. 
In direct gastric lavage, warmed electrolyte solutions, such as 
normal saline or Ringer’s lactate, are administered via nasogastric 
tube.191 After 15 minutes the solution is aspirated and replaced 
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FIGURE 7-11 Thoracic lavage. A, Cycle. B, Cross section. AA, ascending aorta; RB, right bronchus; 
SVC, superior vena cava; T6, sixth thoracic vertebra. 
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midclavicular line, and the other in the posterior axillary line at 
the fourth to ifth intercostal space. Normal saline heated to 40° 
to 42° C (104° to 107.6° F) is then infused via a nonrecycled sterile 
system (Figure 7-11A).169

A high-low countercurrent luid infuser heats to 40° C (104° F) 
and delivers normal saline in 1-L or preferably 3-L bags into the 
afferent chest tube.260 Ideally, connect into the tubing with stan-
dard 0.19-inch internal-diameter suction connection tubing and 
a sterilized plastic graduated two-way connector, because this 
facilitates adaptation to any size of chest tube (Figure 7-11A). 
The efluent is then collected in a thoracostomy drainage set. 
The reservoir must be emptied frequently. Alternatively, when a 
single chest tube is used, 200- to 300-mL aliquots are used for 
irrigation, and suctioning is achieved through a Y connector. The 
Y connector is also useful for irrigating both hemithoraces with 
a single luid warmer (Figure 7-11B).

Fluid can be infused into the anterior higher chest tube (affer-
ent limb) and suctioned or gravity drained out the lower posterior 
tube (efferent limb) into a water-seal chest drain.117 Infusion 
inferoposteriorly with suction anteriorly can increase dwell 
times.148 The eficiency of thermal transfer varies with low rates 
and dwell times. Once the patient is successfully rewarmed, the 
upper tube should be removed and the lower tube left in place 
to allow residual drainage.

Closed sterile thoracic lavage is a natural choice in the ED 
during potentially salvageable cardiac arrest resuscitations.346 
Thoracic lavage is an option either as a bridge to CPB or when 
CPB is initially unavailable. In patients who are perfusing, this 
technique should be considered hazardous unless extracorporeal 
rewarming capability is immediately available. Many hypothermic 
trauma patients are irrigated successfully during surgery.

The clinically reported infusion rates range from 180 to 
550 mL/min. The overall rate of rewarming should easily equal 
or exceed that achievable with peritoneal lavage and is often  
3° to 6° C (5.4° to 10.8° F) per hour. The surface area of the 
pleural space is well perfused. An added beneit is preferential 
mediastinal rewarming. In addition, closed-chest compressions 
during cardiac arrest can maintain perfusion. Open cardiac 

massage of a rigid, contracted heart may not be possible in severe 
cases before bypass, which is a problem with mediastinal 
irrigation.5,57,61

Various complications should be considered. Left-sided tho-
racostomy tube insertion into patients who are perfusing could 
easily induce VF. Patients with pleural adhesions or a history of 
pleurodesis have poor infusion rates, and subcutaneous edema 
may develop. If the luids are infused under pressure without 
adequate drainage, intrathoracic hypertension or even a tension 
hydrothorax can develop and cause expected adverse cardiovas-
cular effects.157,256

Peritoneal Lavage

Heated peritoneal lavage is a technique available in most facilities 
(Figure 7-12). Heat is conducted intraperitoneally via isotonic 
dialysate delivered at 40° to 45° C (104° to 113° F).327

Before lavage is initiated, imaging should be obtained because 
subsequent ilms may reveal subdiaphragmatic air introduced 
during the procedure. The bladder and stomach must be emptied 
before insertion of the catheter. The two common techniques for 
introducing luid into the peritoneal cavity are the mini-laparotomy 
and the percutaneous puncture.

The “minilap” requires an infraumbilical incision through the 
linea alba. A supraumbilical approach is necessary if previous 
surgical scars, a gravid uterus, or pelvic trauma is identiied. The 
peritoneum is punctured under direct visualization and dialysis 
catheter(s) inserted. A much simpler and more rapid technique 
is the guidewire, or Seldinger, variation of the percutaneous 
puncture. The site is iniltrated if necessary with lidocaine, and 
a small stab incision is made. An 18- to 20-gauge needle pene-
trates the peritoneum, and a guidewire is introduced. Entry into 
the peritoneum is usually recognizable by a distinct “pop.” Dis-
posable kits are available. The 8F lavage catheter is inserted over 
the wire and advanced into one of the pelvic gutters. Double-
catheter systems with outlow suction speed rewarming.

Normal saline, lactated Ringer’s solution, or standard 1.5% 
dextrose dialysate solution with optional potassium supplementa-
tion can be used. Isotonic dialysate is heated to 40° to 45° C (104° 
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to 113° F). Up to 2 L is then infused (10 to 20 mL/kg), retained 
for 20 to 30 minutes, and aspirated. The usual clinical exchange 
rate is 6 L/hr, which yields rewarming rates of 1° to 3° C (1.8° to 
5.4° F) per hour. An alternative for severe cases is a larger cath-
eter, as found in cavity drainage kits (Figure 7-13). The catheter 
can be placed with the Seldinger technique. The higher drainage 
capability greatly increases exchange rates and minimizes the 
dwell times necessary for maximal thermal transfer. The low rate 
via gravity through regular tubing is approximately 500 mL/min, 
which can be tripled under infusion pressure.

A unique advantage of peritoneal dialysis is drug overdose 
and rhabdomyolysis detoxiication when hemodialysis is unavail-
able. In addition, direct hepatic rewarming reactivates detoxi-
ication and conversion enzymes. Peritoneal dialysis worsens 
preexisting hypokalemia. Vigilant electrolyte monitoring is essen-
tial before empirical modiication of the dialysate. The presence 
of adhesions from previous abdominal surgery increases the 
complication rate and minimizes heat exchange.

Peritoneal dialysis during standard mechanical CPR is as effec-
tive as partial cardiac bypass in resuscitating severely hypother-
mic dogs.341 In contrast to AER, peritoneal lavage rewarming did 
not require signiicantly greater quantities of crystalloids and 
bicarbonate. This exchange rate is rarely possible in humans. 
Bowel infarction may be a concern when using prolonged warm 
peritoneal dialysis in patients with severe hypothermia with 
inadequate visceral perfusion during CPR.

Peritoneal lavage is invasive and should not be routinely used 
in treating stable, mildly hypothermic patients. This technique is 
indicated in combination with all available rewarming techniques 
in cardiac arrest patients.

ENDOVASCULAR WARMING

Another active rewarming option is endovascular warming with 
commercially available temperature control devices. They are 
used in EDs for therapeutic cooling of resuscitated comatose 
cardiac arrest patients.344

Less invasive and technically easier than extracorporeal 
rewarming, endovascular systems that involve femoral vein cath-
eterization may prove to be a promising alternative. The closed-
loop catheter has a temperature control element at the tip. 
Available models have a fail-safe feature on the console that must 
be circumvented to allow rewarming if the core temperature is 
below 30° C (86° F).181

EXTRACORPOREAL BLOOD REWARMING

Table 7-4 summarizes the techniques for extracorporeal blood 
rewarming.

FIGURE 7-12 Peritoneal lavage. A, Mini-laparotomy for peritoneal 
lavage. B, The catheter in place with the needle removed and the wire 
introduced. C, An 8F catheter is introduced over the wire, and the wire 
is then removed. 

Peritoneum
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FIGURE 7-13 Peritoneal lavage. A 14F catheter is of a caliber that can 
infuse luids rapidly. 

14F catheter
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In another variation of the extracorporeal venovenous circuit, 

blood is removed from the femoral vein, heparinized, and sent 
through a blood rewarmer via an infusion pump accelerator. It 
is neutralized with protamine before reinjection into the subcla-
vian or internal jugular vein, which would preferentially rewarm 
the heart. Another option is to insert a femoral vein dual-lumen 
dialysis catheter.

Continuous Arteriovenous Rewarming

The CAVR technique involves the use of percutaneously inserted 
femoral arterial and contralateral femoral venous catheters.93,94 
This technique requires a blood pressure of at least 60 mm Hg. 
The Seldinger technique is used to insert 8.5F catheters. Heparin-
bonded tubing circuits obviate the need for systemic anticoagula-
tion. CAVR has principally been performed on traumatized 
patients (Figure 7-14).

The blood pressure of spontaneously perfusing traumatized 
hypothermic patients creates a functional arteriovenous istula by 
diverting part of the cardiac output out of the femoral artery 
through a countercurrent heat exchanger. The heated blood is 
then returned with admixed heated crystalloids via the femoral 
vein. The additional luids are titrated and infused by piggyback 
until hypotension is corrected.230

The rate of rewarming exceeds that of hemodialysis. CAVR 
does not require the specialized equipment and perfusionist 
necessary for CPB. The average low rates are 225 to 375 mL/
min, resulting in a rate of rewarming of 3° to 4° C (5.4° to 7.2° F) 
per hour. Because the catheters are 8.5F, the patient must weigh 
at least 40 kg (88 lb). Coagulation begins to appear in the hepa-
rinized circuits at around 3 hours.

Cardiopulmonary Bypass

Partial or complete CPB or extracorporeal membrane oxy-
genation (ECMO) should be considered in unstable, severely 
hypothermic patients.14,33,211,270,348 Favorable considerations in-
clude absence of severe head injury or asphyxia.292 Some cen-
ters initiate CPB or ECMO only if the presenting arterial pH is 
above 6.5, serum potassium is below 10 mmol/L, and core tem-
perature is above 10° to 12° C (50° to 54° F).135,332

Fischer’s considerations for CPB include a potassium level 
under 10 mmol/L in adults or under 12 mmol/L in children, 
coupled with a core temperature below 30° C (86° F). Patients are 
not resuscitated if extreme hyperkalemia is identiied in a patient 
with a temperature over 30° C (86° F).91

A major advantage of CPB is preservation of oxygenated low 
if mechanical cardiac activity is lost during rewarming.73,144 CPB 
is three to four times faster at rewarming than other active core 

Modiied from Danzl DF: Hypothermia, Semin Resp Crit Care Med 23:57, 2002.

TABLE 7-4 Techniques for Extracorporeal 
Blood Rewarming

Technique Comments

Cardiopulmonary 
bypass

Full circulatory support
Perfusate temperature gradient: consider 

5°-10° C (9°-18° F)
Flow rates of 2-7 L/min (average, 3-5 L/min)
Rate of rewarming, up to 9.5° C (17.1° F) per 

hour

Consider if K <10 mmol/L, pH > 6.5, at least 
10°-12° C (50°-53.6° F)

Continuous 
arteriovenous 
warming

Percutaneous Seldinger technique to insert 
catheters

Requires blood pressure of ≥ 60 mm Hg
No need for perfusionist/pump/

anticoagulation
Average low rates of 225-375 mL/min
Rate of rewarming, 3°-4° C (5.4°-7.2° F) per 

hour
Consider for trauma

Venovenous 
rewarming

Circuit not complex
Eficient nonbypass modality
Volume infusion to augment cardiac output
Flow rates of 150-400 mL/min
Rate of rewarming, 2°-3° C (3.6°-5.4° F) per 

hour
Hemodialysis Widely available

Portable and eficient
Single or dual catheter
Exchange cycle volumes, 200-500 mL/min
Rate of rewarming, 2°-3° C (3.6°-5.4° F) per 

hour
Consider if there are electrolyte/toxicologic 

derangements

FIGURE 7-14 Schematic of continuous arteriovenous rewarming. 
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Hemodialysis

Standard hemodialysis is widely available, practical, portable, and 
eficient and should be strongly considered in perfusing patients 
with signiicant electrolyte abnormalities, renal failure, or intoxi-
cation with a dialyzable substance.140,233,247 Two-way low cathe-
ters allow the option of cannulation of a single vessel.183,307 A 
Drake-Willock single-needle dialysis catheter can be used with a 
portable hemodialysis machine and an external warmer. After 
central venous cannulation, exchange cycle volumes of 200 to 
250 mL/min are possible.

Although heat exchange is less than with standard two-vessel 
hemodialysis, the ease of percutaneous subclavian vein place-
ment is a major advantage. Hemodialysis via two separate single-
lumen catheters placed in the femoral vein can achieve continuous 
blood low at 450 to 500 mL/min.130,131 In-line hemodialysis also 
simpliies correction of electrolyte abnormalities. Local vascular 
complications, including thrombosis of vessels and hemorrhage 
secondary to anticoagulation, may occur.

Continuous Venovenous Rewarming

In extracorporeal venovenous rewarming, blood is removed, 
usually from a central venous catheter, heated to 40° C (104° F), 
and returned via a second central or large peripheral venous 
catheter. Flow rates average 150 to 400 mL/min.111,125,298,315

The circuit is not complex and is more eficient than many 
other nonbypass modalities. There is no oxygenator, and be-
cause the method does not provide full circulatory support, 
volume infusion is the only option to augment inadequate car-
diac output. Although the use of CAVR is limited by profound 
hypotension, high-low venovenous rewarming may prove to be 
an alternative.150
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affected electroencephalographic (EEG) regeneration. The other 
theoretical concern is the possibility of increased bubbling if high 
perfusate temperature gradients are used. Most investigators use 
5° C (9° F) gradients21or 10° C (18° F) gradients.22 Neuromonitoring 
during rewarming is advised. In severe cases, evoked cerebral 
responses before EEG regeneration could help assess the recov-
ering brain.284

A variety of techniques decrease the need for IV anticoagula-
tion with heparin, which previously limited clinical applicabil-
ity.168 Heparin-coated perfusion equipment can be considered 
without systemic heparinization in patients with hypothermic 
cardiac arrest and intracranial trauma. The use of nonthrombo-
genic pumps, coupled with enhanced physiologic ibrinolysis 
seen in the irst hour of CPB, should be considered. ECMO 
requires lower levels of anticoagulation in addition to the pos-
sibility of prolonged extracorporeal-assisted resuscitation; these 
factors may explain the published mortality reduction compared 
with CPB.33

Complications with the standard technique include vessel 
damage, air embolism, hemolysis, DIC, and pulmonary edema 
(Box 7-8). ECMO appears to decrease the incidence of severe 
pulmonary edema in some patients.33 Endothelial leakage 
increases compartment pressures and exacerbates frostbite. If 
adequate low rates of 3 to 4 L/min (50 to 60 mL/kg/min) cannot 

rewarming (ACR) techniques, and it reduces the high blood 
viscosity associated with severe cases. CPB should also be con-
sidered when severe cases do not respond to less invasive 
rewarming techniques, in patients with completely frozen 
extremities, and when extensive rhabdomyolysis is accompanied 
by major electrolyte disturbances.154

Various extracorporeal rewarming techniques can be lifesav-
ing in select profound cases of hypothermia.122 A 65-year-old 
woman survived sequela free after 520 minutes of cardiac arrest 
treated with CPR and CPB.221 Complete recovery was also 
reported in three severely hypothermic tourists after prolonged 
periods of cardiac arrest and CPR.5 In a review of 17 cases, there 
were 13 survivors.297,332 In another series rewarming 32 patients 
with CPB, 15 are long-term survivors. The average age was 25.2 
years. Their mean presenting esophageal temperature was 21.8° C 
(71.2° F), and the mean interval between discovery and CPB was 
141 minutes.

The standard femoral-femoral circuit includes arterial and 
venous catheters, mechanical pump, membrane or bubble oxy-
genator, and heat exchanger (Figure 7-15). A 16F to 30F venous 
cannula is inserted via the femoral vein to the junction of the right 
atrium and the inferior vena cava. The tip of the shorter 16F to 
20F arterial cannula is inserted 5 cm (2 inches) or proximal to the 
aortic bifurcation. Consider use of 32F venous and 28F arterial 
cannulae with the open surgical technique, and 21F venous and 
19F arterial cannulae if inserted percutaneously.8 Closed-chest 
compressions can be maintained during percutaneous or open 
surgical technique insertion and may help decompress the dilated, 
nonbeating heart. Transesophageal echocardiography can help 
evaluate ventricular load and valve function.

Heated, oxygenated blood is returned via the femoral artery.19 
Femoral low rates of 2 to 3 L/min can elevate core temperature 
1° to 2° C (1.8° to 3.6° F) every 3 to 5 minutes. In one review, 
the mean CPB temperature increase was 9.5° C (17.1° F) per hour. 
Most pumps can generate full low rates up to 7 L/min.297 Con-
sider the use of vasodilator therapy with IV nitroglycerin to 
facilitate perfusion.199,200 Initiate bypass low rates at about 2 L/
min and gradually increase to 4 to 5 L/min. Vasoactive agents 
may be needed to maintain the cardiac index at 30 L/min/m2 or 
more and a (low) systemic vascular resistance of 1000 dynes/sec 
× cm−5 or less.207

The optimal temperature gradient and bypass rewarming rates 
are unknown. One study of rewarming via CPB in a swine model 
cooled to 23° C (73.4° F) addresses this concern. An excessive 
temperature gradient between brain tissue and circulant adversely 

FIGURE 7-15 Femoral-femoral bypass. 
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*Unless with athrombogenic tubing or adequate physiologic ibrinolysis.

BOX 7-8 Extracorporeal Rewarming: Complications 
and Contraindications

Complications
• Vascular injury
• Air embolism
• Pulmonary edema
• Coagulopathies (hemolysis, disseminated intravascular 

coagulation)
• Frostbite tissue damage
• Extremity compartment syndromes

Contraindications
• Futile resuscitations
• Lack of venous return
• Intravascular clots or slush
• Complete heparinization would be hazardous*
• Cardiopulmonary resuscitation is contraindicated (see Box 7-9)



157

C
H

A
P

T
E

R
 7

 
A

C
C

ID
E

N
T

A
L
 H

Y
P

O
T

H
E

R
M

IA
Diathermy

Diathermy, the transmission of heat by conversion of energy,  
is a potential rewarming adjunct in accidental hypothermia.197 
Large amounts of heat can be delivered to deep tissues with 
ultrasonic (0.8 to 1 MHz) and low-frequency (915 to 2450 MHz) 
microwave radiation. Short-wave (13.56 to 40.68 MHz) modalities 
are high frequency and do not penetrate deeply. Contraindica-
tions include frostbite, burns, signiicant edema, and all types of 
metallic implants and pacemakers.

Under ideal conditions in a laboratory study, radio-wave fre-
quency (13.56 MHz) electromagnetic regional heating of hypo-
thermic dogs after immersion does not damage tissue at 4 to 6 
watts/kg and rapidly elevates core temperature.342 In one study, 
16 piglets were rewarmed with microwave irradiation “until they 
squealed and suckled.”357 Subsequently, 20 of 28 human infants 
rewarmed with microwave irradiation at 90 to 100 watts survived. 
The temperature rose an average 1° C (1.8° F) after 6 to 7 minutes, 
and the average infant required 45 minutes to achieve a rectal 
temperature of 36° C (96.8° F). In an experimental study of men 
cooled to 35° C (95° F), warm-water immersion rewarming is 
more rapid than radio-wave rewarming with 2.5 watts/kg.160

Both ultrasonic and low-frequency microwave diathermy can 
deliver large quantities of heat below the skin. Potential compli-
cations and ideal application sites for this experimental technique 
deserve further study in the hospital. In the ield setting, potential 
problems with power supply and electronic and navigational 
interference compound the physiologic problems.

CARDIOPULMONARY RESUSCITATION
Basic and advanced life support recommendations in hypother-
mia continue to evolve* (Figure 7-16). Cardiac output generated 
with closed-chest compressions maintains viability in select 

be maintained, thoracotomy or a venous catheter with side holes, 
augmenting intravascular volume, should be considered.

With all four of these techniques, there is no proof that rapid 
acceleration of the rate of rewarming improves survival rates in 
perfused patients. The value of the maintenance of some degree 
of mild hypothermia after hypothermic cardiac arrest and extra-
corporeal rewarming is speculative. With accidental hypothermia, 
patients may have had neuroprotection before cardiac arrest  
from hypothermia. Potential complications of uncontrolled  
rapid rewarming in severe hypothermia include DIC, pulmonary 
edema, hemolysis, and acute tubular necrosis. As an alternative, 
a conservative core-rewarming approach can be highly effective 
for patients with severe hypothermia, despite hemodynamic 
instability.271

In hypothermic cardiac arrest, rewarming should be attempted 
via CPB and hemodialysis when CPR is not contraindicated (Box 
7-9), unless frozen intravascular contents prevent low. Clotted 
atrial blood or failure to obtain venous return indicates that these 
techniques will be futile. If experienced personnel and necessary 
equipment are unavailable, all other rewarming techniques 
should be used in combination.21,329,347

FIGURE 7-16 Emergency department algorithm. ACR, Active core rewarming; AER, active external rewarm-
ing; CPB, cardiopulmonary bypass; PEA, pulseless electrical activity; PER, passive external rewarming. 
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Data from Zafren K, Giesbrecht GG, Danzl DF, et al. Wilderness Medical Society 
practice guidelines for the out-of-hospital evaluation and treatment of 
accidental hypothermia. 2014 update. Wilderness & Environmental Medicine 
2014;25:425–445.

BOX 7-9 Contraindications to Initiating 
Cardiopulmonary Resuscitation in Accidental 
Hypothermia

• Do-not-resuscitate status is documented and veriied.
• Obviously lethal injuries are present.
• Chest wall depression is impossible.
• Any sign of life is present.
• Rescuers are endangered by evacuation delays or altered triage 

conditions.

*References 187, 227, 242, 248, 295, 353.
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compression rate that allows maximal left ventricular end-diastolic 
illing. Interestingly, transesophageal echocardiography in a 
canine model demonstrates mitral valve closure during chest 
compression except during low-impulse (downstroke momen-
tum) compressions. Compression of a cold, stiff chest wall may 
be equivalent to low impulse.57

In hypothermia, the role of a “thoracic pump” with the heart 
as a passive conduit is an attractive hypothesis. The phasic altera-
tions in intrathoracic pressure generated by compressions are 
equally applied to all the cardiac chambers and thoracic vessels. 
The mitral valve remains open during compression, and blood 
continues to circulate through the left side of the heart.

Myocardial compliance can be severely reduced in hypother-
mia. Althaus and colleagues5 noted at thoracotomy in one of 
three survivors of hypothermia that “the heart was found to be 
hard as stone and it is hardly conceivable how effective external 
cardiac massage could have been.” Open cardiac massage can 
be combined with mediastinal irrigation when immediate CPB is 
an option.36,37,38

Chest wall elasticity is also decreased with cold, as is pulmo-
nary compliance. If the abdominal muscles are not kneadable, 
the clinician should anticipate that the stiff chest wall will prevent 
adequate ventilation. Lastly, more force is needed to depress the 
chest wall suficiently to generate intrathoracic vascular compart-
ment pressure gradients.

Despite these potential physiologic explanations, a large 
number of neurologically intact survivors are reported after pro-
longed closed-chest compressions. The explanation lies in mea-
suring intrathoracic pressures during hypothermic closed-chest 
compressions.23

Perfusion enhancement maneuvers remain largely unstudied 
in hypothermia. Ancillary abdominal binding might favorably 
inhibit paradoxical diaphragmatic motion.57,240 Simultaneous com-
pression and ventilation can increase low in the heart’s left side. 
Ventilation with the proper carbogen concentration also allows 
high ventilatory rates while maintaining uncorrected PaCO2 at 
40 mm Hg. Placement of a counterpulsation intraaortic balloon 
is another option.

Mechanical thoracic compression devices should be consid-
ered during prolonged resuscitations with limited availability of 
personnel. In addition, an automatic mechanical chest compres-
sion device may serve as a bridge while establishing the capabil-
ity for CPB.343

During hypothermic cardiac arrest in swine, cardiac output, 
cerebral blood low, and myocardial blood low averaged 50%, 
55%, and 31%, respectively, of those achieved during normother-
mic closed-chest compressions. Blood low to these areas did 
not decrease with time, unlike in the normothermic group. Hypo-
thermic rheologic changes, including increased viscosity, also 
affect low. Peripheral vascular resistance is expected to increase 
during vasoconstriction, but in the swine there was no difference 
in systemic and organ vascular resistance between normothermic 
and hypothermic CPR.209

In a multicenter survey of 428 cases, 9 of the 27 patients 
receiving CPR initiated in the ield survived, as did 6 of 14 
patients with ED-initiated CPR62 (see Box 7-9).

Cardiac output is the product of heart rate and stroke volume; 
therefore, the optimal closed-chest compression rate should be 
the fastest rate allowing optimal ventricular illing. Many patients 
have recovered neurologically with slow compression rates. One 
recovered after 220 minutes at half the normal compression 
rate.243 A patient at 16.9° C (62.4° F) recovered neurologically after 
307 minutes of intermittent CPR. At 3-month follow-up, she 
showed a good physical and neurologic recovery.23 The optimal 
rate probably has a direct linear relationship with the degree of 
hypothermia.

Tissue decomposition, apparent rigor mortis, dependent livid-
ity, and ixed, dilated pupils are not reliable criteria for withhold-
ing CPR. In addition, intermittent low may provide adequate 
support during evacuation. CPR should not be withheld only 
because continuous chest compressions cannot be ensured.44,78 
Intermittent low may be preferable to no low. The lowest tem-
perature documented in an infant survivor of accidental hypo-
thermia is 15.2° C (59.4° F); in an adult, 13.7° C (56.7° F); and in 

patients with hypothermia.303 The optimal rate and technique 
remain unclear. Deinitive prehospital determination of cardiac 
activity requires a cardiac monitor or portable ultrasound, because 
misdiagnosis of cardiac arrest is a hazard. Peripheral pulses are 
dificult to palpate when extreme bradycardia is present with 
peripheral vasoconstriction.124,249,343

Asystole may be as common a presenting rhythm as VF. In 
the ield, differentiating VF from asystole may be impossible. 
Possible causes of VF include acid-base luxes, hypoxia, and 
coronary vasoconstriction with increased blood viscosity. Chest 
compressions and various therapeutic interventions are also 
implicated.116,245 The role of acid-base luxes is not clear. Mild 
alkalosis appears somewhat protective against VF during con-
trolled, induced hypothermia.179

RESPIRATORY CONSIDERATIONS

When cardiopulmonary arrest develops during resuscitation,  
noncardiac causes are often pulmonary emboli or progressive 
respiratory insuficiency. Provision of adequate oxygen supply is 
essential during rapid rewarming. For each 1° C (1.8° F) rise in 
temperature, oxygen consumption increases up to three times 
(see Box 7-1). Eventually, regional cerebral oxygen saturation 
monitoring may help differentiate shockable VF and ventricular 
tachycardia (VT).1

Endotracheal intubation and ventilation decrease atelectasis 
and ventilation-perfusion mismatch. Complete airway protection 
averts aspiration, which is otherwise common with depressed 
airway relexes, bronchorrhea, and ileus. CO2 production also 
drops by one-half with an 8° C (14.4° F) fall in the temperature. 
During induced hypothermia, carbogen (1% to 5% CO2 added to 
oxygen) facilitates acid-base management by allowing adjustment 
of the fractional inspired carbon dioxide concentration (FICO2) 
while adjusting the ventilation.

Past controversy regarding the hazards of endotracheal intuba-
tion relected coincidental episodes and a mis-citation regarding 
a series of hypothermic overdoses.87,188 In a multicenter survey, 
endotracheal intubation was performed on 117 patients by mul-
tiple operators in various settings.62 No induced arrhythmias were 
recognized, which is consistent with several reports.186,222 Poten-
tial arrhythmogenic factors include hypoxia, mechanical jostling, 
and acid-base or electrolyte luctuations.

The indications for endotracheal intubation in hypothermia 
are identical to those in normothermia.103 Ciliary activity is 
depressed in hypothermia, frothy sputum produces chest conges-
tion, and bronchorrhea resembles pulmonary edema. Fiberoptic 
or blind nasotracheal intubation may be preferable to cricothy-
roidotomy when cold-induced trismus or potential cervical spine 
trauma is present. Oral rather than nasal intubation is advisable 
in patients with coagulopathy, to avoid major epistaxis.

Rapid-sequence intubation may be impossible when severe 
cold-induced trismus is present and the mandible will not move. 
In the milder cases, hypothermia prolongs the duration of neu-
romuscular blockade. Drug metabolism is also prolonged with 
vecuronium and atracurium. As a result, neuromuscular blockade 
should be avoided.162 Eficacy, metabolism, and clearance are 
very unpredictable, and assessment of sedation adequacy is 
dificult.

BLOOD FLOW DURING CHEST COMPRESSIONS

During normothermic conditions, blood low partially results 
from phasic alterations in intrathoracic pressure and not just  
from direct cardiac compression. Antegrade low occurs without 
left ventricular compression in a normothermic canine model.240 
Closed-chest compressions increase intrathoracic pressure.206 
When thoracic inlet venous valves are competent, the resultant 
pressure gradient between arterial and venous compartments 
generates supradiaphragmatic antegrade low.

The “cardiac pump” model is predicated on closure of the 
mitral valve and opening of the aortic valve during chest com-
pression. This allows a forward stroke volume. During release of 
compression, transmitral low can ill the left ventricle. Optimal 
cardiac output is thus generated by achieving the maximal 
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Second messengers in the cascade are signals during ischemia 

from trigger events that activate other second messengers or 
perpetrators of damage. Intracellular overload of calcium inhibits 
mitochondrial respiration. In addition, nitric oxide synthase gen-
erates NO and ROS, both of which damage DNA and increase 
cytokine levels. In the ield, emphasis should be placed on avoid-
ance of factors known to exacerbate adverse neuronal responses 
to cerebral ischemia: disproportionate hypotension, hypoperfu-
sion, hyperglycemia, hypoxia, and hyperoxia.

RESUSCITATION PHARMACOLOGY
The pharmacologic effects of medications are temperature depen-
dent; the lower the temperature, the greater the degree of protein 
binding. Enterohepatic circulation and renal excretion are also 
altered, so abnormal physiologic drug responses should be  
anticipated. The usual clinical scenario consists of substandard 
therapeutic activity while the patient is severely hypothermic, 
progressing to toxicity after rewarming.182 Medications are not 
given orally because of decreased GI function, and intramuscular 
medications are avoided because they may be erratically absorbed 
from vasoconstricted sites.

The pharmacologic manipulation of respiratory drive, pulse, 
and blood pressure is generally not indicated except in profound 
cases. When a relative tachycardia is not consistent with tem-
perature depression, the possibility of hypovolemia, hypoglyce-
mia, or a toxic ingestion should be considered. Vasopressors  
are potentially arrhythmogenic, might lower VF threshold, and 
cannot increase peripheral vascular resistance if the vasculature 
is already maximally constricted.186

If intraarterial pressure is not consistent with the degree of 
hypothermia, judicious use of inotropic agents may be neces-
sary.246 Dopamine can be a successful adjunctive treatment.281 
Dopamine reverses cardiovascular depression under hypothermic 
conditions, equivalent to up to 5° C (9° F) rewarming. Shock 
requiring vasoactive drugs is a risk factor for mortality.37

In severe cases, the target mean arterial pressure is about 
60 mm Hg. Epinephrine and vasoconstrictors should probably 
be avoided.175,178 Balancing the need for low versus pressure, 
one might suggest therapy with labetalol, IV nitroglycerin, and 2 
to 4 mcg/kg of dopamine.354

Epinephrine is not recommended for hypothermic cardiac 
arrest below 30° C (86° F). In porcine models, there is no evi-
dence that repeated or high-dose epinephrine during hypother-
mic CPR improves outcome.175,178 In the same model, a single 
0.4-unit/kg dose of vasopressin below 30° C (86° F) improved 
deibrillation success.283

There is conlicting evidence regarding cardiovascular func-
tion after rewarming. In some studies, there is complete reversal 
of cold-induced changes, whereas in another, the physiologic 
response to norepinephrine is paradoxical.338

Patients with profound hypothermia after ethanol ingestion 
have been resuscitated with low-dose dopamine support. In 
frostbite victims, however, the use of catecholamines may jeop-
ardize the extremities.199,200 Catecholamines also exacerbate pre-
existing occult hypokalemia.

The effect of temperature depression on the autonomic 
nervous system is complex. In primates, cooling produces a 
biphasic response in plasma catecholamine concentrations. After 
an initial increase, the autonomic nervous system switches off at 
29° C (84.2° F),43 suggesting that catecholamine support might be 
useful below that temperature. The initial rise in catecholamine 
levels could also be caused by acute respiratory acidosis, which 
stimulates the sympathetic nervous system.30 Low-dose dopa-
mine (1 to 5 mcg/kg/min) or other catecholamine infusions are 
generally reserved for disproportionately severe hypotensive 
patients who do not respond to crystalloid resuscitation and 
rewarming.

THYROID

The most dramatic Rip Van Winkle–type rude awakening from 
hypothermic myxedema coma was Dr. Richard Asher’s patient  
in the 1950s. He was successfully metabolically aroused from a 

induced hypothermia, 9° C (48.2° F).102,237,244 One patient recov-
ered after 6.5 hours of closed-chest compressions.193 In Saskatch-
ewan in 1994, a 2-year-old child reportedly recovered from a 
core temperature of 13.9° C (57° F). Remarkably, a physician who 
authored the report was successfully resuscitated from 13.7° C 
(57° F) after she received 165 minutes of CPR and then CPB.102

CEREBRAL RESUSCITATION
The ability to reestablish cerebral blow low (CBF) with CPR and 
improve neurologic outcome is inversely proportional to the 
duration of cardiac arrest. Signiicant delay can greatly elevate 
the cerebral perfusion pressure (CPP) required to establish  
CBF.18

It appears that thermal stabilization rather than aggressive ield 
rewarming should be the focus, except for severely hypothermic 
patients or those in cardiac arrest. Mild hypothermia may be 
therapeutic and improve neurologic outcome after global cere-
bral ischemia. Hypothermia decreases glutamate release, meta-
bolic demand, free radical formation, and release of inlammatory 
cytokines.

In the prehospital setting, addressing disproportionate hypo-
tension, hypoperfusion, and hypoxia is paramount. Once the 
airway is secured, elevating the head 5 to 10 degrees can attenu-
ate intracerebral hypertension induced by global cerebral isch-
emia. Normally, CBF is independent of CPP over a range of 
pressures. After cerebral autoregulation is extinguished, CBF pas-
sively depends on the arterial blood pressure. When venous 
access is dificult, medications may be administered intratrache-
ally or via the intraosseous route. Of interest, large internal 
jugular catheters may partially obstruct cerebral venous outlow.353

The goal is normoxia. The prolonged use of 100% oxygen 
after the return of spontaneous circulation may increase oxidative 
brain injury by generating reactive oxygen species, including 
superoxide and hydrogen peroxide. The rescuer should avoid 
PEEP unless it is essential to maintain normoxia, because it 
decreases cerebral venous outlow.

Cerebral vasculature autoregulation may be lost after global 
brain ischemia, and yet hypocarbia-induced vasoconstrictive 
mechanisms remain intact. Therefore, avoid protracted hyperven-
tilation except in the rare case of a cranially traumatized hypo-
thermic patient with impending uncal herniation. In the ield, 
attempt to ventilate the patient at a rate that would maintain the 
uncorrected partial pressure of carbon dioxide (PCO2) between 
35 and 40 mm Hg.210

Postischemic hyperglycemia is potentially detrimental, because 
glucose levels over 250 mg/dL are associated with lactate genera-
tion and exacerbation of metabolic acidosis.

Cerebral resuscitation strategies in hypothermia relect com-
plex neurophysiology. The brain, although making up only 2% 
of total body weight, requires 15% of the cardiac output and 
consumes 20% of the available oxygen at 37° C. CBF depends on 
the CPP, which equals the mean arterial pressure minus the 
intracranial pressure. When the CPP drops below 50 to 60 mm Hg, 
CBF drops. Once CBF is below 20%, a cascade is initiated that 
includes the failure to maintain ionic gradients in neurons, cel-
lular depolarization, and acidosis. Even when cold, neurons are 
more susceptible to hypoxic insult than are glial or endothelial 
cells.139

When reperfusion is reestablished, the initial transient hyper-
emic period is characterized by increased CBF with low oxygen 
consumption. This lasts for minutes and is followed by the “no 
relow” phase, which lasts for hours. Reperfusion is also charac-
terized by both cytotoxic edema during ischemia, and vasogenic 
edema caused by blood-brain barrier injury. Intraluminal vascular 
damage is caused by nitric oxide (NO) and reactive oxygen 
species (ROS), and proteases inlict abluminal injury.47

The decrease in CBF decreases mitochondrial ATP generation. 
Ionic gradients collapse across the neuronal membrane, as a 
result of failure of the sodium-potassium (Na-K) pump. Sodium 
inlux results in depolarization, which causes axonal release of 
the excitatory neurotransmitter glutamate. Glutamate is the ulti-
mate trigger of neuronal injury caused by N-methyl-D-aspartate 
receptor activation, because it allows cellular calcium inlux.
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VENTRICULAR ARRHYTHMIAS

Preexisting chronic ventricular ectopy may be suppressed in a 
cold heart. Ectopy developing during rewarming is problematic. 
The history from the hypothermic patient may be unproductive, 
and the past cardiac history is often unavailable.

Transient ventricular arrhythmias should generally be left 
untreated. In one study of 22 continuously monitored patients 
with hypothermia, supraventricular arrhythmias were common 
(nine cases) and benign.266 Ventricular extrasystoles developed 
in 10 patients, but none experienced VT or VF during rewarming. 
The terminal rhythm in the eight patients who died while being 
monitored was asystole and not VF. The energetics of the ibril-
lating hypothermic ventricle suggest that asystole may consume 
less energy and may be more protective.

Pharmacologic options are limited because hypothermia 
induces complex physiologic changes that result in abnormal 
responses.349 Drug metabolism and excretion are both progres-
sively decreased. In normothermia, class IA ventricular antiar-
rhythmics have negative inotropic and indirect anticholinergic 
effects and moderately decrease conduction velocity (Box 7-10). 
Procainamide increases the incidence of VF during hypothermia. 
Quinidine has been useful during induced profound hypother-
mia, preventing VF during cardiac manipulation at 25° to 30° C 
(77° to 86° F). The eficacy and safety of disopyramide are 
unknown.

The role of the class IB agent lidocaine for prophylaxis or 
treatment is unresolved. In animal studies, lidocaine and pro-
pranolol have minimal hemodynamic effects in hypothermia. If 
normothermic effects persist during hypothermia, the class IB 
agents would appear attractive because they minimally slow 
conduction while shortening the action-potential duration (APD).

The class III agent bretylium tosylate is effective in several 
animal studies and ineffective in others.80,304 It is not commercially 
available. This class of agents seems most ideal pharmacologi-
cally because it possesses direct antiibrillatory properties. The 
ability to prolong the APD is temperature dependent. Ideally, a 
drug would lengthen the APD only in warmer regions of the 
myocardium to reduce dispersion (Box 7-11). Two cases of 
chemical ventricular deibrillation after infusion of bretylium 
(10 mg/kg) in accidental hypothermia are reported.58,173

7-year, 30° C (86° F) slumber. Ironically, so was a quiescent oat 
cell carcinoma.

Cold induces stimulation of the hypothalamic-pituitary-thyroid 
axis. Unless myxedema is suspected, empirical therapy is not 
recommended. A history of neck irradiation, radioactive iodine, 
Hashimoto’s thyroiditis, or surgical treatment of hyperthyroidism 
should heighten the clinician’s suspicion of myxedema. Failure 
to rewarm despite an appropriate course of therapy is a further 
clue.204

Myxedema coma is usually precipitated in older adult patients 
with chronic hypothyroidism who are stressed by trauma, infec-
tion, anesthesia, or medication ingestion. Typical nonspeciic 
laboratory abnormalities include hyponatremia, anemia, and liver 
function tests and lipid elevations. If myxedema coma is sus-
pected, thyroid function studies, including serum thyroxine (T4) 
by radioimmunoassay, triiodothyronine (T3) resin uptake, and 
thyroid-stimulating hormone level, should be obtained and serum 
cortisol level measured.

Considering the previous discussion, administer 250 to 
500 mcg of levothyroxine (T4) intravenously over several minutes, 
without waiting for conirmatory laboratory results. Daily injec-
tions of 100 mcg are required for 5 to 7 days. The clinician should 
consider adding at least 100 to 250 mg of hydrocortisone to the 
irst 3 L of IV luid. Absorption of T4 is erratic if the drug is given 
orally or intramuscularly. The onset of action of T3 is more rapid, 
which jeopardizes cardiovascular stability; therefore T3 is avoided 
in acute replacement therapy. The onset of action of T4 is 6 to 
12 hours, evidenced by continuous improvement of the vital 
signs during rewarming. Up to one-half the T4 is eventually con-
verted by the peripheral tissues into T3.

CORTICOSTEROIDS

Acute cold stress and many coexisting disease processes stimu-
late cortisol secretion. The free active fraction of cortisol decreases 
as the temperature drops because of increased protein binding, 
and cortisol utilization is similarly decreased. The increase in 
adrenocorticotropic hormone (ACTH) and adrenal steroid secre-
tion may also be a neurogenic or an emotional response in the 
conscious person to an unpleasant environment.

Cold exposure also induces adrenal unresponsiveness to 
ACTH. As a result, false diagnosis of decreased adrenal reserve 
is possible and does not represent functional adrenal insufi-
ciency, because ACTH levels return to normal after rewarming. 
Serum cortisol levels are usually elevated. Secondary adrenal 
insuficiency resulting from panhypopituitarism may also coexist 
with myxedema. Empirical administration of corticosteroids is 
indicated if hypoadrenocorticism is suspected on the basis of a 
previous history of corticosteroid dependence, suggestive physi-
cal indings, or an inexplicable failure to rewarm.

The use of narcotic antagonists in hypothermia is reported. 
Naloxone may reduce the severity of hypothermia in drug over-
doses and in spinal shock and appears to have activity at the 
µ-opioid receptor sites.58

RESUSCITATION COMPLICATIONS
ATRIAL ARRHYTHMIAS

All atrial arrhythmias, including atrial ibrillation (AF), should have 
a slow ventricular response during temperature depression. AF is 
typically noted below 32° C (89.6° F). AF usually converts sponta-
neously during rewarming, and digitalization or other pharmaco-
logic intervention is not warranted. Electrophysiologic studies 
show that the interval prolongation present on His bundle elec-
trocardiography is unresponsive to atropine. Mesenteric emboli-
zation and embolic stroke are potential hazards when the rhythm 
converts back to sinus rhythm. Hypothermia renders the negative 
inotropic effects of calcium channel blockers redundant.58

In summary, all new atrial arrhythmias usually convert  
spontaneously during rewarming and should be considered  
innocent. Attention is directed toward correcting acid-base, luid, 
and electrolyte imbalances and avoiding administration of atrial 
antiarrhythmics.

BOX 7-10 Antiarrhythmic Agents

Class I. Sodium Channel Blockers
IA. Conduction and depolarization moderately slowed, and action 

potential duration (APD) and repolarization prolonged
• Disopyramide
• Procainamide
• Quinidine

IB. Conduction and depolarization minimally slowed, and APD 
and repolarization shortened
• Lidocaine
• Mexiletine
• Moricizine
• Phenytoin
• Tocainide

IC. Conduction and depolarization markedly slowed, and APD and 
repolarization prolonged
• Encainide
• Flecainide

Class II. β-Adrenergic Blockers

Class III. Antiibrillatory Properties (APD Prolonged)
• Amiodarone
• Bretylium
• D-sotalol

Class IV. Calcium Channel Blockers
• Diltiazem
• Verapamil

Unclassiied
• Adenosine
• Magnesium sulfate
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infants, more than half were septic. Although there were no reli-
able indicators of infection, some suggestive clues emerged. 
Serum glucose and leukocyte abnormalities, anemia, uremia, and 
bradycardia were often identiied. In addition to Staphylococcus 
and Streptococcus, the predominant organisms were Haemophi-
lus and Enterobacteriaceae.

Lung infections are reported in many hypothermic infants. 
Evaluation of the gastric aspirate is a diagnostic predictor of 
sepsis in the majority of infected infants. In several studies, sepsis 
is found in a large percentage of hypothermic infants, and empiri-
cal broad-spectrum antibiotics are warranted.

In adults, the incidence of infection ranges from less than 1% 
to more than 40%, depending on patient selection criteria.61 
Serious soft tissue or pulmonary infections may be common.192 
Occult bacteremia is uncommon, as is meningitis.340 In other 
studies of hypothermic older adult patients admitted to hospitals, 
most have had evidence of probable or deinite infections.63

In summary, unlike children and older adults, most previously 
healthy young adults do not need empirical antibiotic prophy-
laxis. Nevertheless, treatment indications should be liberalized 
from normothermia. They should include failure to rewarm, and 
any suspicion or evidence of aspiration, myositis, chest ilm 
iniltrate, bacteriuria, or persistent altered mental status. In choos-
ing broad-spectrum coverage, the physician should consider 
altered drug interactions, volumes of distribution, protein binding, 
hepatic metabolism, and renal excretion.

FORENSIC PATHOLOGY
Macromorphologic and micromorphologic lesions are variable 
and nonspeciic in hypothermia, and there is no single pathog-
nomonic inding at autopsy.194,261,262 Establishing hypothermia as 
the primary cause of death requires an adequate history of expo-
sure and the absence of other lethal indings at necropsy.149 
Unnatural deaths in nursing home patients, for example, may be 
signiicantly underreported for these reasons.53

Macroscopic skin changes can suggest the diagnosis. Hyper-
emia of the dorsa of the hands and knees is often found. Non-
pathognomonic pancreatic indings include fat necrosis, aseptic 
pancreatitis, and hemorrhage. Pulmonary changes consist of 
intraalveolar, interstitial, and intrabronchial hemorrhages.

An eye that has been directly exposed to the environment can 
be a chemical indicator of both the environmental and victims’ 
temperatures at the time of death. Vitreous humor chemistry 
proiles at autopsy can reveal that glucose concentration and total 
CO2 content vary inversely with temperature, with values signii-
cantly higher in the winter. An elevated vitreous glucose in a 
nondiabetic patient should suggest hypothermia.

The total urinary catecholamine, particularly epinephrine, 
content was high in one group of casualties known to be hypo-
thermic. Erosions of the gastric mucosa, termed Wischnewsky 
spots, are also frequently found.316 In addition, exposure to 
extreme cold should be suspected when unusual intravascular 
hemolysis, which is seen after freezing of blood, is observed in 
a corpse. Fatty degeneration in renal tubule epithelia may help 
conirm the diagnosis.261

PREVENTION

To function optimally “as the water stiffens” requires an under-
standing of the principles of heat conservation and loss. Well-
trained and educated urban adults can participate in prolonged 
Arctic maneuvers safely.289,290,311

To maintain core temperature in the narrow band necessary 
for peak functioning in cold environments, appropriate adaptive 
behavioral responses are essential.137 Autonomic and endocrino-
logic mechanisms are only supplemental.

Studies of human cold adaptation reach highly variable con-
clusions. Explanations for these discrepancies include changes in 
core and shell temperatures and in metabolic rates before and 
after cold adaptation. Hypothermic, insulative, isometabolic cold 
adaptation may be associated with local cold adaptation of the 
extremities.

In a study to evaluate the effects of bretylium administered 
after induction of hypothermia, only 1 of 11 dogs given bretylium 
(mean, 40.5 mg/kg) before ive invasive maneuvers developed 
VF.231 No dog, including control animals, ibrillated during endo-
tracheal intubation. Of note in discussions regarding prophylaxis, 
3 of the 11 dogs converted to VF during the drug infusion. 
Because catecholamine levels increase during cooling, the dem-
onstrated protection appears to result from alteration of electro-
physiologic properties of the cardiac tissues.

Amiodarone is another class III drug that possesses direct 
antiibrillatory activity.164 In a canine model of severe hypother-
mic VF, neither bretylium nor amiodarone improved resuscita-
tion.304 The safety of the class III antiarrhythmic agent D-sotalol 
is problematic.20 It has temperature-dependent effectiveness and 
lengthens prolonged action potentials more eficiently at long 
pacing cycle lengths. Also of note, magnesium sulfate at a dose 
of 100 mg/kg intravenously can spontaneously deibrillate most 
patients on CPB at 30° C (86° F) with induced hypothermia.

Emergency transvenous intracardiac pacing of bradyarrhyth-
mias is extremely risky with cold hearts because it frequently 
precipitates VF. New arrhythmias that develop after rewarming 
may, on rare occasions, require pacing. Transcutaneous pacing 
(TCP) with low-resistance electrodes seems far preferable before 
stabilization.136 In a canine model, TCP restored and maintained 
hemodynamic stability and rewarmed hypothermic animals twice 
as rapidly as it did the controls.72

In summary, there are no commercially available ventricu-
lar antiarrhythmics proven safe and effective in accidental 
hypothermia.

SEPSIS

In hypothermia, the classic signs of infection, including erythema 
and fever, are absent.192 Rigors and shakes resemble shivering. 
The initial history, physical examination, and laboratory data are 
often unreliable, so repeated evaluations and comprehensive 
culturing are mandatory. The 10% subset of patients with sepsis 
syndrome who present with a hypothermic response have a 
signiicantly increased frequency of shock and death, and this 
secondary hypothermia does not appear to be protective.

Hypothermia compromises host defenses and results in  
serious bacterial infections. These signiicant infections can be 
accompanied by minimal inlammatory response. Some com-
mon causative organisms include gram-negative bacteria, gram-
positive cocci, oral anaerobes, and Enterobacteriaceae.192

The core endotoxin components of gram-negative bacteria 
normally signal macrophages. At a normal or elevated tempera-
ture, active cytokine triggers include tumor necrosis factor, 
interleukin-1, and interleukin-6. Bone marrow release and circu-
lation of neutrophils are compromised for up to 12 hours. In 
addition, human and porcine neutrophils are susceptible to hypo-
thermia. In vitro, neutrophil migration and bacterial phagocytosis 
are reduced at 29° C (84.2° F). Neutrophilic extermination of 
various bacteria, including Staphylococcus aureus and Streptococ-
cus faecalis, is also impaired.

Acquired neutrophil dysfunction occurs. In addition, hypo-
thermia is associated with decreased neutrophil levels in near-
drowned children. As a clinical demonstration of the importance 
of these factors, therapeutic maintenance of hypothermia to 
control cerebral edema in near drowning is abandoned because 
of the substantial incidence of infectious complications.

The incidence of infection varies dramatically with the patient’s 
age and the clinical series reported.192,340 In one large group of 

BOX 7-11 Antiarrhythmic Characteristics

The ideal ventricular antiarrhythmic would do the following:
• Cause no further decrease in conduction velocity
• Shorten the action potential duration (APD)
• Lengthen the APD only in warmer regions of the myocardium to 

reduce dispersion
• Possess direct antiibrillatory properties



signiicant predictors of outcome after multivariate analysis.59,161 
Reporting unusual cases to a hypothermia registry could stimulate 
advances in treatment.143,221

In a multiple regression analysis of 234 cases in Swiss clinics,198 
the most common negative survival factors were asphyxia, slow 
rate of cooling, invasive rewarming, asystole, and development 
of pulmonary edema or adult respiratory distress syndrome. The 
largest single-hospital series of adult hypothermic cardiac arrest 
patients rewarmed with CPB is reported from Finland. Patients 
with cold exposure or immersion without suffocation or asphyxia 
tolerated prolonged CPR before CPB.292 Positive predictors of 
survival include rapid cooling rate, presence of VF during cardiac 
arrest, and narcotic or ethanol intoxication. In a study of 29 
patients below 30° C (86° F), mode of cooling was the only inde-
pendent risk factor.255

In a study of CPB survivors, 15 of the 32 patients are  
long-term survivors.332 Their neuropsychological functioning after 
prolonged prehospital circulatory arrest is encouraging. These 
patients were not asphyxiated before becoming hypothermic. A 
literature review on the outcomes of 68 patients resuscitated with 
CPB notes the survival rate was 60%, and the coldest survivor 
was 15° C (59° F).330 In a series of 26 patients given extracorporeal 
rewarming, those with nonasphyxiated deep accidental hypo-
thermia had a reasonable prognosis.86

A valid triage marker of death is needed because vital organ 
damage is dificult to predict.249,250 In one retrospective analysis 
of primarily avalanche burial victims, extreme hyperkalemia  
was noted on initial examination, and resuscitation proved  
fruitless.276 A serum potassium below 7 mmol/L may be a valu-
able indicator for survival.25 In the Mt Hood tragedy, the non-
survivors were also hyperkalemic (serum potassium level 
>10 mmol/L).122 Although a serum potassium level of 10 mmol/L 
appears to be a reasonable ceiling for viability, a child at 14.2° C 
(57.6° F) with a potassium level of 11.8 mmol/L did well.34,73 In 
both these reports, asphyxia and compression injury may have 
been contributory. Do not attempt resuscitation if an avalanche 
victim is buried longer than 35 minutes with a snow-obstructed 
airway.353 Other indicators of a grave prognosis include a core 
temperature below 12° C (53.6° F), arterial pH below 6.5, or evi-
dence of intravascular thrombosis (direct visualization; ibrino-
gen <50 mg/dL).
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Excellent physical conditioning with adequate rest and nutri-
tion is paramount. Hikers and skiers must be accompanied by a 
partner and should wear effective thermal insulation. Wet inner 
garments must be changed promptly. Persons who exert them-
selves, including long-distance skiers, should switch garments 
depending on current exertional heat production.139 Dehydration 
must be avoided, and drinking from a cold stream is preferable 
to snow ingestion. Signiicant energy is needed to convert ice at 
0° C (32° F) into water.

All areas with a large surface area–to–volume ratio should be 
well insulated. Excellent synthetic insulating materials include 
Gore-Tex, Flectalon, Thinsulate, and taslanized nylon.

Under certain circumstances, insidious hypothermia may 
develop during exposure to cold water because of the effects of 
increased insulation on compensatory physiologic events.12 The 
U.S. Army mnemonic COLD, in reference to insulation with cloth-
ing, means clean, open during exercise to avoid sweating, loose 
layers to retain heat, and dry to limit conductive heat losses.

Prevention of urban accidental hypothermia requires continu-
ous public education. For example, the optimal safe indoor 
temperature recommendation for older adults has risen to 21.1° C 
(70° F). Energy assistance and temporary sheltering are effective 
measures, and selective heating of sleeping quarters and use of 
electric blankets are economic suggestions. Prewarming the bed 
and bedroom at night may be the best overall advice to older 
adults.

OUTCOMES
Partially in reaction to the dramatic reports of reanimations, the 
historical standard of care has been that “no one is dead until 
they are warm and dead.” Clearly, some victims are indeed “cold 
and dead,” and it would be useful to identify them safely.10,275

Survival is dificult to predict because human physiologic 
responses to temperature depression vary so widely.214,217,255,333 
The type and severity of the underlying or precipitating disease 
process are two determinants.325 Age extremes, although not 
statistically correlated with survival, are often associated with 
severe illnesses. In a multicenter survey, however, there were no 
signiicant age differences in mortality.62

Gender, trauma, infection, and toxin ingestions affected sur-
vival differently in multiple, uncontrolled clinical studies.134,279 
There were no clinically signiicant differences in male versus 
female proiles in the multicenter survey.62 From a large hypo-
thermia database, a hypothermia outcome score could enable 
multiple observers at different sites to assess treatment modalities 
and outcome predictors.271 Prehospital cardiac arrest, low or 
absent blood pressure reading, elevated BUN, and the need for 
either endotracheal or nasogastric intubation in the ED were 
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The authors of this chapter hail from two different countries that 
view and measure temperature differently. The United States uses 
° F (Fahrenheit), whereas the country up north uses ° C. (Some 
people think that the letter C stands for “Celsius,” but it actually 
means “Canadian.”) The author from up north has provided a 

conversion chart to allow neighbors from either side of the 
border to get on the same thermal wavelength (Box 8-1).

Immersion in cold water is a hazard for anyone who partici-
pates in recreational, commercial, or military activities in the 
oceans, lakes, and streams of all but the tropical regions of the 
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Immersion into Cold Water
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ing 1489 people died in the water, despite the arrival of a rescue 
vessel within 2 hours. Almost all these people were wearing “life 
preservers,” yet their causes of death were oficially listed as 
“drowning.”119 However, their deaths were more likely caused by 
immersion hypothermia. Survivors reported hearing victims’ 
screams for periods long enough (>1 hour) to indicate that the 
individuals in the water survived for a time suficient to result in 
severe hypothermia.102,110

RECREATIONAL ACTIVITIES AND COLD WATER

A Canadian Red Cross Report stated that, from 1991 to 2000, 
there were 5900 water-related deaths in Canada. Of recreational 
boating drownings, 283 (21%) occurred in “extremely cold” 
water, which means colder than 10° C (50° F). Of the 14% of all 
boating drownings in which the victims were wearing personal 
lotation devices (PFDs), most of these occurred in cold water, 
and death resulted from hypothermia. Also, 232 snowmobilers 
drowned after breaking through the ice, and 218 individuals died 
after falling through the ice during other activities. Case Studies 
8-1 to 8-4 illustrate problems that might occur with immersion 
hypothermia during recreational boating, hiking, snowmobiling 
and other activities.

COMMERCIAL ACTIVITIES ON COLD WATER

Numerous examples exist of maritime occupational accidents. In 
1982 the offshore mobile oil-drilling platform Ocean Ranger col-
lapsed in mountainous seas near Newfoundland, Canada; the 
water temperature was −1° C (30.2° F) (Video 8-1). Eighty-four 
workers were plunged into the water, and, despite the presence 
of a rescue vessel, all of them died. Immersion hypothermia was 
a signiicant factor in these deaths, although the inability of the 
workers to combat rough seas and to maintain airway freeboard 
(i.e., the distance between the water surface and the mouth) were 
also major problems.127

world. Recreational aquatic activities include swimming, ishing, 
sailing, power boating, ocean kayaking, white-water rafting, 
canoeing, ocean suring, windsuring, waterskiing, diving, hunt-
ing, and using personal watercraft. In addition, winter activities 
such as driving on icy roads and snowmobiling can involve cold-
water exposure as a result of accidental entry into lakes and 
streams.1 Commercial activities that involve water include ishing, 
shipping, offshore oil drilling, and diving. Military operations 
over cold water include U.S. Coast Guard (Figure 8-1), Navy, and 
Marine Corps missions. U.S. Army, Air Force, and Marine Corps 
forces may encounter cold-water exposure during winter opera-
tions on land.

The deinition of cold water is variable. The temperature of 
thermally neutral water, at which heat loss balances the heat 
production of a nude individual at rest (i.e., not shivering), is 
approximately 33° to 35° C (91.4° to 95° F).16,18 Hypothermia 
eventually results from immersion in water at less than this  
temperature. For practical purposes, signiicant risk for immer-
sion hypothermia usually begins in water colder than 25° C 
(77° F),114,162,163 and it is quite signiicant in water colder than 15° C 
(59° F). Table 8-1 shows the variation in water temperature 
throughout the year at various sites in North America.180 Figure 
8-2 shows typical worldwide sea surface temperatures for Novem-
ber, with data from 2015.126 With the use of 25° C (77° F) as the 
deining point for cold water, the risk of immersion hypothermia 
in North America is nearly universal during most of the year.

Cold-water immersion is associated with two signiicant 
medical challenges: near drowning and hypothermia. This 
chapter discusses the physiologic responses to and treatment of 
immersion hypothermia, the risk of near drowning with respect 
to the physiologic consequences of sudden immersion in cold 
water, and the problems of survival in rough seas. Controversies 
are also identiied and discussed. Chapter 7 discusses land-based 
hypothermia; Chapter 69 provides a more complete discussion 
of drowning; and Chapter 71 discusses diving injuries.

HISTORY AND EPIDEMIOLOGY
The history of human association with the sea and with inland 
waters provides abundant examples of the effects of accidental 
cold-water immersion. Case studies demonstrate the scope of the 
problem. Perhaps the most famous occurrence was the sinking 
of the Titanic in 1912. After striking an iceberg at approximately 
11 : 40 PM on April 14, the ship sank in calm seas, but the water 
temperature was near 0° C (32° F). Of the 2201 people on board, 
only 712 were rescued, all from the ship’s lifeboats. The remain-

FIGURE 8-1 A, Canadian Coast Guard rescue boat in rough seas. 
B, U.S. Coast Guard helicopter rescue in rough seas. (A courtesy 
Canadian Coast Guard; B courtesy of Gordon Giesbrecht and Alan 
Steinman).

A

B

BOX 8-1 The Oficial Canadian Temperature 
Conversion Chart

10° C (50° F)
Americans shiver uncontrollably.
Canadians plant gardens.

0° C (32° F)
American water freezes.
Canadian water gets thicker.

−18° C (0° F)
New York City landlords inally turn on the heat.
Canadians have the last cookout of the season.

−51° C (−60° F)
Mt St. Helens freezes.
Canadian Girl Guides sell cookies door to door.

−114° C (−173° F)
Ethyl alcohol freezes.
Canadians get frustrated when they can’t thaw the keg.

−273° C (−460° F)
Absolute zero; all American atomic motion stops.
Canadians start saying, “Cold, eh?”

−295° C (−500° F)
Hell freezes over.
A U.S. hockey team beats Canada in the Olympic gold medal 

game.
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TABLE 8-1 Mean Water Temperatures in °C (°F)*

Site January February March April May June July August September October November December

Kodiak, Alaska 0 (32) 0 (32) 2 (35.6) 4 (39.2) 7 (44.6) 9 (48.2) 12 (53.6) 12 (53.6) 10 (50) 7 (44.6) 4 (39.2) 2 (35.6)
Victoria, British 

Columbia
7 (44.6) 7 (44.6) 7 (44.6) 9 (48.2) 10 (50) 11 (51.8) 11 (51.8) 11 (51.8) 11 (51.8) 10 (50) 9 (48.2) 8 (46.4)

Astoria, Oregon 4 (39.2) 5 (41) 7 (44.6) 10 (50) 13 (55.4) 16 (60.8) 19 (66.2) 21 (69.8) 17 (62.6) 13 (55.4) 9 (48.2) 5 (41)
San Francisco 11 (51.8) 11 (51.8) 12 (53.6) 12 (53.6) 12 (53.6) 12 (53.6) 13 (55.4) 13 (55.4) 12 (53.6) 12 (53.6) 11 (51.8) 11 (51.8)
San Diego 14 (57.2) 14 (57.2) 15 (59) 16 (60.8) 17 (62.6) 18 (64.4) 20 (68) 20 (68) 20 (68) 18 (64.4) 16 (60.8) 15 (59)
Mobile, Alabama 10 (50) 10 (50) 14 (57.2) 21 (69.8) 23 (73.4 28 (82.4) 29 (84.2) 29 (84.2) 27 (80.6) 23 (73.4) 19 (66.2) 14 (57.2)
Miami, Florida 21 (69.8) 21 (69.8) 23 (73.4) 25 (77) 27 (80.6) 29 (84.2) 30 (86) 30 (86) 29 (84.2) 27 (80.6) 25 (77) 23 (73.4)
Norfolk, Virginia 17 (62.6) 16 (60.8) 15 (59) 18 (64.4) 20 (68) 24 (75.2) 26 (78.8) 26 (78.8) 25 (77) 25 (77) 21 (69.8) 21 (69.8)
Cape May, New 

Jersey
3 (37.4) 3 (37.4) 5 (41) 10 (50) 14 (57.2) 19 (66.2) 23 (73.4) 23 4 (39.2) 21 (69.8) 17 (62.6) 11 (51.8) 6 (42.8)

Traverse City, 
Michigan

2 (35.6) 1 (33.8) 1 (33.8) 1 (33.8) 1 (33.8) 3 (37.4) 5 (41) 10 (50) 10 (50) 6 (42.8) 5 (41) 4 (39.2)

Puerto Rico 26 (78.8) 26 (78.8) 26 (78.8) 26 (78.8) 26 (78.8) 27 (80.6) 27 (80.6) 27 (80.6) 28 (82.4) 27 (80.6) 27 (80.6) 26 (78.8)
Honolulu, Hawaii 24 (75.2) 24 (75.2) 24 (75.2) 24 (75.2) 25 (77) 25 (77) 26 (78.8) 26 (78.8) 27 (80.6) 26 (78.8) 25 (77) 25 (77)

*Temperatures of <25° C (77° F) are noted in red.
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FIGURE 8-3 U.S. Coast Guard vessel approaching a survivor who is 
sitting on top of an overturned boat. (Courtesy U.S. Coast Guard.)

In the winter of 1997-1998, four people died when their snow-
mobile broke through the thin ice of Lake Scugog, near 
Toronto, Ontario, Canada. The deaths occurred, ironically, 
during Snowmobile Safety Week in North America. The Cana-
dian Safety Council reported that, in 1997, 101 people were 
killed in snowmobile mishaps, the majority of them by drown-
ing and hypothermia after crashing through ice on frozen rivers 
and lakes.1

Case Study 8-3 “SKATING” ON THIN ICE

In February 1990, four teenage boys broke through the ice on 
Convict Lake in California. After one boy escaped and sum-
moned help, a series of adults—including two lay and three 
professional rescuers—approached and also broke through the 
ice. It was not until a properly equipped rescue team arrived 
“that a safe rescue attempt could be made … on one lone adult. 
In just ifteen minutes, three boys and four of their ive adult 
rescuers were dead.”48 Despite the common belief at the time, 
the victims did not perish as a result of hypothermia but rather 
from cold- and panic-induced incapacitation and drowning.

Case Study 8-2 PANIC IN ICE WATER

On February 28, 2009, four friends who were all former or 
current football players in their mid-20s set out on a ishing trip 
in a 6.3-m (21-foot) boat into the Gulf of Mexico west of Tampa 
Bay, Florida. According to the survivor’s account,148 their boat 
capsized in a storm before they could return to shore, and the 
four men were thrown into the 18° C (65° F) water. Weather 
conditions were 4.3-m (14-foot) seas and winds of 15 to 18 m/
sec (30 to 35 knots). None of the men was wearing a PFD at 
the time of the capsizing. One of the survivors dove under the 
boat to retrieve three keyhole PFDs and one seat cushion. 
Despite their large size (≈190 cm [74.8 inches] tall and ranging 
from 98 to 120 kg [216 to 265 lb] in weight) and high level of 
muscle mass and physical itness, the men all developed hypo-
thermia as a result of the combination of a low level of body-fat 
insulation, cold-water temperature, effect of the wind on their 
wet clothing, and strenuous work to remain on the boat or to 
get out of the water. Two victims died after about 13 hours, a 
third died after 25.5 hours, and the lone survivor was rescued 
after 43 hours by the U.S. Coast Guard. The irst casualty was 
the lightest (≈98 kg [216 lb]) and wore only swimming trunks 
and a keyhole PFD; he had discarded his T-shirt, wind pants, 
and jacket to try to dive under the boat for supplies. The 
second casualty, who died at about the same time, was the 
heaviest (≈120 kg [265 lb]), but had spent far more time 
immersed in the water than had the others. The third casualty 
survived another 12 hours, but perished nearly 18 hours before 
the lone survivor was rescued. That casualty had also taken off 
his wind jacket and pants, which were later lost, so that he 
could dive under the boat. During the irst 13 hours, he strug-
gled to help the other victims while he was in the water, and 
he had little insulation from the seat cushion, which he wore 
on his back; he later switched to the keyhole PFD that had 
been worn by the irst casualty. These early conditions likely 
put him behind the survival curve of his remaining companion. 
The survivor (≈109 kg [240 lb]) had the double advantage of 
less direct water exposure (he spent more time positioned on 
top of the boat, often holding onto the motor) and more insula-
tion (sweatpants, sweatshirt, water-resistant and leece-lined 
hooded coat, skullcap, and gloves). He had a core temperature 
of 31.9° C (89.5° F) after 43 hours at sea (Figure 8-3). This case 
is referenced throughout this chapter.

Case Study 8-1 LONG-TERM IMMERSION IN 
MODERATELY COLD WATER

FIGURE 8-2 Worldwide sea surface temperatures for November 2015. (From the National Center for 
Environmental Prediction, Space Science and Engineering Center, University of Wisconsin–Madison. 
www7320.nrlssc.navy.mil/GLBhycom1-12/navo/globalsst_nowcast_anim30d.gif.)
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In December 2004, the ishing vessel Northern Edge capsized 
near Nantucket, Massachusetts, in 4° C (39.2° F) water and 3- to 
4-m (9.8- to 13.1-foot) seas. Five of the six crewmembers lost 
their lives.184 In several similar cases in the same region, seven 
ishermen on three different vessels lost their lives during a 
30-day period in the winter of 2004-2005.181 In June 2003 the 
charter ishing vessel Taki Tooo, which was carrying 17 pas-
sengers and crew, capsized in the turbulent waters of the Til-
lamook River bar on the Oregon coast, with the loss of 11 lives. 
The water temperature was 10° C (50° F).183 In April 2001 the 
ishing vessel Arctic Rose sank in the Bering Sea of Alaska, with 
a loss of 15 crewmembers.184 The vessel sank so quickly that 
there was no time for either a distress call to be made or the 
crewmen to don survival suits.

Case Study 8-5 DANGERS OF FISHING IN 
COLD WATER

During winter 1988, two men died of hypothermia when their 
nine-man rowing scull sank during a winter storm on a small 
lake in western Canada. The nine rowers were immersed  
in 4° C (39.2° F) water. They struggled to hang on to their  
overturned vessel in 0.6- to 1.0-m (2- to 3.3-foot) waves and 
30 km/hr (18.7 mile/hr) winds for more than 50 minutes before 
rescuers could reach them. One man drowned just before 
rescue; the others were all conscious when they were pulled 
from the water. However, during the 13-minute boat transport 
to shore, three of the thinnest victims lost consciousness, and 
one of these men suffered cardiopulmonary arrest. His core 
temperature (Tco) in the hospital 44 minutes after rescue was 
23.4° C (74.1° F); subsequent resuscitation efforts were unsuc-
cessful. The remaining seven survivors were resuscitated from 
Tco as low as 25° C (77° F). This case illustrates the rapidity of 
onset of immersion hypothermia in lean subjects and the poten-
tially serious consequences of cardiovascular instability, circum-
rescue collapse, and post-rescue Tco afterdrop in individuals 
with immersion hypothermia (see Physiologic Responses to 
Cold-Water Immersion with the Head Above Water, later).58

Case Study 8-4 PROBLEMS WITH COLD-WATER 
RESCUE

A 1999 U.S. Coast Guard Fishing Vessel Casualty Task Force 
Report181 found that, in just 2 months (December 1998 and 
January 1999), 20 commercial ishing vessels were lost at sea. 
During these mishaps, 21 persons on board died, mainly from 
exposure to cold water as a result of the vessel sinking or cap-
sizing or from persons falling overboard. From 1994 to January 
1999, U.S. Coast Guard statistics show that 396 ishermen lost 
their lives while ishing. Of these, 298 died from cold-water 
immersion as a result of falling overboard or of the vessel 
sinking, capsizing, or looding. In 1998, mortality rate for isher-
men was 179 per 100,000 workers; this is 16 times higher than 
the averaged rates for ireighters and police oficers.

Case Study 8-6 COLD-WATER FISHING FATALITIES

Fishing vessel mishaps are a common cause of immersion 
hypothermia. Case Studies 8-5 and 8-6 illustrate the problems 
that face the commercial ishing industry (Figure 8-4).

Another commercial maritime disaster involving mass casual-
ties from immersion hypothermia and drowning was the capsiz-
ing and sinking of the collier Marine Electric off the coast of 
Virginia in the early-morning hours of February 12, 1983 (Video 
8-2) (www.uscg.mil/history/docs/casrep/1983marineelectric.pdf). 
The vessel began taking on water in gale-force winds and seas 
up to 11 m (35 feet) in height. Before the crew of 34 could 

abandon ship, the vessel capsized, throwing most of the men 
into the 4° C (39° F) water (air temperature was −1.7° C [29° F]). 
Only three of the crew survived despite the presence of PFDs; 
as in the Ocean Ranger case, the crewmembers were incapaci-
tated by the cold water and unable to maintain airway freeboard 
in the heavy seas.

The Marine Electric disaster had one beneicial outcome. 
Despite the loss of 31 lives in this case, the disaster resulted in 
establishment of the now-famous U.S. Coast Guard (USCG) 
Rescue Swimmer program. USCG helicopters were on scene 
within about 2.5 hours of the Marine Electric’s capsizing, but 
without rescue swimmers, they could not recover possible sur-
vivors from the water because of the high seas and cold-water–
induced incapacitation of the crew. USCG Rescue Swimmers have 
saved thousands of lives since their creation after this disaster.

MILITARY ACTIVITIES AND COLD WATER

The extensive use of combat ships and aircraft in World War II, 
particularly in the north Paciic and north Atlantic oceans, pro-
vided many examples of accidental immersion in cold water. 
Molnar124 reviewed several hundred of these cases, including the 
following:

A ship was rammed, and it sank in 3 minutes. Thirty survivors were 
picked up from rafts after exposure of 1.5 to 4 hours. Some drowned 
and others died of exposure because the water was 4° C (7.2° F) with 
high seas and a wind velocity of scale 7. Some of the survivors who held 
on to ropes couldn’t let go and rescuers had to cut frozen rope to release 
them. It appears miraculous how the survivors could have endured such 
cold water. Most of those who were rescued were in an unconscious 
state and, when they became conscious, complained of numbness of 
extremities and hands.

The Falklands War in 1982 provided further examples of 
immersion hypothermia related to naval combat. The Argentinian 
cruiser General Belgrano sank in approximately 5° C (9° F) water, 
which resulted in the deaths of many sailors. Some of the deaths 
from cold occurred even after the sailors had managed to emerge 
from the water into life rafts.

Maritime military operations are not the only source of hypo-
thermia casualties in the armed forces; land operations, either 
during combat or training, also have immersion hypothermia 
risks. In March 1995, four U.S. Army Rangers died and four others 
were hospitalized during a training mission in a Florida swamp. 
The water at the exercise site was deeper and colder than was 
customary for this exercise. Consequently, the Rangers were 
forced to spend more than 6 hours in cold and wet conditions, 
much of the time partially immersed in the 15° C (59° F) water. 
Night conditions and dificulties encountered during the medical 
evacuation of the accident victims contributed to the hypothermia 
deaths.17,186

In March 2001, two USCG crewmen drowned after immersion 
in cold water, when their four-man vessel capsized in the waves 
of the Niagara River bar in Lake Ontario. The water temperature 
was 2° C (3.6° F). All the crewmen were wearing dry suits with 
insulation as well as PFDs, but they were without insulated 
headgear. They left the boat to swim toward a buoy. Vigorous 
swimming caused water intrusion into two of the dry suits, as 
did the coxswain’s use of a neck ring device before capsizing. 
This leakage resulted in severe immersion hypothermia and 
subsequent drowning.182

The relatively high fatality rate from accidental immersion in 
cold water in various military, commercial, and recreational set-
tings has stimulated technologic advances in protective clothing 
and rescue devices. The current availability of commonplace items 
of survival equipment (e.g., wet suits, dry suits, survival suits, 
inlatable life rafts) is primarily a response to the needs of people 
who work in cold-water environments. The value of various types 
of protective clothing is examined later in this chapter.

VEHICULAR ACTIVITIES ON ICE

Motor vehicle submersions account for approximately 10% of  
all drownings, including approximately 400 fatalities in North 
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America each year.177,201 Although most of these deaths occur in 
open water during spring, summer, or fall, many also occur 
during the winter, when vehicles break through the ice while 
traversing either makeshift (e.g., ice ishing) or oficial (e.g., 
winter roads) transport routes. In 2005, a heavy-machine operator 
was maintaining an ice road when his snowplow broke through 
the ice, and he drowned.91 The ice-cold-water temperature was 
cited as a contributing factor to his death.

In summary, numerous case histories and statistical evidence 
document the signiicance of cold-water immersion as a cause 
of the environmental emergencies of drowning and hypothermia. 
Although drowning is relatively easy to prevent (e.g., with the 
use of PFDs, water safety training, and restriction of alcohol use), 
hypothermia is not easy to prevent. Hypothermia is now more 
widely recognized than in the past, but the prevention of immer-
sion hypothermia is still a dificult and often expensive proposi-
tion. Therefore, in regions with cold water (which includes most 
of the North American continent), cold-water safety, knowledge 
of cold-water risks, and the use of appropriate lotation and 
protective clothing are essential (Video 8-3).

PHYSIOLOGIC RESPONSES TO  
COLD-WATER IMMERSION WITH  
THE HEAD ABOVE WATER
The effect of sudden cold-water immersion on humans is poorly 
understood by the general public as well as by medical and 
rescue personnel. Many believe that an individual who falls into 
ice water will die of hypothermia within minutes, even if that 
person is dressed in winter clothing. In a series of surveys of 
continuing medical education attendees,47 72% of respondents 
thought that, under these conditions, a victim would experience 
life-threatening hypothermia in less than 10 minutes. As dis-
cussed later, most adults can survive for 1 hour or more if they 
take appropriate action. The improper assumption of rapid and 
impending death only serves to induce panic, poor decisions, 
and exhaustion as a result of thrashing about, thereby causing 

FIGURE 8-4 Fishing and merchant vessels in distress in rough seas. (Courtesy U.S. Coast Guard.)

problems for both primary victims and the persons trying to 
rescue them.

The primary pathophysiologic effects of hypothermia are a 
decrease in tissue metabolism and the gradual inhibition of 
neural transmission and control. However, during the initial 
stages of cooling of an intact and conscious victim, secondary 
responses to skin temperature cooling predominate. Sudden 
immersion in cold water results in an immediate decline in skin 
temperature, which in turn initiates shivering thermogenesis 
with increases in metabolism, ventilation, heart rate, cardiac 
output, and mean arterial pressure. As body temperature declines 
and shivering ceases, metabolism, heart rate, mean arterial  
pressure, and cardiac output decrease proportionally with the 
fall in core temperature (Tco), whereas hematocrit and total 
peripheral resistance increase. Renal diuresis and extravascular 
luid shifts can lead to a considerable loss of intravascular 
volume, thus decreasing systemic perfusion. A more detailed 
description of the pathophysiologic effects of systemic hypother-
mia is provided in Chapter 7. This section pragmatically describes 
the effects of the pathophysiologic changes that accompany 
cold-water immersion and the impact of these changes on 
survival.

The body’s responses and mechanisms of death during cold-
water immersion can be divided into four phases: (1) initial 
immersion and the cold shock response, (2) short-term immer-
sion and the loss of performance, (3) long-term immersion  
and the onset of hypothermia, and (4) circum-rescue collapse 
just before, during, or after rescue. Each phase is accompanied 
by speciic survival hazards for the immersion victim that origi-
nate from or are inluenced by a variety of pathophysiologic 
mechanisms. Deaths have occurred during all four phases of 
immersion.

PHASE 1: THE COLD SHOCK RESPONSE  
(0 TO 2 MINUTES)

The cold shock response occurs during the irst 1 to 2 minutes 
of cold-water immersion and depends on the extent and rate of 
skin cooling. The responses are generally those that affect the 
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Sudden death can occur either immediately or within minutes 
after immersion as a result of syncope or convulsions, which can 
lead to drowning, vagal cardiac arrest, or VF in susceptible 
individuals.23,44,103,118,167

Cold shock can occur in water colder than 20° C (68° F), with 
symptoms increasing as water temperature decreases to freezing. 
Staged entry into cold water attenuates respiratory responses 
because of a gradual increase in thermal stimulation. The best 
advice to combat this phenomenon is, when possible, to control 
entry into cold water by entering slowly and most importantly 
by keeping the head from being submersed. One should never 
dive into cold water. After cold-water immersion, it is important 
to focus on surviving the irst minute by not panicking and by 
consciously getting one’s breathing under control. Figure 8-6 
shows that minute ventilation and breathing frequency increase 
dramatically with rapid immersion in cold water. These responses 
are blunted by more than 50% with graded immersion.

respiratory system, heart, and the body’s metabolism (Figure 
8-5).36,175 Rapid skin cooling initiates an immediate gasp response, 
an inability to hold one’s breath, and hyperventilation. The gasp 
response may cause drowning if the head is submersed during 
the initial entry into cold water. The subsequent inability to hold 
one’s breath may further potentiate drowning in high seas. Sub-
sequent hyperventilation will normally diminish within seconds 
to minutes, but it could be increased and exaggerated indeinitely 
as a result of emotional stress and panic. Uncontrolled hyperven-
tilation can cause numbness, muscle weakness, or fainting, which 
may lead to drowning. Any of these respiratory responses can 
lead to pulmonary aspiration of water. Panic may ensue, with 
subsequent drowning (Videos 8-4 and 8-5).

Skin cooling initiates peripheral vasoconstriction as well as 
increased cardiac output, heart rate, and arterial blood pressure. 
Increased workload on the heart may lead to myocardial isch-
emia and arrhythmias, including ventricular ibrillation (VF). 

FIGURE 8-5 Possible cold shock responses. (From Edmonds C, Lowry C, Pennefather J: Cold and hypo-
thermia. In Diving and subaquatic medicine, Oxford, UK, 1992, Butterworth-Heinemann.)
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FIGURE 8-6 Respiratory responses (minute ventilation and respiratory 
rates) to sudden and graded immersion into cold water. Error bars = 
standard deviation. (From Hayward JS, French CD: Hyperventilation 
response to cold water immersion: Reduction by staged entry, Aviat 
Space Environ Med 60:1163, 1989.)
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FIGURE 8-7 Swim failure test of a woman not wearing a personal lota-
tion device (PFD) and a man wearing a PFD swimming in cold (14° C 
[57.2° F]) water. The man experienced dificulty early on as a result of 
gasping and uncontrolled breathing (i.e., cold shock response) and 
likely would have drowned if he was not wearing a PFD. (Courtesy 
Gordon G. Giesbrecht.)

FIGURE 8-8 Group huddle techniques for decreasing the cooling rates 
of survivors in cold water. (Courtesy Gordon G. Giesbrecht.)

respiratory effects are under control, immediate action should be 
taken. If self-rescue is not possible, actions to minimize heat loss 
should be initiated by remaining as still as possible in the heat 
escape lessening position (HELP), in which the arms are pressed 
against the chest while the legs are pressed together, or by hud-
dling with other survivors (Figure 8-8).86 Drawstrings should be 
tightened in clothing to decrease the low of cold water within 
clothing layers (see Videos 8-4 and 8-5).

PHASE 3: ONSET OF HYPOTHERMIA (IMMERSION 
FOR LONGER THAN 30 MINUTES)

Most cold-water deaths likely result from drowning during the 
irst two phases of cold-water immersion, as discussed previ-
ously. In general, true hypothermia usually only becomes a 
signiicant contributor to death if immersion lasts more than 30 
to 60 minutes. A survey indicates that even medical practitioners 
greatly underestimate the time required for a person to become 
hypothermic in cold water.47 In fact, 72% of respondents 
believed that a properly clothed adult would become hypother-
mic after less than 10 minutes in ice water (0° C [32° F]) (Figure 
8-9). An individual who survives the immediate and short-term 
phases of cold-water immersion faces the possible onset of 
hypothermia, because continuous heat loss from the body even-
tually decreases Tco. Many predictive models to determine the 
Tco response to cooling are based on the relationships among 
body composition, thermoregulatory response (i.e., shivering 

PHASE 2: COLD INCAPACITATION  
(5 TO 15 MINUTES)

For persons who survive the cold shock response, signiicant 
cooling of muscle and nerve ibers—especially in the extremities—
continues, with most of the effect occurring during the irst 15 
minutes of immersion. This cooling has a direct deleterious effect 
on neuromuscular activity.186 This effect is especially signiicant 
in the hands, where blood circulation is negligible,34 which leads 
to inger stiffness, poor coordination of gross and ine motor 
activity, loss of power,40,51,133,134,191 and swim failure (Figure 8-7). 
It has been shown that this effect is primarily the result of periph-
eral rather than central cooling.63 The loss of motor control makes 
it dificult, if not impossible, to execute survival procedures, such 
as grasping a rescue line or hoist. The ultimate cause of death 
is drowning, either through the failure to initiate or maintain 
survival performance (i.e., keeping aloat, swimming, or grasping 
onto a life raft) or excessive inhalation of water under turbulent 
conditions.

These phenomena have obvious survival implications. It is 
best to avoid cold-water exposure completely. If cold-water 
immersion occurs, it is best quickly to determine and execute a 
plan of action: (1) try to enter the water without submersing the 
head; (2) escape (i.e., pull oneself out of the water, inlate, and 
board a life raft); (3) minimize exposure (i.e., get as much of 
one’s body as possible out of the water and onto a loating 
object); (4) ensure lotation if one must remain in the water (i.e., 
don or inlate a PFD); and (5) call for assistance (i.e., activate 
signaling devices). It may be dificult to execute these actions 
when cold shock responses predominate. However, after 
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thermogenesis), clothing and insulation, water temperature, and 
sea conditions90,163,197,202,207 (see Cold-Water Survival, later).

Even in ice water, a victim may not drown when he or she 
becomes unconscious as a result of hypothermia (≈30° C [86° F]) 
if a PFD is worn or if some other factor prevents the need for 
vigorous exercise to prevent drowning. If the head is kept 
above water, the victim could still survive for another hour or 
more before the heart stops, as long as the sea is relatively calm 
and waves do not wash over the mouth. It is important for 
members of the public to be educated about the fact that they 
are not necessarily going to die if they are suddenly immersed 
in cold water (Box 8-2).

The relative contributions of the irst three phases to death in 
cold water of varying temperatures are estimated schematically 
in Figure 8-10. In colder water, if no lotation is worn (A), death 
occurs as a result of cold shock or cold incapacitation. Only if 
lotation is worn (B) will a victim survive long enough to die as 
a result of hypothermia (Box 8-3).

PHASE 4: CIRCUM-RESCUE COLLAPSE

Anecdotal cases of fatalities among immersion hypothermia 
victims have been noted during the immediate pre- and post- 

FIGURE 8-9 Estimates of 661 respondents regarding how long it 
would take to become hypothermic (yellow bars) and to die of hypo-
thermia (purple bars) in ice water when wearing winter clothing. (From 
Giesbrecht G, Pretorius T: Survey of public knowledge and responses 
to educational slogans regarding cold water immersion, Wilderness 
Med Newslett 19:261, 2008.)
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*Times are subject to individual variability and factors such as body size, water 
temperature, and amount of the body immersed.

BOX 8-2 The 1-10-1 Principle

If you fall into ice-cold water, remember that you have  
1 minute—10 minutes—1 hour.*
• You have 1 minute to get your breathing under control, so 

don’t panic.
• You have 10 minutes of meaningful movement to get out of 

the water or to attain a stable situation.
• You have up to 1 hour until you become unconscious from 

hypothermia if you don’t panic or struggle unnecessarily. If you 
are wearing a personal lotation device, you may have another 
hour until your heart stops beating as a result of hypothermia.

FIGURE 8-10 Estimation of the relative contributions of cold shock, 
cold incapacitation, and hypothermia to death in water at different 
temperatures. A, Estimation if no lotation is available. B, Estimation if 
lotation is available. 
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BOX 8-3 Controversy Box: Time to Hypothermia

Most people greatly underestimate the amount of time required to 
become hypothermic in very cold water. This is important, because 
if a victim thinks that hypothermia will set in very quickly, panic is 
more likely. A proper understanding of the fact that cold shock is 
initially the greatest threat will help the victim to focus more on 
controlling the gasp relex and to get control of his or her breathing.

rescue periods, despite the survivor being recovered in an appar-
ently stable and conscious condition. The hypothermic victim 
may experience symptoms that range from fainting to cardiac 
arrest. These events are often referred to as cases of “rewarming 
shock” or “post-rescue collapse.” Golden and colleagues73 noted 
that deaths can occur either shortly before rescue, during rescue, 
or after rescue, and they have used the term circum-rescue col-
lapse to describe these events. Deaths have occurred within 
minutes before rescue, while climbing out of the water, while 
being hoisted onto a helicopter, within a few minutes of entering 
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may also cause sudden collapse. Pulling a victim out of the water 
in a vertical position removes hydrostatic squeeze around the 
lower limbs and may cause blood pooling in these extremities, 
with subsequent decreased blood pressure. Extra cardiac work 
or rough handling may induce relex cardiac arrest of the  
cold heart.

Afterdrop is a well-known phenomenon that occurs after the 
removal of a victim from cold-water immersion. Tco continues to 
decline (i.e., afterdrop) in both animate and inanimate objects, 
even after cold-water immersion has ended.2,13,20,57,75,141,147,194 After-
drop of as much as 5° to 6° C (9° to 10.8° F) has been observed 
in humans6,43,161 (Figure 8-12). This afterdrop has long been 

a warm compartment of a rescue vessel, 20 to 90 minutes after 
rescue, in a hospital after transport, and during the 24-hour 
period after rescue.71,73,100,116

Three causes of circum-rescue collapse have been proposed: 
(1) afterdrop, which is a continued drop in Tco after recovery; 
(2) collapse of arterial pressure (Figure 8-11); and (3) factors 
that potentiate the risk of VF (e.g., hypoxia, acidosis, rapid 
changes in pH). These causes are discussed further later in this 
chapter.

When rescue is imminent, mental relaxation and the decreased 
output of stress hormones may result in a drop in blood pressure, 
which may cause fainting and drowning. The act of rescue itself 

FIGURE 8-11 Heart rate and blood pressure responses during the vertical removal of a test volunteer from 
cold water. (From Golden FS, Hervey GR, Tipton MJ: Circum-rescue collapse: collapse, sometimes fatal, 
associated with rescue of immersion victims, J R Navy Med Serv 77:139, 1991.)

200 72 102

160

Heart rate (min–1)

Time (s)

(FALL IN CVPα 12 mm Hg)

Lift Re-immersion

120

80

40

0

B
P

 (
m

m
 H

g
)

20

0

20

C
V

P
 (

m
m

 H
g
)

FIGURE 8-12 Core temperature response of a nonshivering volunteer (whose response was inhibited with 
meperidine [in ive aliquots during injection period]) during spontaneous warming (red), inhalation warming 
(blue), and forced-air warming (green). Warming took place in a chamber at −20° C (−4° F). Only forced-air 
warming reversed the afterdrop. Temperature remained low for several hours, even with inhalation warming. 
(From Giesbrecht G, Wilkerson J: Hypothermia, frostbite and other cold injuries, ed 2, Seattle, Wash, 2006, 
The Mountaineers Books.)

37.5

37

36.5

36

35.5

35

200150100500

Time from cold water exit (min)

Baseline Exit

Injection
period

Transfer

Immersion Chamber rewarming

T
e
m

p
e
ra

tu
re

 (
°
 C

)



172

C
O

L
D

 A
N

D
 H

E
A

T
P

A
R

T
 2

of blood to the extremities (especially the lower extremities) may 
cause collapse as a result of decreased blood pressure and car-
diovascular instability, sudden return of metabolic byproducts to 
the irritable heart, or continued decrease in temperature (after-
drop) of an irritable heart. The Tco will continue to drop, and the 
heart will react with profound tachycardia or ibrillation. Up to 
20% of persons who are recovered alive die as a result of circum-
rescue complications, either before or during rescue, or within 
hours after rescue.

FACTORS THAT AFFECT COOLING OF 
THE BODY’S CORE
Normal body core temperature luctuates around 37° C (98.6° F). 
The clinical deinition of hypothermia is a Tco of 35° C (95° F) or 
lower; however, any exposure to cold that lowers the Tco to less 
than a normal level results in the body becoming hypothermic. 
Although various temperatures and terms have been used to 
classify different levels of hypothermia, the following classiica-
tions are used here (Figure 8-13). With mild hypothermia 
(Tco = 32° to 35° C [89.6° to 95° F]), thermoregulatory mechanisms 
continue to operate fully, but ataxia, dysarthria, apathy, and even 
amnesia are likely. With moderate hypothermia (Tco = 28° to 32° C 
[82.4° to 89.6° F]), effectiveness of the thermoregulatory system 
(i.e., shivering thermogenesis) diminishes until it fails; there is a 
continued decrease in the level of consciousness, and cardiac 
dysrhythmias may occur. With severe hypothermia (Tco <28° C 
[82.4° F]) consciousness is lost, shivering is absent, acid-base 
disturbances develop, and the heart is susceptible to VF or asys-
tole. Death from hypothermia is generally a result of cardiore-
spiratory failure.

If a victim of cold-water immersion can avoid drowning 
during the initial few minutes after water entry, the prevention 
of hypothermia becomes an important problem. Survival time 
in cold water, which is based on the pathophysiologic effects 
of decreasing Tco, is not a precise calculation. Large individual 
variations among survivors with regard to body morphology 
and state of health and itness, in combination with many exog-
enous variables that affect cooling rate (e.g., clothing, water 

proposed to be the major cause of post-rescue death, because 
further cooling of the heart might result in a temperature at which 
VF or cardiac arrest could occur.13

Golden and colleagues73 discount the importance of this phe-
nomenon and propose the collapse of arterial pressure as the 
cause of death during rescue. They correctly note that afterdrop 
occurring in victims who were hypothermic yet warm enough to 
climb on board a ship without assistance would be unlikely to 
cause enough myocardial cooling to result in cardiac arrest or 
VF. They also propose that removal from cold water results in a 
precipitous fall in blood pressure, inadequate coronary blood 
low, and myocardial ischemia, which may precipitate VF. This 
mechanism is likely the main factor in both pre-rescue collapse 
and collapse that occurs during rescue. A fall in blood pressure 
before removal from the water may be the result of reduced 
sympathetic tone or catecholamine secretion when rescue is 
imminent. Hypotension during and shortly after rescue may be 
caused by a sudden decrease in hydrostatic pressure on the 
body (i.e., removal of the hydrostatic squeeze of water pressure 
that exists during immersion), hypovolemia, or impaired barore-
ceptor relexes. However, this mechanism cannot fully account 
for all the other deaths that occur 20 minutes to 24 hours after 
rescue.

The importance of continued myocardial cooling cannot  
be discounted. Fibrillation of a cold heart can be initiated by 
mechanical stimuli, hypoxia, acidosis,131 and rapid changes in 
pH.101 In dogs, myocardial cooling from 30° to 22° C (86° to 
71.6° F) caused a ivefold decrease in the electrical threshold for 
VF.25 Also, an increase in the rate of myocardial cooling may 
likely stimulate ibrillation. On the basis of the large afterdrop 
values described previously, it is plausible that continued Tco 
cooling in signiicantly hypothermic patients could result in VF, 
caused primarily by spontaneous ibrillation of the cold myocar-
dium or secondary to a cold-induced increase in sensitivity to 
other ibrillation stimuli.

Death may occur within minutes to hours after rescue. A 
rescued victim may be severely compromised with cold alkaline 
or acidic blood returning from the extremities, a heart that is 
extremely prone to failure, a decrease in or a loss of conscious-
ness, or low blood volume (hypovolemia). Sudden redistribution 

FIGURE 8-13 Classiication of levels of hypothermia on the basis of core temperature and clinical 
presentation. 
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temperature, sea state, lotation, behavior), preclude exact pre-
dictions of survival time. However, suficient experimental data 
and case history indings exist to allow for generalizations. At a 
Tco of 34° C (93.2° F), there is a signiicant deleterious effect on 
manual dexterity and “useful function” in cold water.24,132 If a 
survivor is trying to combat rough seas, this level of dysfunc-
tion may potentiate drowning. At a Tco of 30° C (86° F), uncon-
sciousness is probable. Even if a survivor is wearing a 
self-righting PFD that has been designed to maintain airway 
freeboard in an unconscious person, drowning is probable at 
this Tco in any sea state where water can enter the unconscious 
survivor’s mouth and nose. In one study on survivors wearing 
a type I PFD in a wave tank, even 15-cm (6-inch) waves were 
capable of covering a person’s nose and mouth in the absence 
of evasive action to maintain airway freeboard, something an 
unconscious survivor would be unable to do. At a Tco of less 
than 25° C (77° F), VF or asystole often occur spontaneously.29 
Of these three core temperatures, 30° C (86° F) is the most prac-
tical for deining the limits of survival in cold water (see Sur-
vival Modeling, p. 185).18,29,158,159,163

The rate of body Tco cooling during cold-water immersion 
depends on the following variables: water temperature and sea 
state; thermal protection; body morphology; amount and surface 
area of the body immersed in water; behavior (e.g., excessive 
movement) and posture (e.g., HELP, huddle) of the body in the 
water; shivering thermogenesis; and other, nonthermal factors.

WATER TEMPERATURE AND SEA STATE

Water temperature and sea state are critically important to the 
intensity of the cold shock response, the onset of physical and 
mental impairment, and the rate of Tco cooling. Figure 8-14 
graphically illustrates the inverse linear relationship between 
water temperature and Tco cooling rate.82 Water conducts heat 
away from the body approximately 25 times as fast as does air 
at the same temperature.125

THERMAL PROTECTION

Many studies over the past few decades have evaluated the 
relationships of different types of protective clothing with heat 
loss and cooling rates.* Almost all these have been conducted in 
calm water or in laboratory settings. As illustrated by the cooling 
rate data in Tables 8-2 and 8-3, such studies have generally 
shown that, in calm water, intact “dry” and insulated garments 
provide better protection than do “wet” insulated garments, and 
that well-insulated garments provide signiicantly better protec-
tion than do poorly insulated garments. Figure 8-15 shows 
various types of cold-water protective garments.

Although calm-water studies have value in that they compare 
the relative degree of protection afforded by different types of 
protective clothing, many immersion accidents occur in rough 
water.143,168,169 In this environment, a survivor’s cooling rate may 
be affected by swimming to maintain airway freeboard, passive 
body movements caused by waves, lushing of cold water 
through “wet” suits, and leakage of cold water into “dry” suits. 
For example, individuals in a wave tank demonstrate higher 
energy expenditure and faster cooling rates than do those in 
calm water.81 Several experimental studies have demonstrated 
signiicantly faster cooling rates for human volunteers wearing 
“wet” protective garments in rough or turbulent water142,158,203 
than for persons in calm water. Even “dry” suits have shown 
degradation of protection in rough water. In a study of dry 
immersion suits in 16° C (60.8° F) water, Ducharme and Brooks31 
found that wave heights of up to 70 cm (28 inches) resulted in 
a 14% decrease in total suit insulation and an average 45% 
decrease in thermal resistance at the head and trunk regions of 
the suits.

FIGURE 8-14 Relationship between water temperature and mean 
rectal temperature cooling rate in lightly clothed, nonexercising males 
and females during immersion in seawater. Error bars = standard devia-
tion. (From Hayward JS: The physiology of immersion hypothermia. In 
Pozos RS, Wittmers LE, editors: The nature and treatment of hypother-
mia, Minneapolis, 1983, University of Minnesota Press.)
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TABLE 8-2 Mean Linear Cooling Rates for Lean Men 
Dressed in Various Types of Garments in Calm Water 
at 10° C (50° F)

Type of Protective Clothing
Cooling Rate Given as 
°C/hr ±SD (°F/hr ±SD)

Control (equivalent to ordinary street 
clothes)

3.2 ±1.1 (5.8 ±2.0)

“Wet” Design
Thermal loat coat (loose-itted, 

5.4-mm [0.21-inch] closed-cell 
foam-insulated jacket)

1.6 ±0.6 (2.9 ±1.1)

Short wet suit (custom-itted, 3.2-mm 
[0.13-inch] closed-cell foam that 
covers the arms, the trunk, and the 
upper thighs)

1.2 ±0.4 (2.2 ±0.7)

Insulated coveralls (loose-itted, 
3.2-mm [0.13-inch] closed-cell foam 
that covers the extremities and the 
trunk)

1 ±0.4 (1.8 ±0.7)

Full wet suit (custom-itted, 4.8-mm 
[0.19-inch] closed-cell foam that 
covers the extremities and the trunk)

0.7 ±0.3 (1.3 ±0.5)

“Dry” Design
Immersion suit (loose-itted, 4.8-mm 

[0.19-inch] closed-cell foam with 
sealed openings)

0.5 ±0.3 (0.9 ±0.5)

From Steinman AM, Hayward JS, Nemiroff MJ, et al: Immersion hypothermia: 
Comparative protection of anti-exposure garments in calm versus rough seas, 
Aviat Space Environ Med 58:550, 1987.
SD, Standard deviation.

*References 5, 35, 83, 89, 98, 99, 109, 132, 150, 158, 159, 166, 170, 172, 
173, 175, 198, 203.
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From Hayward JS: Design concepts of survival suits for cold-water immersion and their thermal protection performance. In 17th symposium of the SAFE (Survival and 
Flight Equipment) Association. Van Nuys, Calif. 1979.

TABLE 8-3 Comparison of Mean Cooling Rates for Thin Men (Mean Body Fat = 9.1%) Wearing Various Types of 
Protective Clothing in Calm Water at 11.8° C (53° F)

Clothing Type
Mean Cooling Rate 
Given as °C/hr (°F/hr)

Ratios as Compared  
with Control

Direct Inverse

Dry, closed-cell foam insulation (4.8-mm [0.19-inch] thick) 0.31 (0.56) 0.14 7.35
Wet, closed-cell foam insulation (4.8-mm [0.19-inch] thick) 0.54 (0.97) 0.23 4.26
Dry and uninsulated (watertight shell over lightweight clothing) 1.07 (1.93) 0.47 2.15
Control (lightweight clothing alone) 2.3 (4.14) 1 1

FIGURE 8-15 Antiexposure garments. A, Float coat. B, Aviation coveralls with personal lotation device. 
C, Boat-crew coveralls or snowmobile suit. D, Short wet suit worn as an undergarment. E, Full wet suit with 
personal lotation device. F, Insulated dry suit. G, Immersion suit. The garments in A, B, and C are loose-
itting, closed-cell, foam-insulated wet suits. The garments in D and E are tight-itting, closed-cell, foam-
insulated wet suits. The garments in F and G are closed-cell, foam-insulated dry suits. 

E F G

A B DC

Figure 8-16 shows a comparison of cooling rates for lean 
males dressed in the various types of protective clothing shown 
in Figure 8-15 in both calm and rough waters at approximately 
10° C (50° F).158 The most dramatic differences occurred in the 
loose-itted “wet” protective clothing (e.g., loat coat, insulated 
coveralls), where cooling rates almost doubled in rough seas 
compared with those seen in calm seas. This was primarily 

caused by the lushing of cold water through the garments. 
However, even the tight-itted full “wet” suit allowed for a 30% 
faster cooling rate in rough water than that seen in calm water. 
The “dry” suit, which did not leak, showed no signiicant differ-
ence between calm and rough seas.

Estimated survival times in rough seas, on the basis of experi-
mental data, were published for thin males wearing different 
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to cardiac arrest” must be considered conservative for a broader 
spectrum of adults.

A recent video production called Cold Water Boot Camp 
(Video 8-6) tested various lotation ensembles, including closed-
cell and inlatable PFDs, heavy dry suits, and lighter extended-
wear (paddling) dry suits. Figure 8-18 schematically shows that 
Tco and survival time decrease as the amount of thermoprotection 
and lotation decreases (Box 8-4).

types of protective clothing in 6° C (42.8° F) water.159 Table 8-4 
shows these times for three different levels of survival. Underly-
ing these estimations are the following assumptions:
1. Cooling rates are linear.89,158,159,163

2. Initial Tco is 37.5° C (99.5° F).
3. Survivors are able to maintain airway freeboard until uncon-

sciousness occurs at a rectal temperature of 30° C (86° F).
4. Self-righting lotation maintains airway freeboard when survi-

vors are unconscious.
When comparing these estimated survival times with those of 

Figure 8-17 (i.e., calm-water survival times), the reader must 
recall that Figure 8-17 concerns only survival to a Tco of 30° C 
(86° F). Furthermore, the zone in the graph must be adjusted 
downward for rough seas and for survivors wearing only light-
weight clothing, and it should be adjusted upward for survivors 
wearing insulated clothing. For 6° C (42.8° F) water, the survival 
times (to a Tco of 30° C [86° F]) correlate well between Figure 8-17 
and Table 8-4. We must emphasize that the estimates in Table 
8-4 pertain to lean individuals with a mean body fat level of only 
11.1%. Because many populations of adults (e.g., offshore oil 
workers) in the 30- to 50-year-old range average 25% to 30% 
body fat, the estimates of “time to unconsciousness” and “time 

FIGURE 8-16 A comparison of mean rectal temperature cooling rates 
in lean male subjects in calm versus rough seas at 10.7° C (51.3° F). The 
light suit, when used as a control garment, is equivalent to lightweight 
clothing. (From Steinman AM, Hayward JS, Nemiroff MJ, et al: Immer-
sion hypothermia: Comparative protection of anti-exposure garments 
in calm vs rough seas, Aviat Space Environ Med 58:550, 1987.)
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TABLE 8-4 Estimated Survival Times for Lean Persons (Mean Body Fat = 11.1%) Wearing Various Types of Protective 
Clothing in Rough Seas

Clothing Type
Time to Incapacity (hr) 
(T = 34° C [93.2° F])

Estimated Survival Time (hr) (95% CI)

Time to Unconsciousness 
(hr) (T = 30° C [86° F])

Time to Cardiac Arrest 
(hr) (T = 25° C [77° F])

Control (lightweight clothing) 0.4-1.3 0.8-2.6 1.3-4.3
Torn, non–foam-insulated, dry coveralls (50.8 mm 

[2-inch] tear in left shoulder)
0.9-2.7 1.6-5.2 2.5-8.4

Closed-cell foam-insulated, wet coveralls (3.2-mm 
[0.13-inch]–thick insulation in loose-itted coveralls)

1-2.9 1.9-6 3-9.9

Closed-cell foam-insulated, custom-itted wet suit 
(4.8-mm [0.19-inch]–thick insulation; tight-itted)

1.6-4.7 3.1-9.9 4.9-16.2

Intact, non-foam–insulated, dry coveralls (watertight 
shell over thick, iberill, insulated underwear)

2.9-8.8 5.7-18.2 9.1-30

From Steinman AM, Kubilis P: Survival at sea, report no CG-D-26-86, US Coast Guard. 1986, National Technical Information Service.
CI, Conidence interval; T, temperature.

FIGURE 8-17 Predicted calm-water survival time (deined as the time 
required to cool to 30° C [86° F]) in lightly clothed, nonexercising 
persons in cold water. The graph shows a line for the average expec-
tancy and a broad zone that indicates the large amount of individual 
variability associated with different body sizes, builds, fatness levels, 
physical itness levels, and states of health. The zone would include 
approximately 95% of the variations expected for adults and teenagers 
under the conditions speciied. The zone would be shifted downward 
by physical activity (e.g., swimming) and upward slightly for heavy 
clothing or protective behaviors (e.g., huddling with other survivors, 
adopting a fetal position in the water). Specialized insulated protective 
clothing (e.g., a survival suit or wet suit) is capable of increasing survival 
time from 2 to 10 times (or more) the basic duration shown here. For 
the zone in which death from hypothermia is highly improbable, cold 
shock on initial immersion can potentiate death from drowning, par-
ticularly for those who are not wearing lotation devices. (From the U.S. 
Coast Guard: Addendum to the National Search and Rescue (SAR) 
Manual, COMDTINST M16120.5 and M16120.6, 1995.)
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FIGURE 8-18 Schematic estimation of core temperature and survival 
times with varying lotation devices and thermal protective clothing. 
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BOX 8-4 Controversy Box: Flotation Clothing Impedes 
Escape from Submersed Vehicles

In many winter road jurisdictions, workers are mandated to wear 
thermoprotective lotation jackets or overalls. Some workers resist 
wearing this clothing because of fears that clothing buoyancy may 
impede exit by forcing the occupant upward against the roof of 
the vehicle, and that increased bulk may impede passage through 
a window or hatch. Flotation jackets or overalls do not pose an 
exit threat and should be considered safe for ice road use. 
Inlatable PFDs have been considered as an option, but because 
they may be inlated prematurely before exit, PFDs might impede 
exit and are not recommended for vehicle use in any situation.59

BODY MORPHOLOGY (SIZE AND COMPOSITION)

Children cool faster than adults because children have a greater 
surface area–to–mass ratio. The rate of heat loss is generally 
proportional to surface area, whereas the amount of heat that 
can be lost is proportional to mass. Thus, a large surface area–
to–mass ratio favors cooling. Similarly, smaller adults generally 
cool faster than larger adults, and tall, lanky individuals cool 
faster than short, stout individuals. Body composition is also 
important. Subcutaneous fat is a very eficient insulator against 
heat loss, and cooling rate is inversely related to skinfold thick-
ness. For example, persons in the 10th percentile for skinfold 
thickness and mass wearing light clothing in 5° C (41° F) water 
have nine times the core cooling rate of those in the 90th per-
centile for skinfold thickness and mass.132 Figure 8-19 shows the 
linear relationship between change in Tco and mean skinfold 
thickness.101 Shivering, which is a primary defense against Tco 
cooling, also varies with skinfold thickness. At a given skin tem-
perature, the shivering response is less in persons with greater 
amounts of subcutaneous fat.108 In moderately cold water tem-
peratures (18° to 26° C [64.4° to 78.8° F]), Tco cooling has been 
shown to proceed at the same rate in high- and low-fat individu-
als because of greater shivering thermogenesis in the low-fat 
group. However, at colder water temperatures (8° C [46.4° F]), Tco 
cooling is attenuated by greater amounts of subcutaneous fat and 
body mass as a result of increased insulation.53

In general, for a survivor who is immersed in cold water, the 
Tco cooling rate is fairly linear after Tco begins to decline. This 
has been shown to be true for mildly hypothermic experimental 
participants. The only data that exist for severely hypothermic 
humans are those from the infamous Dachau concentration camp 
atrocities, in which conscious victims were inhumanely cooled 
to death in ice water.2 Because these unfortunate victims were 
emaciated and ill, these data do not apply to healthy, cold-water 
immersion volunteers and should be considered atrocious.

FIGURE 8-19 Relationship between subcutaneous fat thickness in 10 
men and the decline in rectal temperature during 30-minute immer-
sions in stirred water at 15° C (59° F). Skinfold thickness is given as a 
mean of readings at the biceps, the abdomen, and subscapular and 
subcostal sites. Tre, Rectal temperature. (From Keatinge WR: Survival 
in cold water, ed 2, Oxford, 1969, Blackwell Scientiic Publications.)
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The advantage of body fat as an insulator against cold is 
discussed earlier. With the use of an extrapolation of a linear 
cooling rate to 30° C (86° F), Figure 8-17 shows predicted calm-
water survival times of lightly clothed, nonexercising individuals 
in cold water. The graph shows a line for the average survival 
expectancy. A broad zone indicates the large amount of indi-
vidual variability associated with different body sizes, builds, and 
degrees of fatness. The zone would include approximately 95% 
of the variation expected for adults and teenagers under the 
conditions speciied. For the zone in which death from hypo-
thermia is highly improbable, cold water still potentiates death 
from drowning as a result of cold shock (as discussed previously) 
during the irst few minutes of immersion, especially for those 
who are not wearing PFDs. Again, importantly, Figure 8-17 dis-
cusses only calm-water survival times. Because rough-water con-
ditions decrease survival times, as discussed later, Figure 8-17 
may be useful for estimating maximum survival times for an 
individual who is immersed in cold water. Search and rescue 
organizations might ind such a maximum survival time helpful, 
because they often use the longest possible survival time to 
decide when to terminate a search effort.

AMOUNT OF BODY IMMERSED

Because of the difference in thermal conductivity between air 
and water (as discussed previously), heat loss from body surfaces 
immersed in cold water is much greater than from body surfaces 
exposed to cold air, even considering the effect of windchill. 
Thus, immersed victims should attempt to get as much of their 
bodies out of the water as possible (Figure 8-20) (see Cold-Water 
Survival, later).

HEAD IMMERSION

Exposure of the dorsal head to cold water may increase a survi-
vor’s rate of cooling and adversely affect mental performance. 
Survival may depend on the ability to conduct multiple tasks to 
avoid drowning and hypothermia. The ability to carry out these 
tasks involves both physical components, which are affected by 
local muscle and nerve temperature,63 and mental components, 
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which are affected by brain temperature;50 both may be adversely 
affected by hypothermia.

Head immersion has traditionally been of concern in survival 
situations.69 In the absence of water in the airways, heat is lost 
through the head either through convection (heat loss from the 
blood that perfuses the scalp) or conduction (direct heat loss 
through bone and soft tissue).206 One hypothesis predicts sub-
stantial heat loss through the head because of abundant scalp 
vascularity and because the scalp vasculature does not vasocon-
strict in response to cold as do supericial blood vessels in other 
body areas.45 Alternatively, heat loss from the back of the head 
might be minimal, because dorsal head and neck immersion 
would only involve an additional 3% to 5% of the body surface 
area.107 In addition, conductive heat loss directly through the 
scalp and skull is likely to be minimal.206

A few studies have addressed the head cooling of animals in 
water22 or of humans in cold air,45,139 but only one human study 
has included cold-water exposure of the head. Alexander2 
reported the data regarding head cooling from studies carried 
out on prisoners of war in Dachau during World War II. These 
studies were horriic, reprehensible, and grossly unethical, and 
the results are considered invalid and unusable because of the 
emaciated condition of the prisoners as well as questions regard-
ing the protocol and accuracy of the results.

Few experimental data are available to evaluate the effects of 
mild hypothermia on mental performance. A few medical studies 
have evaluated the impairment of memory among divers during 
cold-water dives.9,190,193 Two other studies involved cognitive 
testing during hypothermia without direct head cooling.19,50

Lockhart and colleagues111 evaluated the effects of dorsal 
head and neck immersion among human volunteers immersed 
in 10° C (50° F) water on Tco cooling rates and mental perfor-
mance. Dorsal head and neck immersion (with the body insu-
lated) resulted in a cooling rate of 0.4° ±0.2° C/hr (0.7° ±0.4° F/
hr). Body immersion with the head, neck, and upper thorax out 
of the water resulted in a cooling rate of 1.5° ±0.7° C/hr (2.7° 
±1.3° F/hr). Immersion of both the whole body and the dorsal 
head and neck nearly doubled the cooling rate to 2.8° ±1.6° C/
hr (5.0° ±2.9° F/hr) (p <0.0002). In addition, there were signii-
cant correlations between diminished cognitive performance and 
decreasing Tco. The time required to complete correctly the 
Stroop Color-Word Test increased as Tco decreased (p <0.001). 
The number of correct responses decreased with Tco for digit 
symbol coding (p <0.02), backward digit span (p <0.05), and 
paced auditory serial addition testing (p <0.05). Figures 8-21 to 
8-30 demonstrates the effects of different PFDs on the position 
of the head in water.

Giesbrecht and co-workers46 repeated the head-cooling study 
with participants immersed in 12° C (53.6° F) water whose shiver-
ing thermogenesis had been inhibited with intravenous me-
peridine to model severe hypothermia.67 When the body was 

FIGURE 8-20 Nick Schuyler sitting atop an overturned boat, awaiting 
rescue. He survived for 43 hours in 18° C (64° F) water, whereas his 
three companions perished after 13 to 25 hours. His position on top 
of the boat decreased his heat loss, and his bright-colored jacket and 
keyhole personal lotation device resulted in him being seen by U.S. 
Coast Guard personnel. (Courtesy U.S. Coast Guard.)

FIGURE 8-21 Effectiveness of various types of personal lotation 
devices for keeping the head and the upper chest out of the water. 
Top left, Type I jacket; top right, type 3 jacket; bottom left, typical 
keyhole inlatable jacket; bottom right, waist-mounted inlatable 
device. (Courtesy Gordon G. Giesbrecht.)

FIGURE 8-22 Lead investigator testing head cooling during a submer-
sion study to assess the relative contributions of the head and body 
to core-temperature decline in cold water. 

insulated, there was no Tco cooling with the head out of the 
water, and immersing the dorsum of the head had no further 
effect. However, when the body was not insulated but instead 
exposed to the cold water, Tco decreased at 3.6° C/hr (6.5° F/hr). 
In this condition, also immersing the dorsum of the head signii-
cantly increased the rate of Tco cooling to 5.0° C/hr (9° F/hr) 
(Figure 8-31).

These results did not conirm the supposition of proportion-
ately greater heat loss from the head. The measured heat loss 
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FIGURE 8-23 Lead investigator assessing participant in dorsal head 
and body immersion study in cold water. 

FIGURE 8-24 Participant testing prototype inlatable personal lota-
tion device in a study to assess the relative contributions of the dorsal 
head and the body to core-temperature decline and cognitive function 
in cold-water immersion. 

FIGURE 8-25 Cognitive function testing in a participant wearing a 
prototype inlatable personal lotation device in a study to assess the 
relative contributions of the dorsal head and the body to core-
temperature decline and cognitive function in cold-water immersion. 

FIGURE 8-26 Dorsal head–only immersion in a study to assess the 
relative contributions of the dorsal head and the body to core-
temperature decline and cognitive function in cold-water immersion. 
The participant is wearing a full-body dry suit so that only his dorsal 
head is exposed to the cold water. Core temperature from the esopha-
geal site, skin temperatures, oxygen consumption, and carbon dioxide 
production are being measured. 

FIGURE 8-27 Participant adopting the heat escape lessening position 
(HELP) while wearing a prototype inlatable personal lotation device 
in a study to assess the relative contributions of the dorsal head and 
the body to core-temperature decline and cognitive function in cold-
water immersion. 
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FIGURE 8-28 Investigator testing the lotation posture of a prototype 
inlatable personal lotation device in an “unconscious” survivor. 

FIGURE 8-29 Participant emerging from cooling tank after a dorsal 
head, full-body immersion in a study to assess the relative contribu-
tions of the dorsal head and the body to core-temperature decline in 
cold water. Note the peripheral vasodilation. Participant’s core tem-
perature was 34° C (93.2° F). 

FIGURE 8-30 Participant rewarming in a circulating warm-water bath 
in a study to assess the relative contributions of the dorsal head and 
the body to core-temperature decline and cognitive function in cold-
water immersion. 

FIGURE 8-31 Core-temperature response to immersion in 12° C 
(54° F) water with the head out or the dorsum immersed in body-
insulated and body-exposed conditions; shivering was inhibited with 
meperidine to mimic a severely hypothermic, nonshivering victim. Error 
bars = standard deviation. (From Giesbrecht G, Lockhart T, Bristow G, 
et al: Thermal effects of dorsal head immersion in cold water on non-
shivering humans, J Appl Physiol 99:1958, 2005.)
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from the head in both head-immersed conditions was only about 
60 kilojoules (kJ) compared with 18 kJ to 33 kJ in the two  
head-out conditions. By contrast, total body heat loss in the 
body-exposed conigurations was about 1100 kJ and 1260 kJ, 
respectively, for head-out and back-of-the-head-in conditions. 
Thus, the head accounted for only about 3% and 5% of the total 
body heat loss, respectively, in the body-exposed conditions. The 
majority of the difference in heat loss in the body-immersed 
conditions came from immersion of the anterior thorax rather 
than from the dorsal head and neck. Nevertheless, it is important 
to recognize that, although no signiicant increase occurred in 
heat loss through the head, there was a disproportionate increase 
in Tco cooling. The mechanisms for this disparity have not yet 

been determined, but the implications are clear for manufacturers 
and survivors. During long-term cold-water immersion, it is 
advantageous to keep the head out of the water. If this is not 
possible (i.e., most survival suits place the victim in a supine 
position), the survival ensemble should include a hood with as 
much insulation as practical (Box 8-5).
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vigorous extremity movements that are necessary to maintain 
airway freeboard in rough seas).

Hayward and colleagues86 demonstrated that minimizing both 
voluntary activity and exposure of major heat loss areas of the 
skin to cold water are the most effective ways to minimize a 
decline in Tco. They showed that treading water and drownproof-
ing signiicantly increased the cooling rate. Despite increased 
metabolic heat production during exercise, the increased surface 
heat loss resulted in faster Tco cooling during exercise in cold 
water. They also developed two well-known cold-water survival 
techniques: HELP and the group huddle (see Figure 8-8). These 
adaptive behaviors reduce Tco cooling by 69% and 66% of that 
of control conditions, respectively.82 When the sea is not calm, 
it may be dificult to perform the group huddle with complete 
thermal eficiency. However, other advantages of this position 
include the maintenance of group contact and morale. Sagawa 
and colleagues145 concluded that the lowest water temperature 
in which humans could maintain normal Tco by generating body 
heat through muscular activity is 25° C (77° F), although there 
may be individual variations.

EXERCISE

Normally, the advice is not to exercise while awaiting rescue in 
cold water. Although metabolic heat production will increase, 
exercise increases blood low to muscles and causes increased 
heat loss to the water, with a net result of increased Tco cooling. 
Færevik and colleagues39 studied participants wearing neoprene 
survival dry suits in a wave tank with water temperature of 0° C 
(32° F) and air temperature of −5° C (23° F). When they remained 
still, Tco dropped more during 3 hours of immersion than it did 
during 6 hours of immersion during which they performed leg 
exercises for 5 minutes every 20 minutes (Figure 8-33). Thus, if 
enough insulation is worn, the heat of exercise can be contained 
within the insulation, which attenuates the drop in Tco.

SHIVERING

Shivering is a thermoregulatory function during which involun-
tary muscle contraction increases heat production in an effort to 

BOX 8-5 Controversy Box: You Lose Most of Your 
Heat Through Your Head

This common belief has caused many incorrect and even 
dangerous actions, such as going to extreme lengths to retrieve 
hats or to removing clothing when immersed to place it on the 
head for thermal protection. In a cold-water immersion scenario, 
90% to 95% of heat loss occurs through the cold-exposed body.  
It has been demonstrated that, under similar thermal stresses, 
relative heat loss from the head (per unit of surface area) is not 
that much higher than that from other areas of the body. However, 
under certain conditions, increased heat loss from the head can 
cause a disproportionate decrease in body core temperature. 
Thus, head contact with cold water should be minimized whenever 
possible by changes in posture and maximum practical insulation.

BEHAVIOR AND POSTURE OF THE BODY  
IN COLD WATER

Behavioral variables also affect Tco cooling rate. Hayward and 
colleagues85 used infrared thermography to demonstrate that, 
despite marked peripheral vasoconstriction, heat losses are high 
in the groin, the lateral and central thorax, and the neck. In the 
groin and neck, which are regions with relatively thin layers of 
peripheral soft tissue, blood low through the large and relatively 
supericial femoral vessels, carotid arteries, and jugular veins 
potentiates heat low to the cold water. In the lateral and central 
thorax, the relative absence of tissue (muscle and subcutaneous 
fat) insulation in combination with the high thermal conductivity 
of rib bone potentiates heat loss from the relatively warm lungs 
to the cold environment. Furthermore, exercise or excessive 
movement in the water greatly increases heat loss from active 
muscles.

The effect of activity on total heat balance depends on the 
balance among the many factors illustrated in Figure 8-32. In 
normothermic circumstances, heat produced locally in peripheral 
muscles is transferred to the core by venous return. By contrast, 
during cold-water immersion, physical activity may actually 
increase heat loss through increased blood low to the periphery. 
This is especially true when immersed victims engage in exces-
sive movement in the water (e.g., swimming, performing the 

FIGURE 8-32 Factors that inluence total thermal balance during 
increases in metabolic heat production (i.e., voluntary exercise and 
involuntary shivering). 
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FIGURE 8-33 Rectal temperature for six volunteers during immersion 
in 0° C (32° F) water and −5° C (23° F) air. A, No exercise, and B, inter-
mittent leg exercise for 5 minutes every 20 minutes (mean ± standard 
deviation). Asterisk (*) indicates signiicantly higher rectal temperature 
in condition B compared with condition A from 40 to 180 minutes. 
Error bars = standard deviation. (From Faierevik H, Reinertsen RE, 
Giesbrecht GG: Leg exercise and core cooling in an insulated immer-
sion suit under severe environmental conditions, Aviat Space Environ 
Med 81:1, 2010.)
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when Tco ≤30° C [86° F]). The power of shivering is especially 
important during consideration of the clinical classiication of 
hypothermia and rewarming therapies, because this valuable heat 
source is an eficient mechanism for rewarming the core during 
postimmersion recovery and resuscitation (see Rescue [Self-
Initiated or Assisted] and Medical Management, later).

NONTHERMAL FACTORS

Underwater divers often experience “symptomless” or “unde-
tected” hypothermia. Several factors contribute to increased 
cooling. Heat is lost through direct conduction to cold water and 
through the breathing of compressed air. Breathing compressed 
air at depth alters human thermoregulation. Mekjavic and Sund-
berg117 studied the effects of hyperbaric nitrogen at 6 atm;117 these 
researchers also simulated inert gas or “nitrogen” narcosis with 
the inhalation of 30% nitrous oxide.136 They demonstrated a 

prevent or minimize Tco cooling. Shivering intensity increases as 
Tco and skin temperatures decrease. Generally, shivering intensity 
is maximal at a Tco of 32° to 33° C (89.6° to 91.4° F) and a skin 
temperature of approximately 20° C (68° C). However, shivering 
heat production is lower at any given skin temperature among 
individuals with higher levels of subcutaneous fat.108,199

Thermal balance during shivering depends on the same 
factors as it does during voluntary activity (see Figure 8-32). 
Figure 8-34 illustrates how shivering heat production can main-
tain Tco in cold air and how it can arrest the fall in Tco in both 
cool and colder water. In colder water, the combination of shiv-
ering thermogenesis and body insulation (as a result of peripheral 
vasoconstriction) may result in maintenance of a steady-state Tco, 
although below normothermic levels. At even lower water tem-
peratures, Tco will continue to decrease. This decrease accelerates 
when shivering thermogenesis eventually stops as a result of 
hypothermia-induced thermoregulatory impairment (this occurs 

FIGURE 8-34 Effectiveness of shivering heat production for preventing the onset of hypothermia during 
exposure to A, 10° C (50° F) air; B, 28° C (82° F) water; C, 15° C (59° F) water; and D, 8° C (46° F) water. Tes, 
Esophageal temperature. 
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including ability to control the cold shock response; ability to 
swim and maintain airway freeboard; availability and type of a 
PFD; availability of a life raft or other loating object to increase 
buoyancy; behavior of the survivor in water; decision to swim for 
shore or to wait for rescue; availability of signaling devices (e.g., 
whistles, lares, dye, smoke, strobe lights, radios, mirrors) and the 
ability to use them; and proximity of rescue personnel.154,155,159

ABILITY TO CONTROL THE COLD  
SHOCK RESPONSE

As previously discussed, sudden immersion in cold water initiates 
a cardiorespiratory cold shock response that signiicantly potenti-
ates the risk of drowning. This response and the resulting inca-
pacitation have been suspected as the primary causes of drowning 
after short-term (<10 minutes) immersion in cold water.165 Abrupt 
tachycardia and hypertension induced by sudden immersion in 
cold water can produce incapacitating cardiac dysrhythmias in 
susceptible individuals and myocardial infarction or cerebrovas-
cular accident (stroke) in persons with arterial disease or hyper-
tension.165 In addition, relex gasping and hyperventilation165,174 
signiicantly shorten the duration of breath holding.84,88,165 Figure 
8-35 illustrates this phenomenon. Loss of breath-holding capacity 
can have severe consequences for survivors attempting under-
water egress from a submerged vehicle or from a capsized vessel 
or aircraft, or for survivors who are simply trying to maintain 
airway freeboard in a rough sea or white-water river.88,144,169

decrease in the Tco threshold for shivering and an increase in the 
rate of Tco cooling of up to twofold under these conditions. In a 
separate study, this group demonstrated qualitatively similar 
effects of insulin-induced hypoglycemia.137

Hypercapnia and hypoxia may also be present in various 
underwater scenarios. Hypercapnia has been shown to lower  
the shivering threshold94 and transiently inhibit shivering. Both 
hypercapnia94 and hypoxia95 have also been shown to accelerate 
Tco cooling.

Alcohol consumption is frequently associated with immersion 
hypothermia, because ethanol impairment of mental and motor 
performance is often the cause of accidental immersion. Social 
drinking can result in carelessness. Intoxicated mariners or others 
near water often fall from a boat, ship, gangway, wharf, or bridge 
into the water. Drunken drivers capsize or collide. On the basis 
of the frequency of occurrence alone, the consequences of 
alcohol ingestion warrant special considerations.

Studies of the effects of moderate doses of ethanol (i.e., blood 
alcohol levels of 50 to 100 mg/dL, which is the range associated 
with legal impairment) on cold stress have established the 
following:
1. The rate of heat loss is not signiicantly increased. Alcohol 

has a primary vasodilatory effect under normothermic condi-
tions.38,83,100 Under hypothermic conditions, where vasocon-
striction predominates, alcohol lowers the vasoconstriction 
threshold during the moderate cold stress of 28° C (82.4° F) 
water immersion, but does not affect the shivering threshold 
or the rate of Tco cooling.93

2. The rate of heat production is slightly decreased. For immer-
sion in water colder than 28° C (82.4° F), a moderate ethanol 
dose inhibits the metabolic response to cold.42,115 Shivering 
thermogenesis is reduced in cold water by approximately 10% 
to 20%.

3. The cooling rate is not signiicantly increased.42,93,115 Because 
the body’s cooling rate in cold water is inluenced more  
by the rate of heat loss than by the rate of heat production, 
the slight reduction in shivering thermogenesis induced by 
moderate ethanol ingestion is outweighed by factors that 
affect heat loss (e.g., peripheral vasoconstriction, body fat). 
Because these do not vary with alcohol use when the person 
is cold stressed, the cooling rate does not change.

4. Fatigue potentiates thermoregulatory impairment by alcohol. 
Exhaustive exercise leading to fatigue (which is characterized 
by hypoglycemia and the depletion of glycogen reserves) in 
combination with a moderate dose of ethanol signiicantly 
reduces resistance to cold.78,96 Alcohol inhibits gluconeogen-
esis,76,96 so the ability to provide glucose to maintain shivering 
is reduced. If a person enters cold water in this condition, his 
or her cooling rate is likely to be greater than in the absence 
of ethanol.

5. The perception of cold is diminished. Experimental studies of 
humans in cold water show that moderate alcohol dose to 
some extent relieves feelings of intense cold.42,101 This cogni-
tive alteration may be functionally related to the reduced 
shivering response.

6. Cold-induced diuresis is increased. Alcohol inhibition of anti-
diuretic hormone augments immersion diuresis.26 During the 
irst hour of cold-water immersion, the urine low rate can be 
more than six times normal (i.e., up to approximately 8 mL/
min). For longer immersions (>1 hour), alcohol potentiates 
the development of dehydration and hypovolemia.
For most humans, high doses of alcohol (i.e., blood level 

>200 mg/dL) have an anesthetic effect. Major impairment of 
mental, motor, and involuntary function (including thermoregula-
tion) occurs. Alcoholic persons who “pass out” in cold locations 
(i.e., “urban hypothermia”) rapidly and passively become hypo-
thermic.28,121 When highly intoxicated persons enter cold water 
(usually by falling in), hypothermia is seldom a problem, because 
such persons usually drown quickly.

COLD-WATER SURVIVAL
Cold-water survival depends on avoidance of drowning and 
hypothermia and on the many factors related to these risks, 

FIGURE 8-35 Effect of water temperature on maximum breath-hold 
duration in young, physically it participants (80 men and 80 women). 
The irst submersion was sudden after sitting comfortably in air at a 
mean temperature of 11.3° C (52.3° F). The second submersion fol-
lowed 2 minutes of acclimatization to the water. The last 10 seconds 
of the acclimatization was accompanied by 10 seconds of hyperventila-
tion. Error bars = standard deviation. (From Hayward JS, Matthews BR, 
Overweel CH, et al: Temperature effect on the human dive response 
in relation to cold-water near-drowning, J Appl Physiol 56:202, 1984.)
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waves are present, it is usually necessary for a survivor to actively 
combat a potential loss of airway freeboard through effective 
swimming motion, something an unconscious survivor cannot do 
or a survivor at night cannot do if waves are not visible.65,154,178 
To reduce risk of drowning in rough seas, a survivor can increase 
effective airway freeboard by partially exiting the water (e.g., 
clinging to an overturned vessel or other debris loating in the 
water) or by climbing totally out of the water onto a life raft or 
a capsized vessel. In both these environments, the survivor may 
still have to cope with the effects of cold wind, spray, and waves 
(Figure 8-36; see also Figure 8-20).

BEHAVIOR OF THE SURVIVOR IN THE WATER

Survivor location has a signiicant effect on Tco cooling rate and 
survival time. The USCG and other rescue organizations recom-
mend that a survivor of a maritime accident in cold seas get as 
much of his or her body out of the water as possible to minimize 
the cooling rate and maximize survival time.159,178 This recom-
mendation derives from the higher thermal conductivity of water 
compared with air at the same temperature. However, survivors 
who are exposed to cold air are still at risk from hypothermia as 
a result of convective, evaporative, and radiant heat losses. In a 
rough sea environment, wind increases the magnitude of convec-
tive heat loss, and spray and periodic wetting from breaking 
waves result in conductive heat loss.162,164 Steinman and Kubilis159 
conirmed these observations. The cooling rates of thin male 
volunteers wearing different types of protective clothing were 
compared for three survival situations:
1. Immersion in 6° C (42.8° F) water with 1.5-m (4.9-foot) break-

ing waves.
2. Exposure to 7.7° C (45.9° F) air, continuous water spray at 6° C 

(42.8° F), continuous 28 to 33 km/hr (17.40 to 20.50 miles/hr) 
wind, and occasional breaking waves while sitting atop an 
overturned boat (see Figure 8-36).

3. Exposure to 7.7° C (45.9° F) air and occasional breaking waves 
while sitting in an open one-man life raft.
The results of the study are shown in Figure 8-37. For each 

type of garment worn, cooling rates were considerably faster in 
the water than atop the boat (despite the effects of wind, spray, 
and breaking waves) or within the raft.

These experimental conditions were tragically reproduced in 
real life for the four football players whose boat capsized in the 
Gulf of Mexico, as described previously. Only one of the men 
survived the heavy seas, high winds, and 18° C (65° F) water.  
He survived for 43 hours, primarily by exiting the water and 
sitting atop the capsized boat (see Figure 8-20). The other three 
men spent much more time immersed and wore less insulation; 
thus they cooled faster and perished (see Survival Modeling, 
later).

Survivors should attempt to lift as much of their bodies out 
of the water as possible, even if it means exposure to cold wind 
and spray. Even rescue and medical personnel who frequently 
work in wilderness environments poorly understand this recom-
mendation. A widespread misunderstanding of the concept of 
windchill128 causes many to conclude that survivors have higher 
heat losses if they are exposed to wind, especially if they are 
wet, than if they are immersed in water.159 The term windchill, 
which was originally used by Siple and Passel151 to describe the 
increase in heat loss from unprotected skin exposed to wind, is 
frequently used in the communication media without regard to 
the difference between exposed and unexposed skin. This leads 
many to believe erroneously that windchill temperature applies 
to both clothed and unclothed areas of the body. Furthermore, 
common experiences during recreational activities at the beach, 
lake, or swimming pool, where people subjectively feel colder 
after leaving the water (because of evaporative heat loss from 
the skin) than they do while swimming, reinforce this misunder-
standing. This has occasionally led survivors to abandon a posi-
tion of relative safety atop a capsized vessel and to reenter the 
water, usually with tragic results. The sensation of coldness, 
which is skin dependent, does not reliably convey information 
about rate of heat loss when two radically different environments 
(e.g., air and water) are compared.

Respiratory dificulties induced by the cold shock relexes 
make breathing while swimming extremely dificult. Golden and 
Hardcastle70 have demonstrated “swim stroke/respiration asyn-
chrony” that leads to water inhalation and swimming failure. 
Even persons who are considered good swimmers (at least in 
warm water) can only swim for a few minutes in cold water. 
Swimming ability and survival time in cold water are further 
diminished by the subjective perception of shortness of breath 
and panic reactions from unexpected cold-water immersion.165 
The work that is required to swim in cold water is greater than 
that in warm water because of cold water’s higher viscosity 
(e.g., water at 4.7° C [40.5° F] has a viscosity that is 67% higher 
than that of water at 23.7° C [74.7° F]).104 The increased work of 
swimming in cold water potentiates the onset of fatigue. All 
these factors combined may incapacitate even physically it  
and capable swimmers. Keating and colleagues104 observed 
sudden incapacitation in two experimental volunteers (both 
good swimmers) who were immersed in 4.7° C (40.5° F) water. 
One inhaled water because of respiratory dificulty and fatigue 
after swimming for 7.5 minutes and had to be pulled from the 
water. The second volunteer lasted only 1.5 minutes before he 
“loundered and sank without managing to reach the side of the 
pool, which was about one meter from his head, and had to be 
pulled” out of the water. The observed frequency of such swim-
ming failures and unexpected submersions has led the USCG to 
coin the term “sudden disappearance syndrome” to describe the 
phenomenon.178

The magnitude of the cold shock response can be attenuated 
through increased insulation, graded immersion (see Figure 8-6), 
and habituation to cold immersion. Tipton and colleagues171 
demonstrated that habituating participants to 10° C (50° F) water 
resulted in a 16% reduction in respiratory rate during the irst  
30 seconds of immersion in 10° C (50° F) water and a 26% reduc-
tion in respiratory rate during the 30- to 180-second interval  
after immersion in 10° C (50° F) water. Tidal volume and heart 
rate response demonstrated similar declines in habituated indi-
viduals. Habituation through cold-water survival training may 
thus be an important safety measure for workers in cold-water 
environments.

Protective clothing also diminishes the cold shock response 
that occurs as a result of the initial immersion in cold water. 
Clothing (e.g., well-itted wet suits, dry suits with adequate seals) 
that limits the amount and ingress velocity of water that reaches 
a person’s skin signiicantly decreases cardiorespiratory relex 
responses to sudden immersion.118,172,173,175 Tipton and Golden172 
demonstrated that individuals wearing wet suits that protected 
the torso but that left the limbs exposed had signiicantly reduced 
respiratory relex responses but not reduced heart rate responses, 
compared with controls with neither torso nor limbs protected. 
They concluded that the limbs may be more important than the 
torso with regard to the cardiac response to sudden cold-water 
immersion. Tipton and colleagues173 also demonstrated that 
even loose-itting and poorly insulated clothing can attenuate  
the magnitude of the cold shock response compared with immer-
sion in swimming trunks only. When volunteers were immersed 
in 10° C (50° F) water wearing either conventional clothing  
or conventional clothing plus windproof/showerproof foul-
weather clothing, cardiopulmonary and thermal responses were 
signiicantly less than those in individuals with swimming trunks 
alone.

Mental preparation should be used to avoid panic, to decrease 
emotional response, and to make a conscious effort to control 
breathing.

ABILITY TO SWIM AND MAINTAIN  
AIRWAY FREEBOARD

Drowning is the most immediate survival problem after water 
entry. To maintain airway freeboard and to avoid drowning, a 
survivor must possess the physical skills and psychological apti-
tude to combat the effects of wave action.155,169 Although a PFD 
assists with maintenance of airway freeboard, any combination 
of lotation posture and sea state in which water can enter the 
nose or mouth can lead to aspiration and possible drowning. If 
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FIGURE 8-37 Mean linear cooling rates (° C/hr) for lean males in three survival environments: (1) water = 
immersion in 6.1° C (43.0° F) breaking waves; (2) boat = 5-minute immersion in 6.1° C (43.0° F) water followed 
by exposure to 7.7° C (45.9° F) air atop an overturned boat with continuous 28 to 33 km/hr (17.4 to 
20.5 miles/hr) wind, water spray, and occasional breaking waves; and (3) raft = exposure to 7.7° C (45.9° F) 
air in an open, one-man life raft preceded by 5-minute immersion in 6.1° C (43.0° F) water. AC, Air-crew 
coveralls; BC, boat-crew coveralls; FS, light suit (lightweight clothing); NI, intact, non–foam-insulated “dry” 
coveralls; NX, NI with a 5-cm tear in the left shoulder, thus permitting water to leak into the suit and degrade 
its insulation; WS, wet suit. Blank squares indicate combinations of garments and environments that were 
not tested. (From Steinman AM, Kubilis P: Survival at sea: The effects of protective clothing and survivor 
location on core and skin temperature, USCG Rep No CG-D-26-86, Springield, Va, 1986, National Technical 
Information Service.)
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FIGURE 8-36 Testing protective clothing in rough seas: A, atop an overturned boat; B, in a one-person 
life raft; C, free swimming with only a personal lotation device. (Courtesy Alan Steinman)
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protective clothing. There is no uniformly correct answer to the 
question, “Should I swim for it?” Each survival situation must be 
evaluated individually (Figure 8-38 and Box 8-6).

SURVIVAL MODELING

When a rescue organization is tasked with searching for victims 
in cold water, it is important to have an accurate estimate of how 
long the victims might survive and thus continue to warrant 
search resources. Various prediction models have been devised 
to assist with these dificult estimates.

The Cold Exposure Survival Model was devised by Tikui-
sis162,163 to provide a sophisticated set of survival-time estimates 
for individuals who are immersed in cold, rough seas and for 
survivors who are partially immersed or exposed to cold wind 
under wet conditions. The model was developed on the basis of 
experimental data about cooling with different types of lotation 
devices and thermal protective clothing (Figure 8-39),158,159 shiver-
ing control and capacity,38 body composition (Figure 8-40), and 
other factors.

The Cold Exposure Survival Model has been used for many 
years by both the Canadian and U.S. Coast Guards. Recently, the 
USCG started using a new decision tool: the Probability of Sur-
vival Decision Aid (PSDA), which was developed by Xu and 

DECISION TO SWIM FOR SHORE OR TO  
WAIT FOR RESCUE

During cold-water immersion, physical activity increases heat  
loss through increased blood low to the periphery. This is espe-
cially pertinent when immersed victims engage in excessive 
movement in the water (e.g., swimming, performing the vigorous 
extremity movements necessary to maintain airway freeboard in 
rough seas).

The decision to swim for shore or to wait for rescue is crucial 
for a survivor of cold-water immersion. The increased cooling 
rate associated with swimming might lead one to conclude that 
holding still is preferable to an attempt to swim for safety. 
However, if the survivor can make it to shore or even to shallow 
water, survival is likely to be prolonged, despite the risk of lower 
Tco. Ducharme and Lounsbury32 speciically evaluated this issue 
by comparing the cooling rates and swimming distances for both 
novice and expert swimmers in a swimming plume. Experimental 
participants, who were wearing average clothing (i.e., no speciic 
insulation against cold-water immersion) and PFDs, were 
immersed in 10° C (50° F) water and either remained still in a 
HELP position or swam against a current that was matched with 
their swimming ability. Swimming resulted in a 17% faster rate 
of Tco cooling compared with holding still. The novice swimmers 
traversed about 800 m (2625 feet) and the expert swimmers 
about 1400 m (4593 feet) during their swim. Thus, swimming 
may well have allowed the participants to achieve safety ashore, 
despite the faster cooling rate. The researchers also found that 
the probability of a successful survival outcome depended on 
the decision to swim for safety early during a survival event.  
If the participants had cooled for 30 minutes before attempting 
to swim, the likelihood of success was signiicantly reduced.

The decision to swim or to remain still ultimately depends on 
the immersed individual’s understanding of the many variables 
that affect a successful outcome, including body morphology and 
cooling rate; water temperature; wave conditions and currents; 
proximity of shore; proximity of rescue personnel; swimming 
ability; and availability of signaling devices, lotation devices, and 

FIGURE 8-38 Algorithm for making the decision to stay or swim when immersed in cold water. PFD, Per-
sonal lotation device. 
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BOX 8-6 Controversy Box: Always Stay with Your Boat

For many scenarios in which warmer water temperature allows for 
longer survival and in which rescue is likely to occur, this is good 
advice. However, in colder water in secluded areas, the decision is 
not as clear, especially if rescue is unlikely. First, the decision to 
swim to safety should be made only if the victim is wearing a 
personal lotation device, if the likelihood of rescue is low, and if 
the victim can reach shore within 45 minutes. With a PFD, if swim 
failure occurs, the victim will still remain aloat. Without a PFD, 
swim failure will result in drowning (see Figure 8-38).
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FIGURE 8-39 Prediction of survival time (ST) for an average individual 
under varying degrees of clothing protection (see Figure 8-15). A, For 
immersion in rough seas versus water temperature, low = nude, light 
suit, loat coat, aviation coveralls, boat-crew coverall, or torn coverall); 
medium = short wet suit or full wet suit; and high = dry coverall or dry 
suit. B, For exposure to air at 20 km/hr (12.4 miles/hr) under wet condi-
tions versus air temperature, low = nude, light suit, or aviation coverall; 
medium = loat coat, boat-crew coverall, short wet suit, full wet suit, 
dry coverall, or torn coverall; and high = dry suit. (From Tikuisis P: 
Predicting survival time at sea based on observed body cooling rates, 
Aviat Space Environ Med 68:441, 1997.)
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FIGURE 8-40 Predicted survival time (ST) for individuals wearing boat-
crew coveralls (see Figure 8-15) for A, immersion in rough seas versus 
water temperature; and B, exposure to air at 20 km/hr (12.4 miles/hr) 
under wet conditions (i.e., clothing wetness of 1550 g/m2) versus air 
temperature. The lower and upper boundaries of the shaded regions 
represent predictions for lean and fat individuals, respectively. (From 
Tikuisis P: Predicting survival time at sea based on observed body 
cooling rates, Aviat Space Environ Med 68:441, 1997.)
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colleagues.205 Although the Cold Exposure Survival Model is 
based on a one-cylinder model, which assumes that most heat 
loss comes from the torso in cold victims, the PSDA includes six 
cylinders that represent the head, torso, arms, hands, legs, and 
feet. For example, Figure 8-41 shows predicted survival times for 
victims in varying water temperatures. Presently, the PSDA pre-
dicts the time required for Tco to drop to 34° C (93.2° F) (i.e., 
functional time) and to 30° C (86° F) (i.e., survival time).

When the PSDA was applied to the four football players 
whose boat capsized (as described previously in Recreational 
Activities and Cold Water), the survival-time predictions for the 

irst and third fatalities (13.5 and 25.7 hours, respectively) were 
very close to the actual survival times of approximately 13.0 and 
25.5 hours. The heaviest victim (the second fatality) died much 
sooner (13.5 hours) than was predicted (37.3 hours). However, 
his symptoms were much different and indicated that more than 
hypothermia was involved. Instead of the expected hypothermia-
induced gradual loss of physical abilities and the expected level 
of mental abilities and responsiveness, he was very agitated and 
aggressive, and he vigorously and continuously tried to get away 
from the boat. He eventually took off his lifejacket and forcefully 
dove under the surface and drowned. Therefore, it is likely that 
some other factors also contributed signiicantly to his death. 
Because this victim spent so much more time immersed in the 
water than did the others, he may have ingested signiicant 
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amounts of seawater; this was described and would be consistent 
with some of his actions and symptoms. The lone survivor lasted 
longer than predicted with a Tco of approximately 32° C (89.6° F) 
after 43 hours; the PSDA predicted he would cool to 28° C 
(82.4° F) after 41 hours. Interestingly, at this point, he was still 
shivering vigorously, likely as a result of his excellent physical 
condition; normally he would have been expected to stop shiver-
ing many hours before rescue. This long-lasting and high-intensity 
shivering heat production would have a signiicant effect in 
attenuating the drop in Tco. Predictive modeling has many inher-
ent complications, but the PSDA results indicate the value of 
modeling as well as of providing some insight into the ther-
mophysiology and pathophysiology present during this epic 
struggle.

SIGNALS

Effective signals can greatly increase the chance of survival by 
bringing rescue and shortening the duration required to survive. 
Figures 8-42 and 8-43 show various types of signals, including 
dye, smoke, group formations, streamers, and lares. One inher-
ent signal can be the clothing that is worn. It is a great advantage 
to wear colorful PFDs or other colorful clothing. For example, 
USCG rescue personnel found Nick Schuyler after 43 hours of 
immersion in the Gulf of Mexico because of his bright-orange 
jacket (see Figure 8-20).

PHYSIOLOGIC RESPONSES TO  
COLD-WATER SUBMERSION WITH  
THE HEAD UNDER WATER
Drowning is covered in detail in Chapter 69. However, a brief 
discussion is included here to provide a more complete descrip-
tion of cold-water immersion. There have been several recent 
advances in our understanding of why individuals can survive 
cold-water submersion for as long as 66 minutes8 with full or 
partial neurologic recovery (i.e., cold-water drowning). The most 
important factors in these unusual cases are low water tempera-
ture and subsequent brain cooling. This principle has been used 
in clinical practice for years. For example, cardiopulmonary 
bypass used to cool neurosurgical patients to a Tco of approxi-
mately 9° C (48.2° F) made it possible to arrest brain blood low 
for at least 55 minutes, with full neurologic recovery.135 The full 
explanation for these recoveries relates to both (1) the mecha-
nisms for and amounts of brain and body cooling and (2) the 
mechanisms for the protective effect of this cooling.

FIGURE 8-41 Effect of water temperature on predicted number of 
survivors using the Probability of Survival Decision Aid. (From Xu X, 
Amin M, Santee WR: Probability of Survival Decision Aid (PSDA), 
USARIEM Technical Report T08-05, Natick, Mass, 2008, US Army 
Research Institute of Environmental Medicine.)
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FIGURE 8-42 Dye marker (A) and smoke lare (B) signals. (Courtesy 
Gordon G. Giesbrecht.)
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FIGURE 8-43 Differences in visibility in water based on suit color (A) 
and whether a group is stationary in a star formation (B) or kicking the 
legs (C). (Courtesy Gordon G. Giesbrecht.)
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ischemic events have demonstrated that even moderate brain 
cooling of 3° to 5° C (5.4° to 9° F) provides substantial cerebral 
protection from ischemic insult.14,15,64,123,146,204

Submersion likely promotes cerebral death as tissue ischemia 
depletes high-energy phosphates and leads to membrane depo-
larization. This stimulates release into the extracellular space of 
excitatory neurotransmitters such as glutamate and dopamine, 
which mediate postsynaptic depolarization and cause calcium 
entry into the cell. Calcium inlux mediates production of oxygen 
and hydroxyl free radicals (which may be involved in reperfusion 
injury) and release of free fatty acids, which results in eicosanoid 

MECHANISMS FOR BRAIN AND BODY COOLING

Children have an advantage in cold-water submersion incidents, 
because their greater surface area–to–mass ratio allows for faster 
conductive cooling, which provides cerebral protection on the 
basis of decreased cerebral metabolic requirements of oxygen 
(CMRO2). The mammalian dive relex, which initiates intense 
bradycardia and shunts blood low to important core organs such 
as the heart and brain, has also been implicated. A third factor 
that has recently been explored is the possibility that cold-water 
ventilation may result in rapid and extensive cooling during 
submersion.

The effectiveness of the human dive relex, especially the 
breath-hold response, is controversial. Nemiroff,129,130 who 
reported one of the largest series of successful resuscitations of 
submersion victims, believes the dive relex plays an important 
role, particularly in children and infants and especially in neo-
nates. Hayward and colleagues88 believe that the enhanced 
success of resuscitation associated with cold-water submersion is 
more a result of hypothermia than of the dive relex.138

It is important to note that the protective effect of cooling 
depends on the Tco at cessation of oxygen delivery and the sub-
sequent rate and extent of the decrease of Tco. Because Tco is 
likely to be near normal at the onset of an accidental submersion, 
rapid cooling after the onset of ischemia is important for survival. 
Conduction alone probably cannot account for the rapid decrease 
in Tco that occurs during cold-water submersion incidents. Conn 
and colleagues22 studied cold-water (4° C [7.2° F]) drowning in 
shaved and anesthetized dogs and found that submersed dogs 
continued to breathe the cold water for an extended period. Tco 
decreased by 11° C (19.8° F) after 4 minutes in the completely 
submersed dogs, compared with only 3° C (5.4° F) in the control 
dogs, which were immersed with their heads out and did not 
breathe cold water. It is likely that the rapid cooling was the 
result of convective heat exchange in the lungs compared with 
only surface conduction in the control dogs. The general conclu-
sion that brain cooling is accelerated considerably by respiration 
of cold water has been proposed by others54,68,74 and mathemati-
cally predicted by Xu and colleagues.206 Although breath holding 
may occur during submersion, a physiologic break point occurs, 
at which time involuntary breathing movements predominate.4 
This factor, when coupled with unconsciousness, could reason-
ably be expected to result in the respiration of water, at least 
under certain circumstances. Experimental and anecdotal evi-
dence in humans is rare. However, one helicopter crash survivor 
reported that, after being trapped underwater for some time, he 
recalled feeling that he was about to die and that he was breath-
ing water in and out just before escaping the cockpit.12 Whether 
or not this occurred has not been conirmed.

MECHANISMS FOR THE PROTECTIVE EFFECT  
OF BRAIN COOLING

Hypothermia provides an advantage during anoxic periods, such 
as cold-water submersion, because of what is known as the 
“metabolic icebox.” Whole-body or focal hypothermia has long 
been used to extend biologic survival time during surgery under 
ischemic conditions. Cerebral protection under hypothermic con-
ditions has commonly been attributed to decreased CMRO2, 
according to the temperature coeficient (Q10) principle. Although 
the Q10 of the whole body is about 2, the Q10 of the brain 
increases from approximately 3 between 27° and 37° C (80.6° and 
98.6° F) to 4.8 between 17° and 27° C (62.6° and 80.6° F).120 On 
the basis of these values, if the brain could survive an ischemic 
insult for 5 minutes at 37° C (98.6° F), cooling to 27° C (80.6° F) 
or to 17° C (62.6° F) would provide 15 and 72 minutes of protec-
tion, respectively, based solely on the decreased CMRO2 (Figure 
8-44). Although long survival times at brain temperatures less 
than 20° C (68° F) may be predicted on the basis of increasing 
Q10 and diminishing CMRO2, some additional mechanisms may 
be required to explain intact survival after prolonged submersion, 
when reported core temperatures are often above 30° C (86° F). 
These factors are schematically shown in Figure 8-45. Since the 
early 1990s, several studies that have been directed mainly 
toward the protection of the brain during or after cerebral 

FIGURE 8-44 Schematic presentation of survival time at different core 
and brain temperatures. Red, Prediction based on a temperature coef-
icient (Q10) of 2. Blue, Prediction based on a Q10 of 3. Green, Predic-
tion based on the Q10 effect plus other factors, such as changes in 
neurotransmitter release (i.e., glutamate and dopamine). Actual sur-
vival times from both neurosurgical and accidental hypothermia cases 
fall outside of the range predicted based on Q10 alone; thus some 
other factors must also contribute to survival. 
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FIGURE 8-45 Schematic representation of theoretical times to cere-
bral injury or death after the sudden onset of anoxia. Examples include 
anoxia induced by myocardial infarction at normal core temperatures, 
hypothermia-induced cardiac arrest during immersion hypothermia, 
ischemia-induced cardiac arrest after cold-water drowning (CWND), 
and electrically induced arrest after protective cooling for neurosur-
gery. Note that the times shown here are representational; actual 
survival times may vary. 
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is best in the long run. Next, decide whether to stay and try to 
get warm and dry by a ire or to seek shelter. If shelter is reason-
ably close (i.e., <30 minutes of exposure to the cold air), it may 
be beneicial to walk to safety. If it is more than 30 minutes 
away, it may be better to stay and build an emergency ire and 
campsite.

It is extremely important to protect the hands from becoming 
frostbitten. Wring water from gloves or mittens. If the ingers are 
still very cold, place each hand in the opposite armpit. If neces-
sary, pull the arms inside the jacket to place the hands directly 
against the skin of the armpit. When the hands have recovered, 
it is imperative to start a ire to warm up and dry the clothing.

Although a person who cannot exit the cold water unaided 
might not yet be very hypothermic, physical incapacitation will 
become worse within 10 to 15 minutes. Consciousness will 
remain for an hour or so, until Tco decreases from 37° C to about 
30° C (99° F to about 86° F), so one should work to extend sur-
vival time to widen the window of opportunity for rescue. Recall 
the 1-10-1 principle for responses during cold-water immersion 
(but remember that time estimates are subject to individual vari-
ability): you have 1 minute to get your breathing under control, 
10 minutes of meaningful movement, and 1 hour until you 
become unconscious as a result of hypothermia (see Box 8-2).

Swimming should be minimized, because it causes the body 
to lose heat much faster than remaining as still as possible, and 
it also causes exhaustion. Clothes should be kept on in the water, 
because they help to conserve body heat. Although the air ini-
tially trapped in clothing will eventually be forced out, it helps 
with lotation while it remains. Wet clothing does not cause a 
person to sink. The main effect of water in clothing is that its 
inertia makes movement dificult. The weight of water in clothing 
becomes a problem only when trying to exit the water.

In all cases (even if wearing a thermal protection suit or a 
PFD), use the ice edge for support. Extend the arms over the ice 
and press the legs together to help to conserve body heat. Keep 
the head and upper body as far out of the water as possible to 

synthesis.176 Various animal studies have shown that cooling the 
brain by only 3° to 5° C (5.4° to 9° F) before ischemia delays 
terminal depolarization and does the following: reduces the initial 
rate of rise of extracellular potassium;97 results in complete sup-
pression of glutamate release and 60% reduction in the peak 
release of dopamine;15 attenuates ischemia-induced damage to 
endothelial cells;29,30 reduces hydroxyl radical production;66 and 
improves postischemia glucose use.64 These results relate to 
mechanisms other than decreased CMRO2, which may explain 
cerebral protection during cold-water drowning.

In summary, these indings indicate the following: (1) if the 
brain cools even by only 3° to 5° C (5.4° to 9° F), it is protected 
in excess of what would be predicted from decreased CMRO2 
alone; (2) protection results from additional protective mecha-
nisms of cooling related to neurotransmitter release, calcium lux, 
eicosanoid synthesis, and perhaps other phenomena; (3) the 
mammalian dive relex may result in cold-induced circulatory 
adjustments that favor conservation of oxygen for the heart and 
the brain; and (4) cold-water ventilation may accelerate brain 
cooling and provide further protection.

IMPLICATIONS FOR SURVIVAL

The paradox of whether Tco cooling is an advantage or a disad-
vantage depends on whether there is cessation of oxygen deliv-
ery, and, if so, what Tco is when anoxia occurs and how much 
the Tco subsequently declines. These factors are schematically 
illustrated in Figure 8-45. If oxygen delivery is not compromised 
(i.e., during immersion hypothermia), Tco cooling will eventually 
lead to death from cardiac arrest. However, if oxygen delivery is 
compromised (i.e., during submersion hypothermia and cold-
water drowning), Tco and brain cooling will prolong survival 
compared with a condition in which Tco cooling does not occur 
(i.e., myocardial infarction). These factors are important to under-
standing whether children have a survival advantage over adults 
during cold stress. Because children cool faster, their body size 
would be an advantage when oxygen supply is compromised 
during cold-water submersion. However, when the oxygen 
supply is uninterrupted during head-out immersion or in cold 
air, the small body size becomes a disadvantage, because the 
onset of severe hypothermia is faster.

RESCUE (SELF-INITIATED OR ASSISTED)
SELF-RESCUE FROM OPEN WATER OR AN  
ICE HOLE

Most people have a poor understanding of how their bodies will 
react during cold-water immersion. Although there is individual 
variability, the following general principles apply. First, get 
breathing under control, because gasping and hyperventilation 
may result in gulping water or even drowning. One should be 
able to control breathing within 30 seconds. In ice-cold water, 
loss of arm control and the ability to grasp is progressive and 
begins to occur within the irst 3 to 15 minutes. In open water, 
self-rescue may involve pulling oneself onto a loating object and 
out of the water as much as possible. If a person has fallen 
through the ice, it is usually best to turn and face the direction 
from which he or she came. The ice traveled over has already 
been proved capable of holding one’s weight. Swim to the ice 
ledge on the entry side of the hole.

The self-rescue exit is illustrated in Figure 8-46 and can be 
seen in Cold Water Boating (Video 8-7). It is initiated by putting 
the arms up on the ice and pulling as much of the upper body 
out of the water as possible. Kick the legs vigorously to bring 
the body into a horizontal position. Next, kick and pull yourself 
forward and get on top of the ice. Once up on the ice edge, it 
is best to crawl or roll away from the hole until the ice is thick 
enough to stand on. Use ice picks, a knife, or any other available 
object to get a better grip on the ice.

Once on solid ice, remember that hypothermia and frostbite 
pose threats to survival. The irst thing to do is to wring the water 
out of clothing. It might seem that this would make one colder, 
but wringing out the clothing increases its insulation value, which 

FIGURE 8-46 Self-rescue technique after falling through ice. Place the 
arms on the ice and kick the feet (i.e., lutter kick) until the body is 
horizontal with the water surface, then kick vigorously with the legs 
and pull the body along the ice surface. Slide or roll away from the 
hole, and do not stand up until it is certain that the ice is thick enough 
to hold body weight. (Courtesy Wilderness Medicine Newsletter. 
www.wildernessmedicinenewsletter.com.)

Hold on

Kick your feet to get horizontal

Kick and pull

Slide along: DO NOT STAND
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Throw

Any buoyant item can be thrown to the victim to assist him or 
her with remaining buoyant, especially if the ice is continually 
breaking and not providing a secure base of support. If possible, 
tie a rope or cord to the object; this could allow you to pull the 
victim out of the water. If only a cord or rope is available, tie a 
large loop at the end to make it easier for the victim to hold on 
to it. After the rope has been grabbed, instruct the victim to put 
the loop over the body and under the arms, to put an arm 
through the loop and bend the elbow around the rope, or simply 
to hold on to the loop.

Reach

It may be possible to reach a victim with some implement, such 
as a tree branch, ladder, or any object that can be pushed out 
on the ice. Care must be taken to not get too close to the hole 
when trying to reach the victim with any object. Any rescue that 
requires the rescuer to approach the hole in the ice should be 
left to trained personnel.

An untrained bystander who cannot perform a rescue with 
the use of these techniques should help the victim to widen the 
window of opportunity for trained rescuers to arrive. Instruct the 
victim to stop struggling and to hold the arms still on the ice. 
The objective is to let the arms freeze to the ice. Make sure that 
someone contacts emergency personnel. Wait with the victim, 
and provide continuous encouragement that the person can 
survive; emphasize that help is on the way.

RESCUE BY TRAINED PERSONNEL

This discussion is not meant to provide in-depth training for 
professional rescue workers, but rather to describe some of  
the basics of high-risk rescues. The techniques used by any 

conserve as much body heat as possible. Remain as still as pos-
sible. This will decrease heat loss, but it may also result in the 
arms freezing to the ice. After about 1 hour, when consciousness 
is lost from severe hypothermia, drowning occurs unless the head 
is prevented from slipping beneath the water. If one is frozen to 
the ice, drowning will be prevented, and a victim might survive 
yet another hour before the heart stops beating (generally at a 
Tco <25° to 28° C [77° to 82° F]). Thus, this could double the 
survival time and perhaps allow rescue.

ASSISTED RESCUE OF A VICTIM WHO HAS 
FALLEN THROUGH THE ICE

Self-rescue and assisted rescue both have three guidelines: (1) 
acknowledge the danger of the situation, (2) assess the situation, 
and (3) follow the rescue sequence.

Recognize the Danger

1. Recognize that ice conditions are unsafe and that no one else 
should approach the area.

2. Recognize that the victim is in an urgent situation that is 
potentially life threatening but that, if proper action is taken, 
there is more time than might be expected to make safe and 
effective decisions.

3. Recognize your own limitations in terms of training and 
equipment.

Assess the Situation

1. Assess the victim’s physical and emotional condition.
2. Assess the ice and water conditions (e.g., ice thickness, water 

current).
3. Assess the equipment that you have that might be useful in 

a rescue.
4. Assess the rescue skills that are possessed by you and by 

those who are with you.

Follow the Rescue Sequence

The rescue sequence progresses from lowest-risk actions to 
highest-risk actions. Low-risk actions should be taken irst. Pro-
gression to higher-risk actions is dictated by training level and 
available equipment.
1. Shore-assisted rescues involve talking, throwing, and reach-

ing; untrained bystanders should limit themselves to these 
techniques.

2. Platform-assisted rescues involve working from or with a  
lotation platform (e.g., an inlatable boat or other buoyant 
device).

3. In a “go” rescue, the rescuer approaches and contacts the 
victim. This should only be done by trained personnel wearing 
PFDs and thermally protective dry suits (Figure 8-47).
Rescuers should always perform the lowest-risk rescue irst 

and then contact professional authorities, if possible.

UNTRAINED-BYSTANDER RESCUE

Every year, newspaper articles describe the death of well-meaning 
bystanders who rush to help victims who have fallen through 
the ice. It is extremely important that untrained bystanders apply 
the acronym STOP to their actions: stop, think, observe, and plan. 
Stop the urge to rush up to help the victim, because you are 
likely to fall through the ice and become another victim. Think 
and observe the victim and the surrounding conditions, including 
any material that might be used in a rescue attempt. Lastly, plan 
how to assist the victim out of the water. Untrained bystanders 
should limit themselves to techniques that progress from talking 
to throwing to reaching.

Talk

Encourage the victim to calm down and not to panic. Direct the 
victim to an area of strong ice, and instruct the victim to execute 
a self-rescue by placing the arms on the ice, kicking until the 
body is horizontal near the water surface, and then kicking and 
pulling up onto the ice. Direct the victim to crawl and roll away 
from the hole until stronger ice is reached.

FIGURE 8-47 Professional rescue of a volunteer from ice water. A 
rescue sling is placed around the victim’s chest (A), and the rescuer 
then enters the water to help the victim out of the water (B). Both 
individuals are then pulled along the ice to safety (C). (Courtesy 
Gordon G. Giesbrecht.)

A

B

C
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professional rescuer should follow the policies and procedures 
of their local jurisdictions.

Trained personnel should irst use the lower-risk techniques 
described earlier. If these do not work, personnel should imple-
ment the higher-risk techniques described by many ice-rescue 
training institutions.48 Briely, trained rescuers must not go on the 
ice unless they are wearing a thermal protective dry suit and 
PFD. The rescuers should also be secured by a safety rope that 
is operated by a trained colleague.

Platform-assisted rescues involve working from or with a lota-
tion platform, such as an inlatable boat or another buoyant 
device. These techniques involve pushing or being transported 
on the buoyant platform. The irst choice is to push the platform 
toward the victim and to use it as a reaching device. Alternatively, 
the rescuer can make contact with the victim directly from the 
platform.

Finally, during a “go” rescue, the rescuer approaches and 
contacts the victim directly. Standard lifesaving techniques should 
be used to ensure that a panicking victim does not pose a threat 
to the rescuer. After the victim is securely contacted, the victim 
and the rescuer can be pulled toward shore by the attendants 
on shore (see Figure 8-47).

RESCUE FROM OPEN WATER

Retrieval of a victim from cold-water immersion must be per-
formed with caution. Sudden reduction of the “hydrostatic 
squeeze” applied to tissues below the water’s surface may poten-
tiate hypotension, especially orthostatic hypotension.73 Because 
a hypothermic patient’s normal cardiovascular defenses are 
impaired, the cold myocardium may be incapable of increasing 
cardiac output in response to a hypotensive stimulus. A victim’s 
vertical posture may also potentiate hypotension. Hypovolemia 
as a result of combined cold- and immersion-induced diuresis  
as well as increased blood viscosity potentiate these effects.27 
Peripheral vascular resistance may be incapable of increasing, 
because vasoconstriction is already maximal as a result of cold 
stress. The net result of the sudden removal of a hypothermic 
patient from the water is similar to sudden delation of antishock 
trousers on a patient in hypovolemic shock: abrupt hypotension. 
This has been demonstrated experimentally in mildly hypother-
mic human volunteers,72 and it has been suspected as a cause 
of post-rescue death in many immersion hypothermia victims.73,157 
Accordingly, rescuers should attempt to maintain hypothermic 
patients in a horizontal position during retrieval from the water 
and aboard the rescue vehicle3,73,157 (Figure 8-48). If rescuers 

FIGURE 8-48 Single (A) and double (B and C) sling techniques affect 
how vertical the victim is during extraction from the water. The rescue 
slings provide a leverage advantage, especially when there is high 
freeboard (A and B). A wet victim is wrapped in a makeshift vapor 
barrier to minimize evaporative and convective heat loss during boat 
transport (D). (Courtesy Gordon G. Giesbrecht.)

A B

C D

FIGURE 8-49 U.S. Coast Guard helicopter hoist rescue with a rescue 
swimmer and a victim. (Courtesy Gordon G. Giesbrecht.)

FIGURE 8-50 Comparison between single (A) and double (B) sling 
methods for hoisting to a helicopter or boat. The double sling method 
places the patient in a more horizontal position. (Courtesy Garrick 
Kozier.)

A B

BOX 8-7 Controversy Box: A Hypothermic Patient 
Presents an Emergency That Must Be Dealt  
with Quickly

Although severe hypothermia is a critical condition, rescue and 
treatment do not necessitate rapid and reckless actions. Rescuers 
and medical providers should take the time required to safely 
remove the victim from the cold stress and then do as much as 
possible to be gentle and to keep the patient horizontal. The 
patient’s core has been cooling gradually for a long time (i.e., 
hours or even days), and a delay of a few minutes to get 
organized for treatment will not make the patient’s condition 
worse. However, rushing may result in patient jostling that induces 
ventricular ibrillation and cardiac arrest.

cannot recover the patient horizontally, they should place the 
victim in a supine posture as soon as possible after removal from 
cold water (Box 8-7).157

Hoist extractions can be done from a helicopter (Figure 8-49) 
or boat. Two slings can be used to keep the patient close to 
horizontal compared to a single sling (Figure 8-50).
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of deinitive medical care.33,79,105,112,152,157 Aggressive rewarming in 
the ield has been contraindicated in the past, because the means 
to diagnose or manage the many potential complications of 
severe hypothermia are unavailable in this setting.122 However, 
in the prehospital scenario of cold-water immersion, there is no 
source of heat that could be considered too aggressive. Figure 
8-51 indicates the levels of aggressiveness and effectiveness of 
various sources of heat for hypothermia and frostbite treatment. 
When transportation to a site of deinitive care will take more 
than 30 minutes or is impossible, rewarming in the ield with the 
use of the principles and techniques of management described 
next may be appropriate (Box 8-9).

EXAMINATION, TRIAGE, AND LIFE SUPPORT

Because hypothermia affects virtually every physiologic process, 
rescuers should manage a severely hypothermic patient as they 
would a victim of multiple trauma.156,157 Rescuers should not focus 
solely on Tco to the exclusion of other potentially life-threatening 
problems. Conversely, when the incident includes cold exposure, 
care must be taken not to focus solely on trauma injuries. Several 
patients have died of hypothermia when treatment focused only 
on non–life-threatening physical injuries.

It is rarely possible to measure Tco in the ield. However, a 
diagnosis can be made on the basis of the patient’s history (to 
conirm that the main insult is cold exposure) and the signs and 
symptoms (see Figure 8-13). Generally, if mentally alert and 
shivering vigorously, the patient can be considered mildly hypo-
thermic. If shivering is waxing and waning or absent, or if con-
sciousness is diminished or absent, the patient can be considered 
moderately to severely hypothermic.

In accordance with standard emergency medical procedures, 
the ABCs of irst aid—airway, breathing, and circulation—are 
essential.3,157 Rescuers should ensure an open airway and conirm 
the presence of adequate ventilation and circulation. If the patient 
is severely hypothermic, respirations and pulse may be slow, 
shallow, and dificult to detect;3,156 therefore, rescuers should take 
60 seconds to assess these vital signs.3 If neither the pulse nor 
breathing is detectable, rescuers should commence cardiopulmo-
nary resuscitation (CPR) in accordance with normal basic life 
support (BLS) protocols.3,156 Figure 8-52 is a ield algorithm for 
assessment and treatment of a cold patient by search/emergency 
personnel.152,208

Cardiac rhythm should be carefully monitored. Percutaneous 
electrodes may be required to overcome interference from muscle 
fasciculations or shivering. Endotracheal intubation and adminis-
tration of heated and humidiied air or oxygen are useful for 
management of apnea or hypoventilation and for reduction of 
further respiratory heat loss.3 Mouth-to-mouth or mouth-to-mask 
ventilation also provides heated and humidiied air; if available, 
oxygen may supplement ventilation. Mouth-to-mouth or mouth-
to-mask ventilation has the added advantage of providing a small 
amount of carbon dioxide (CO2) for the patient’s inspired gases. 
This may be useful for prevention of hypocapnia caused by rela-
tive hyperventilation in a severely hypothermic patient whose 
metabolic CO2 production is diminished.28 This is important 
because hypocapnia may decrease the threshold for VF.

Hypothermic patients with any detectable pulse or respiration 
do not require the chest compressions of CPR, although severe 

The patient’s Tco may continue to decline—depending on the 
quality of insulation provided, the patient’s endogenous heat 
production, active or passive manipulation of extremities, and 
the site of Tco measurement—even after the person has been 
rescued as a result of the physiologic processes described earlier 
as “afterdrop.” To diminish this effect, the patient’s physical activ-
ity must be minimized. Conscious patients should not be required 
to assist with their own rescue (e.g., by climbing up a scramble 
net or a ship’s ladder) or to ambulate when they are out of the 
water (e.g., by walking to a waiting ambulance or helicop-
ter).49,122,157 Physical activity increases afterdrop, presumably 
by increasing perfusion of cold muscle tissue with relatively 
warm blood.11,52,53,55 As this blood is cooled, venous return (the 
circulatory component of afterdrop) contributes to a decline in 
myocardial temperature, thereby increasing the risk for VF.87 
Experiments on moderately hypothermic volunteers with esopha-
geal temperatures of 33° C (91.4° F) demonstrated a threefold 
greater afterdrop during treadmill walking than while lying 
still.10,56 Such an exercise-induced enhancement of afterdrop 
could precipitate post-rescue collapse. Throughout the rescue 
procedures and during subsequent management, hypothermic 
patients must be handled gently.3,77,122 Excessive mechanical stim-
ulation of the cold myocardium is another suspected cause of 
death after rescue.110,192

Several extraction techniques are presented in Figure 8-48 and 
Videos 8-7 and 8-8. The technique depends on the number of 
rescuers, the design of the boat platform and the resultant free-
board, and the equipment on hand. Victims can be pulled by 
their clothing or PFDs; placed into single or double rescue slings, 
rescue nets, or even hoists; and extracted either headirst or 
horizontally. It is easier to be gentle and to keep the victim hori-
zontal if there are low gunnels or if the boat has a rescue port 
on the side. If possible, the method that will be used to package 
the patient (see Packaging, later) should be prepared ahead of 
time. Regardless of the technique used, care should be taken to 
be as gentle as possible and to lift the patient directly into the 
packaging system.

MEDICAL MANAGEMENT
This section describes prehospital management of hypothermia 
with speciic reference to immersion pathophysiology. Chapter 7 
describes the hospital management of both accidental immersion 
and land-based hypothermia. Prehospital management of hypo-
thermia patients, both in the ield and during transportation to a 
site of deinitive medical care, varies with the patient’s level of 
hypothermia, the rescuer’s level of training, the resuscitative 
equipment available, type of transportation, and time required 
for delivery to deinitive care.208 Medical personnel must exercise 
good clinical judgment to balance all these factors to select 
appropriate therapeutic modalities (Box 8-8).

The primary goals of prehospital management of victims of 
accidental immersion hypothermia are prevention of cardiopul-
monary arrest; prevention of continued Tco decline; moderate, 
safe core rewarming, if practicable; and transportation to a site 

BOX 8-8 Controversy Box: Prehospital Warming Is 
Dangerous and Should Be Avoided

For many decades, it was believed that warming would cause 
massive vasodilation and result in cardiac arrest as a result of a 
precipitous drop in blood pressure or core temperature or the 
return of noxious metabolites from the periphery. Many studies 
have demonstrated that a very cold patient will display intense 
vasoconstriction such that only massive heating from warm-water 
immersion could override this thermoregulatory response. Any 
heat source (other than a warm-water bath) that is available in a 
prehospital setting will likely be safe. Thus, it is now widely 
accepted that gradual core rewarming through the application of 
heat to the chest and axillae is valuable as long as cardiovascular 
stability is maintained.

BOX 8-9 Controversy Box: Afterdrop Is an Artifact 
and Is Unimportant

Rescuers and emergency medical personnel should be aware that 
core temperature will continue to drop after an individual has 
been removed from the cold stress (see Figure 8-12). Although 
some decrease is inevitable, the understanding is that anything 
that increases blood low to cold tissue (e.g., the legs) will increase 
afterdrop. Thus, patients should be kept from walking and should 
remain horizontal, and the arms and legs should not be rubbed or 
massaged in an effort to warm the patient.
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FIGURE 8-51 Heat sources that could be used for hypothermia rewarming classiied by location, heat level 
or aggressiveness, and treatment effectiveness for hypothermia and frostbite. Drinks should only be given 
to a patient who is alert and unlikely to choke (i.e., mild hypothermia). Inhalation warming will reduce 
respiratory water loss but will add little heat to the body core. CAVR, Continuous arteriovenous 
rewarming. 
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BOX 8-10 Controversy Box: Cardiopulmonary 
Resuscitation (CPR) Should Be Started Rapidly if a 
Pulse Cannot Be Found Quickly

A hypothermic patient has been cooling for a long time, and it will 
likely not affect the outcome if a few minutes are taken to ensure 
that the heart is not functioning before commencing CPR. 
Premature chest compressions can cause an irritable heart to 
ibrillate. An initial pulse check should be done for 60 seconds. If 
no pulse is found, 3 minutes of rescue breathing might oxygenate 
the heart enough to strengthen contractions. If a pulse still cannot 
be found after another 60-second check, it can be assumed that 
the heart is not functioning, and chest compressions can be 
started in accordance with local jurisdiction protocols (see  
Figure 8-52).152

bradycardia and bradypnea may be present.3,156 This differs from 
normothermic CPR protocols, when chest compressions may be 
indicated if bradycardia fails to provide suficient cardiac output 
or systolic blood pressure.3 Because the metabolic requirements 
of hypothermic patients are reduced, bradycardia and bradypnea 
may still meet tissue oxygen requirements.29,49 Inappropriate 
administration of chest compressions in an attempt to augment 
cardiac output may precipitate VF from mechanical stimulation 
of the irritable myocardium29 (Box 8-10).

If a victim of cold-water immersion is found loating face-
down, drowning should be suspected and managed accordingly 
(see Chapter 69). In this case, correction of anoxia is paramount, 
and consideration of hypothermia is of secondary importance.3,130 
Normal advanced cardiac life support (ACLS) protocols should 
not be routinely applied to severely hypothermic patients in 

cardiac arrest, because management beyond BLS differs from that 
used for normothermic patients.3,29 Deibrillation and pharmaco-
logic interventions are usually ineffective for myocardial tempera-
tures of less than 30° C (86° F).3,7,29 Furthermore, repeated 
deibrillatory shocks may damage the myocardium.3,156 Deibril-
lation should be limited to three shocks at 200, 300, and 360 
joules, consecutively, for patients who are colder than 30° C 
(86° F).3 Administered medications are ineffective, and they may 
accumulate to toxic levels, because drug metabolism by the 
hypothermic liver and kidneys is reduced.29,196 For hypothermic 
patients with a Tco of more than 30° C (86° F), normal ACLS pro-
tocols may be used.3 All intravenous (IV) luids should be warmed 
before administration. However, it may be necessary to extend 
the recommended interval for IV medications because of the 
patient’s reduced metabolic rate.

For the unconscious hypothermic patient who is not in car-
diopulmonary arrest, endotracheal or nasotracheal intubation 
should be performed gently. The insertion of pacemaker wires 
and central venous catheters has been suspected of precipitat-
ing VF, but prior ventilation with 100% oxygen has been associ-
ated with a decreased risk for VF.27,28 Rescuers should not 
withhold endotracheal intubation, if indicated, for fear of pre-
cipitating VF.3

If the patient does not require immediate life support interven-
tion, a thorough and systematic examination must be performed 
as quickly as possible before the initiation of treatment for hypo-
thermia. Because severely hypothermic patients may have a 
greatly depressed mental status, they may not respond normally 
to painful stimuli. Victims of immersion hypothermia may have 
suffered trauma before entering or while in the water. Central 
nervous system (CNS), skeletal, and soft tissue injuries may be 
overlooked unless a careful examination occurs.

Attention should be paid to the patient’s mental status  
and other CNS signs. Rescuers should evaluate the level of 
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INSULATION, STABILIZATION, AND REWARMING

After removal of the patient from the water and management of 
immediate life-threatening emergencies, the next objectives are 
prevention of further heat loss and efforts at moderate rewarming 
(i.e., 1° to 2° C/hr [1.8° to 3.6° F/hr]). Strategies for moderate 
rewarming in the ield vary with the equipment available, training 
of rescue personnel, environmental conditions, and length of 
time required for transport to a site of deinitive care. Maximum 
insulation of the whole body from any further environmental 
cooling is an obvious irst requirement. The main goals for rescue 
personnel are to maintain or improve cardiorespiratory stability 
and to minimize Tco afterdrop, which can depress cardiac tem-
perature and potentiate VF.

Packaging

The purpose of packaging a patient in the ield or during pre-
hospital transport is to minimize all sources of heat loss: evapora-
tion, conduction, convection, and radiation. Rescuers should 
maintain the patient in a horizontal position to prevent hypoten-
sion, and movement of the patient must be kept to a minimum. 
Clothing should be cut away if it is wet but only if the patient 
is in a sheltered area. The patient’s skin should be dried with 
gentle blotting motions (no rubbing), and the patient should be 
protected by dry and insulating clothing and blankets, a sleeping 
bag, or a specialized rescue bag (Figure 8-53). This protection 
must include the head and neck. Incorporation of a windproof 
and waterproof layer or vapor barrier assists in prevention of 
convective and evaporative heat loss. This is particularly impor-
tant for patients who require helicopter evacuation, because 
downwash from helicopter rotor blades can reach wind speeds 

FIGURE 8-53 Instructions for hypothermia wrap (The Burrito) for a 
cold patient. (Copyright 2016 Baby It’s Cold Outside; PDF can be 
downloaded from www.BICOrescue.com.)

Plastic
or Foil

Sleeping Bag or Blanket

Tarp or
Plastic Pad

32

1

4

9

786

5

Apply Heat

FIGURE 8-52 Algorithm for ield assessment and treatment of a cold 
patient. (Copyright 2016 Baby It’s Cold Outside; PDF can be down-
loaded from www.BICOrescue.com.)

1. From outside ring to centre: assess Consciousness,
    Movement, Shivering, Alertness
2. Assess whether normal function, or impaired or no function
3. Treat according to appropriate result-quadrant   

1. Reduce heat
    loss (e.g., add
    dry clothing)
2. Provide
    high-calorie
    food or drink 

1. Treat as Moderate Hypothermia, and 1. Handle gently

2. Keep horizontal

3. No standing/walking

4. No drink or food

5. Insulate/ 

     vapour barrier

6. Heat applied to

    upper trunk

7. Volume

    replacement

    with warm

    intravenous fluid

8. Evacuate carefully

a) IF no obvious vital signs,
THEN 60-second breathing / 

THEN Start CPR

pulse check

b) IF no breathing / pulse,

2. Evacuate carefully ASAP   

1. Handle gently
2. Keep horizontal
3. No standing/
    walking for at
    least 30 min.

4. lnsulate/ 
    vapour barrier 
5. Heat applied to
    upper trunk
6. High-calorie
    food/drink
7. Monitor until
    improvement
    (at least 30 min.)
8. Evacuate if no
    improvement   

3. Increase heat
    production
    (e.g., exercise) 

consciousness, presence or absence of shivering, and pupillary 
size and light relex. Pupils may appear ixed and dilated in an 
unconscious and severely hypothermic patient, thus simulating 
the appearance of death. The diagnosis of death should not  
be made in a hypothermic patient, particularly in a ield  
setting, unless resuscitation efforts fail after adequate rewarming 
efforts.

The vital signs should be carefully measured, with particular 
attention paid to the Tco. A low-reading thermometer that is 
capable of recording down to 20° C (68° F) is required. Esopha-
geal temperature at the level of the atria is the most clinically 
useful Tco obtainable, because this site most closely parallels 
cardiac temperature.56,87 However, most rescue personnel are not 
equipped to measure esophageal temperature. Rectal tempera-
ture is not easily obtained, as rescuers often show reluctance to 
obtain a recording from this site in the ield, and incorrect ther-
mometer placement may cause an erroneous reading. If neither 
esophageal nor rectal temperature is taken, oral or axillary tem-
perature is of limited value; neither will accurately relect Tco in 
a victim of immersion hypothermia. Facial cooling affects oral 
temperature, and cold skin temperature affects axillary record-
ings. However, the patient’s Tco will not be lower than that 
indicated by an oral or axillary recording. Thus, rescuers can use 
even supericial temperatures in a limited way to monitor the 
patient’s status, although this is not ideal.

Hemorrhage should be controlled in the usual manner. Anti-
shock trousers are normally contraindicated, because they are 
likely to be ineffective in the face of the maximal vasoconstriction 
already present in a severely hypothermic patient. Because hypo-
thermia itself can cause hypotension without massive luid losses, 
antishock trousers should be used only if required for temporary 
stabilization of a suspected pelvic fracture.29
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most hypothermia treatment protocols continue to recommend 
inhalation warming as an adjunct to overall rewarming 
strategies.3,27,29,33,49,157,195

Warmed Intravenous Fluids

Administration of warmed IV luids (40-42° C [104-108° F]) is 
beneicial for reversing hypothermia-induced dehydration and 
hypovolemia.29,156 Replacement of luids before rewarming has 
been shown in dogs to augment cardiac output.140 Dextrose 5% 
in water or normal saline and normal saline alone are preferable 
to lactated Ringer’s solution, because a hypothermic liver may 
be unable to metabolize lactate normally.157 Administration of 300 
to 500 mL should occur fairly rapidly, with the remainder of the 
liter administered over the next hour.5 In no case should IV luids 
(at room temperature or colder) be administered. Plastic IV luid 
bags can be easily carried inside of a rescuer’s clothing (prefer-
ably next to the skin) to keep the luids warm and to supply 
some perfusion pressure.

in excess of 160 km/hr (100 miles/hr), thereby potentiating sig-
niicant heat loss from windchill (Figure 8-54). It is important to 
note that the vapor barrier should also protect the insulation from 
becoming wet. Therefore, if the patient is dry, the vapor barrier 
can be wrapped around the outside of the insulation. However, 
if the patient is wet and clothing cannot be changed (e.g., a 
survivor picked up by a small rescue boat), the vapor barrier 
should be placed around the patient inside the insulation layers.

Spontaneous Rewarming

Patients who are only mildly hypothermic (i.e., exposed to cold 
water for a relatively short time, fully conscious, and vigorously 
shivering with Tco >32° C [89.6° F]) are usually capable of rewarm-
ing themselves without dificulty. Heat production from shivering 
can reach levels that are ive to six times that of the resting meta-
bolic rate.38 Shivering is thus a highly effective means of rewarm-
ing, particularly if rescuers insulate the patient’s body and head 
with vapor-barrier garments to minimize evaporative heat loss.56 
Vigorous shivering has been shown to produce rewarming rates 
of as high as 3° to 4° C/hr (5.4° to 7.2° F/hr).49,56,62 Patients who 
are conscious and vigorously shivering are generally not a 
medical emergency and usually do not require immediate trans-
portation for deinitive care. However, rescuers should be aware 
that prolonged periods of shivering consume the patient’s endog-
enous energy reserves. Thus, rescuers should administer oral 
glucose-containing luids to conscious patients who have ade-
quate cough and gag relexes. Attention to energy reserves in 
unconscious and severely hypothermic patients is also important. 
Warmed IV glucose solutions are useful for these patients as part 
of deinitive resuscitative and rewarming protocols, as described 
later.3,29 Alcoholic beverages are contraindicated in all cases.

Inhalation Warming

Rescuers should attempt to minimize respiratory heat losses. 
Hypothermic patients lose up to 11 to 13 kcal/hr through inha-
lation of relatively cold and dry air and through exhalation of 
water-saturated air at near Tco.

65,200 Administration of heated and 
humidiied air or oxygen at approximately 42° to 46° C (108° to 
115° F) can result in net positive gain of 17.1 kcal/hr. Although 
this is a relatively small amount of heat compared with the total 
kilocalories required to rewarm the hypothermic patient com-
pletely, heated and humidiied ventilation helps to insulate the 
airway from further evaporative heat loss. However, some 
studies have shown that inhalation rewarming reduces meta-
bolic heat production provided by shivering.54 In experimental 
volunteers whose shivering was pharmacologically inhibited, 
inhalation warming did not appear to provide any advantage 
over spontaneous rewarming.67 Other suggested beneits of 
inhalation warming include rehydration, stimulation of mucocili-
ary activity in the respiratory tract, and direct heat transfer from 
the upper airways to the hypothalamus, brainstem, and other 
brain structures. Any warming of the respiratory, cardiovascular, 
or thermoregulatory centers could be of beneit. Although 
research continues regarding eficacy of airway rewarming,  

FIGURE 8-54 Patient is exposed to strong rotor wash when being 
hoisted to U.S. Coast Guard helicopter. (Courtesy Art Allen.)

Controversy Box: Airway Warming Effectively Warms 
the Core

It is important for an emergency medical provider to know that 
airway warming does not signiicantly warm the body core (see 
Figure 8-12). However, the method does have some advantages. 
Most of the heat transfer occurs in the upper airways and may 
warm certain areas in the brainstem. Moisture loss is eliminated. It 
is important to know that some additional warming techniques—
preferably application of heat to the chest and axillae—are 
necessary to actually raise the temperature of the heart.

Body-to-Body Rewarming

Body-to-body warming of the hypothermic patient has long been 
advocated as an acceptable ield treatment. Sir John Franklin, in 
his 1823 text Narrative of a Journey to the Shores of the Polar Sea 
in the Years 1819, 20, 21, describes this technique for resuscita-
tion of an expedition member who was recovered from ice-illed 
water.41 When wrapped together in a blanket or sleeping bag, a 
rescuer can transfer body heat to a hypothermic patient. However, 
experimental studies on human volunteers have failed to dem-
onstrate a rewarming advantage with this technique for shivering 
individuals. When volunteers were cooled to an average Tco of 
34.6° C (94.3° F), body-to-body rewarming proved no better than 
shivering alone.62 In this study, the heat donated by the rescuers 
was only suficient to offset the heat lost by the inhibition of 
shivering. The following theoretical arguments mediate against 
the routine use of body-to-body rewarming for shivering patients 
in the ield:
1. The large heat loss of an immersion hypothermic victim (e.g., 

300 kcal in cooling an average normothermic adult to Tco of 
33° C [91.4° F]) is unlikely to be reversed by the relatively small 
amount of heat provided by the donor (i.e., a resting, non-
shivering adult produces only about 100 kcal/hr).62

2. External heat from body-to-body contact will inhibit the  
hypothermic victim’s endogenous heat production through 
shivering.56

3. Once body-to-body rewarming is initiated, transport of the 
patient and heat donor will be dificult, if not impossible.
However, for severely hypothermic and nonshivering victims 

or for victims whose shivering thermogenesis is inhibited by 
alcohol, medications, age, or other factors, body-to-body rewarm-
ing may be used. Furthermore, body-to-body rewarming may 
provide important psychological support to the patient. For these 
reasons, rescuers should weigh the likelihood of effective 
rewarming against the advantages and disadvantages of body-to-
body rewarming when devising a ield rewarming strategy for 
any particular hypothermic patient.

Heating Pads

The application of external moderate heat sources to hypother-
mic patients has been a traditional method of ield rewarming. 
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observed in the experimental volunteers, even when their 
extremities were immersed in 45° C (113° F) water, although some 
complained of initial discomfort at this temperature. Rescuers 
opting to use AVA rewarming should consider starting with a 
water temperature of 42° C (108° F) and gradually raise the tem-
perature to 44° C (111° F).188

Another concern with AVA rewarming involves potential car-
diovascular instability. Hypotension may result from an increase 
in peripheral blood low in a hypovolemic patient. If the patient 
is required to be in a semiupright position to receive AVA 
rewarming, orthostatic hypotension could potentially add to car-
diovascular instability. No experimental data support these 
potential cardiovascular problems, but studies of AVA rewarming 
have been performed only on mildly hypothermic individuals.188 
Further research is required to evaluate the eficacy and safety 
of AVA warming on severely hypothermic patients.

Forced-Air Warming

Forced-air warming (FAW) is derived from a treatment modality 
used to prevent or reverse hypothermia in surgical patients.106,149 
Convective heat transfer is provided by warm air blown into 
warming covers over the patient’s body. Both experimental and 
clinical data support the eficacy of this technique on mildly, 
moderately, and severely hypothermic subjects. In mildly hypo-
thermic experimental patients, FAW was associated with a 30% 
smaller afterdrop compared with shivering alone. Furthermore, 
during the initial 35 minutes of rewarming, shivering patients 
experienced net heat loss of 30 to 50 W, compared with net heat 
gain from FAW of 163 to 237 W.61 In moderately to severely 
hypothermic patients with a mean rectal temperature of 28.5° C 
(83.3° F) who were treated in an emergency department, FAW 
(in conjunction with warmed IV luids and inhalation warming) 
achieved a rewarming rate of 2.4° C/hr (4.3° F/hr), which was 
almost twice that of patients treated only with warmed IV luids 
and inhalation warming (1.4° C/hr [2.5° F/hr]).153

In another series of human experiments, a FAW device 
designed for ield use was associated with a signiicantly higher 
Tco rewarming rate (5.8° C/hr [10.4° F/hr]) than with shivering 
alone (3.4° C/hr [6.1° F/hr]), but it showed no advantage over 
shivering with regard to decreasing afterdrop.35 When shivering 
was inhibited with meperidine in volunteers,57 FAW was associ-
ated with a 50% decrease in afterdrop and a 600% increase in 
rewarming rate compared with spontaneous rewarming alone.67 
A different prototype FAW device that used a collapsible rigid 
patient cover and that was evaluated experimentally on non-
shivering volunteers was associated with a smaller afterdrop 
and faster rewarming rate than with spontaneous rewarming 
alone.60

In summary, FAW has shown signiicant promise as both a 
ield and a hospital treatment modality. It is a safe, noninvasive 
technique that can both decrease afterdrop and increase the Tco 
warming rate of immersion hypothermic patients. Figure 8-56 
schematically illustrates Tco responses to various rewarming meth-
odologies under mild (i.e., shivering intact) and severe (i.e., 
shivering absent) hypothermic conditions.

TRANSPORTATION

Stabilization, insulation, and rewarming of the hypothermic 
patient should be started during transport of the patient to an 
appropriate medical center for deinitive rewarming. If possible, 
the receiving facility should be selected on the basis of its knowl-
edge of and experience with management of hypothermic 
patients. In the same manner that victims of multiple trauma are 
most appropriately managed in trauma centers, severely hypo-
thermic patients are best managed in hospitals equipped to 
handle potential complications and provide core rewarming 
therapies. For example, a hospital with cardiac bypass rewarming 
capabilities may be a better choice for management of a severely 
hypothermic patient than a hospital without such qualiications, 
even if the former may require a longer transport time.

During transport to a site for deinitive medical care, emer-
gency medical personnel should frequently monitor the patient’s 
Tco and other vital signs. In addition, they should attach an 

Particularly when applied to the patient’s thorax, including 
axillae, chest, and upper back, (areas with high potential for 
conductive heat transfer),85 hot-water bottles, chemical and char-
coal heat packs (Figure 8-55), heating pads, and other warmed 
objects have been used to attempt to stabilize the patient’s Tco. 
If a patient is shivering vigorously, Tco will warm at a similar rate 
as with external heat.21,56,80,113,160 For more severely hypothermic 
patients who are not shivering, these types of external heat 
sources would help to stabilize and even increase the patient’s 
Tco, which would likely remain low if no heat were added. A 
recent study demonstrated that charcoal heating provides a sig-
niicant rewarming advantage for hypothermic individuals when 
shivering was pharmacologically inhibited.92

Rescuers should be aware of several potential hazards with 
this rewarming technique. Hypothermic skin is very sensitive to 
heat and easily injured. All sources of external heat must be 
separated from direct contact with the patient’s skin to prevent 
severe thermal burns.156 Third-degree burns have resulted from 
the application of a lukewarm hot-water bottle directly to a 
hypothermic child’s skin.129 Furthermore, heat packs that make 
use of burning charcoal as a heat source can create a carbon 
monoxide hazard within an enclosed space.160

Arteriovenous Anastomoses Rewarming

The arteriovenous anastomoses (AVA) rewarming technique 
relies on the physiologic AVAs that exist in human digits and on 
the supericial venous rete in the forearms and the lower legs. 
Warming these areas opens the AVAs and increases supericial 
venous return via the rete. Warmed venous blood thus reaches 
the core without excessive countercurrent heat loss to cold arter-
ies (supericial veins are not in close contact with arteries). As a 
result of the pioneering work of Vanggaard and Gjerloff,189 who 
proposed AVA rewarming, the Royal Danish Navy has been using 
this technique since 1970.187 Experimental studies have conirmed 
the eficacy of this technique.188 Mildly hypothermic participants 
with an esophageal temperature of 34.2° C (93.6° F) whose hands, 
forearms, feet, and lower legs were immersed in either 42° C 
(108° F) or 45° C (113° F) water had a smaller postcooling after-
drop than with shivering alone (0.4° C [0.7° F] vs. 0.6° C [1.1° F]) 
and a signiicantly faster rate of rewarming (6.6° C/hr [11.9° F/hr] 
and 9.9° C/hr [18° F/hr]) than with shivering alone (3.4° C/hr 
[6.1° F/hr]). Although this technique may be dificult to implement 
in some ield settings, it may be practical for mildly hypothermic 
victims on rescue vessels or other locations where a source of 
warm water is available.

As with heating pads and other sources of external heat, 
however, rescuers should be concerned about the possibility of 
thermal burns. In the previously described study, no burns were 

FIGURE 8-55 Placement of a charcoal heater on the chest. Warming 
ducts are wrapped over the shoulders and touching the neck, under 
the axillae, and over the chest. This coniguration provides heat to 
important areas for heat transfer (surrounding or near the heart) to a 
cold patient. 



events that occur during cooling and recovery. With such under-
standing, medical personnel can better prepare for and manage 
this potentially dificult environmental exposure. When prehos-
pital care is performed safely and effectively, deinitive hospital 
care is more likely to have a successful outcome.

Finally, it should be noted that, if you are from a Nordic 
country, you are oblivious to cold, and this chapter is likely 
irrelevant to you (Figure 8-57).
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electrocardiography monitor and continue administration of 
warmed IV luids, heated and humidiied air or oxygen, and other 
rewarming efforts discussed previously. Rescuers should maintain 
the hypothermic patient in a horizontal posture and restrict the 
voluntary movements of conscious individuals. At the receiving 
facility, rescuers should ensure that the patient is carried (rather 
than allowed to walk) to the treatment location.

In summary, prehospital rescue and management of immer-
sion hypothermia patients requires understanding the physiologic 

FIGURE 8-56 Effectiveness of various rewarming techniques under 
shivering and nonshivering hypothermic conditions. The dashed line 
indicates the approximate core temperature at which shivering is spon-
taneously abolished. 
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Frostbite is a true freezing injury, and depending on the severity, 
ice crystals will tend to form in deep and supericial tissues.  
The degree of injury is a complex interaction of many factors, 
including environmental (e.g., temperature, windchill, length of 
exposure, altitude) and individual (e.g., genetics, comorbidities, 
medications/drugs, clothing, skin products, previous frostbite 
injury).

This chapter reviews current understanding of the history, 
epidemiology, physiology, pathophysiology, and classiication of 
frostbite, as well as risk factors, clinical presentation, ield and 
hospital evaluation, treatment, prevention, and consultation strat-
egies. Although the principles of prevention and treatment trans-
fer from urban to wilderness settings, the time to deinitive 
treatment of frostbite is often prolonged, and resources are 
almost always limited in the wilderness setting. Therefore, wher-
ever possible, we incorporate special considerations for wilder-
ness management. Hypothermia and nonfreezing cold-induced 
injuries are discussed in Chapters 7 and 10.

HISTORY OF FROSTBITE
A 5000-year-old pre-Columbian mummy discovered in the 
Chilean mountains is widely recognized as the earliest docu-
mented evidence of human frostbite.151 In 218 BC, Hannibal lost 
almost half his army of 46,000 to cold injuries in only 15 days 
when crossing the Pyrenean Alps. Dr. James Thatcher wrote in 
1778 that 10% of George Washington’s colonial army had been 
left to perish in the winter cold during his campaign against the 
British soldiers.164

Although frostbite was a known consequence of military 
campaigns in the cold for thousands of years, the irst authorita-
tive report of mass casualties was by Baron Larrey, surgeon-in-
chief of Napoleon’s army during the invasion of Russia in the 
winter of 1812-1813.105 Larrey introduced the concept of friction 
massage with ice or snow, avoidance of heat during thawing, 
and the idea that cold injuries were similar to burn injuries. 
These concepts are better understood against the background as 

CHAPTER 9 

Frostbite

LUANNE FREER, CHARLES HANDFORD, AND CHRISTOPHER H.E. IMRAY
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ANATOMY AND PHYSIOLOGY
Physiologically, humans are tropical animals, better suited to 
losing heat than retaining it. When naked and at rest, a per-
son’s neutral environmental temperature is 28° C (82.4° F). With 
an environmental drop of 8° C (14.4° F) to 20° C (68° F), the 
metabolic rate must double to avoid lowering of body 
temperature.

The rate at which heat is lost by radiation is a function of 
the temperature of the cutaneous surface, which in turn is pri-
marily a function of the rate of blood low through the skin. 
Heat is poorly conducted from warmer internal tissue to the 
cutaneous surface because adipose tissue is a good heat 
insulator.

As a result, cutaneous circulation is key to development of 
frostbite. Because of its role in thermoregulation, normal blood 
low of skin far exceeds its nutritional obligation. The skin holds 
a complex system of capillary loops that empty into a large, 
subcapillary venous plexus containing the majority of the cutane-
ous blood volume. Under normothermic conditions, 80% of an 
extremity’s blood volume is in the veins of skin and muscle. Skin 
blood volume depends in part on tone in resistance and capaci-
tance blood vessels, and tone in turn depends largely on ambient 
and body temperatures. Under basal conditions, a 70-kg (154.3-
lb) person has total cutaneous blood low of 200 to 500 milliliters 
per minute (mL/min). With external heating to maintain skin 
temperature at 41° C (105.8° F), this may increase to 7000 to 
8000 mL/min, whereas cooling the skin to 14° C (57.2° F) may 
diminish it to 20 to 50 mL/min.

Blood low through apical structures, such as the nose, ears, 
hands, and feet, is most variable because of richly innervated 
arteriovenous connections. Blood low to hand skin can be 
increased from a basal rate of 3 to 10 mL/min/100 grams (g) of 
tissue to a maximum of 180 mL/min/100 g of tissue. This cutane-
ous vascular tone is controlled by both direct local and relex 
effects. Indirect heating (warming a distant part of the body) 
results in relex-mediated cutaneous vasodilation, whereas direct 
warming results in vasodilation dominated by local effects. When 
both types (central and peripheral) of heating or cooling are 
present, their effects are additive.

Cutaneous vessels are controlled by sympathetic adrenergic 
vasoconstrictor ibers, and vascular smooth muscles have both 
α-adrenergic and β-adrenergic receptors. Vasodilation in the 
hands and feet is passive, so maximal relex vasodilation occurs 
after sympathectomy.

When the hand or foot is cooled to 15° C (59° F), maximal 
vasoconstriction and minimal blood low occur. If cooling  
continues to 10° C (50° F), vasoconstriction is interrupted by 
periods of vasodilation and an associated increase in blood and 
heat low. This cold-induced vasodilation (CIVD), or “hunting 
response,” recurs in 5- to 10-minute cycles and provides some 
protection from the cold. There is considerable individual varia-
tion in the amount of CIVD, and it is believed this might explain 
some of the variation in susceptibility to frostbite. Prolonged 
repeated exposure to cold increases CIVD and offers a degree 
of acclimatization. Inuit, Sami, and Nordic ishermen have a 
strong CIVD response and very short intervals between dilations, 
which may contribute to maintenance of hand function in the 
cold environment.66

Normal skin maturation and tissue function rely on mainte-
nance of permeability and integrity of all tissue membranes. A 
steady-state relationship of prostaglandins, particularly pros-
taglandin E2 (PGE2, vasodilator) and PGF2α (vasoconstrictor), 
is crucial for normal skin function. Imbalance may disrupt  
cell membrane equilibrium. This relationship is controlled 
through PGE2–9-ketoreductase and nicotinamide adenine dinu-
cleotide phosphate (NADPH). Low concentrations of PGE2–9-
ketoreductase found in normal skin emphasize an active biologic 
presence.

It is not dificult to imagine why frostbite tends to affect tissues 
that are acral (e.g., ingers, toes, ears, nose) and that receive 
diminished blood supply as a result of vasoconstriction, thereby 
conserving heat for the core. The nose and corneas may be dif-
icult to protect from cold wind and are particularly vulnerable; 

viewed by Larrey; soldiers with cold injuries rapidly rewarmed 
their extremities over roaring ires (65° to 75° C [149° to 167° F]) 
after long marches, only to renew the trek and refreeze their 
extremities the next day. Larrey recognized that warming was 
good, but cautioned against the use of excessive heat and ulti-
mately recognized the freeze-thaw-freeze cycle. Napoleon left 
France with 250,000 men and returned 6 months later with only 
350 effective soldiers. The remainder were casualties to cold or 
starvation.105

During both world wars and the Korean conlict, at least 1 
million cases of frostbite occurred.142,181,198 High-altitude frostbite, 
irst described in 1943, was recognized from the treatment of 
aviators in World War II, when gunners of aircraft lying between 
7620 and 10,668 m (25,000 and 35,000 feet) ired machine guns 
through open ports, removing their bulky mittens and jackets to 
improve the dexterity that they thought was crucial to saving 
their lives.198

Until the 1950s, treatment of cold injuries basically followed 
Larrey’s guidelines. In 1956, experimental laboratory work 
encouraged Meryman, the U.S. Public Health Service district 
medical oficer in Tanana, Alaska, to try rapid rewarming at 
37.8° C (100° F) on a patient with frostbite and hypothermia.25,131 
This was the genesis and has become the cornerstone of the 
method currently used in Alaska and popularized by Mills.130,131

EPIDEMIOLOGY
No comprehensive statistical data are available on the incidence 
of frostbite, but it is much more prevalent during military cam-
paigns and is a known hazard for mountain climbers and polar 
explorers. The typical frostbite patient is either working or rec-
reating in cold and/or high-altitude environments, is homeless, 
or is accidentally trapped outdoors in the winter.98,101,146 The 
patient is typically 30 to 49 years old, and in more than half of 
urban cases, is intoxicated.

CIVILIAN

In the nonadventurer U.S. civilian population, Mills129-131 had col-
lected 500 cases in Alaska by 1963, Cook County Hospital in 
Chicago recorded 843 cases from 1962 to 1972, and Detroit 
Receiving Hospital reported on 154 patients treated between 1982 
and 1985.17,74,102 The incidence of frostbite in Finland calculated 
in a 9-year retrospective query of hospital admissions was 2.5 
cases per 100,000 inhabitants.87

MILITARY AND OCCUPATIONAL

The mean annual incidence of frostbite in the Finnish military 
was reported as 1.8 episodes per 1000 persons, with the head, 
hands, and feet most often affected.107 In a more recent study of 
almost 6000 Finnish military recruits, 44% reported at least one 
episode of frostbite during their lifetime, and the annual inci-
dence was 2.2%; the head, hands, and feet were the sites most 
frequently aflicted.47 Among refugees navigating a high-altitude 
military line of control during December 1988 to March 2003, 
2564 cases of frostbite were treated at local hospitals in Muzaf-
farabad, Azad Kashmir.92

MOUNTAINEERING

A 10-year retrospective review of medical records of the British 
Antarctic Survey revealed that the incidence of frostbite was 
approximately 65.6 cases per 1000 persons per year.28 During a 
10-year period in the Karakorum Mountains, 1500 cases of frost-
bite were treated at tertiary care medical facilities; all victims were 
males age 17 to 43 years. The incidence is unknown because the 
total number of potential exposures was unrecorded.71 In a 
questionnaire-based study of 637 mountaineers, the mean inci-
dence of frostbite was 366 cases per 1000 persons per year,70 
and of 2219 south-side Mt Everest climbers in 7 years (2001–
2007), the base camp medical clinic at Mt Everest saw 35 cases 
of frostbite (and estimates at least a comparable number of 
patients not brought for treatment at the facility).56
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INDIRECT CELLULAR DAMAGE/PROGRESSIVE 
DERMAL ISCHEMIA

Indirect cellular damage secondary to progressive microvascular 
insults is more severe than the direct cellular effect. This is sup-
ported by the observation that skin tissue subjected to a standard 
freeze-thaw injury, which consistently produced necrosis in vivo, 
survived as a full-thickness skin graft when transplanted to an 
uninjured recipient site.197 Conversely, uninjured full-thickness 
skin did not survive when transferred to a recipient area pre-
treated with the same freezing injury. Thus, direct skin injury is 
reversible. The progressive nature of injury is probably secondary 
to microvascular changes.

Approximately 60% of skin capillary circulation ceases in the 
temperature range of 3° to 11° C (37.4° to 51.8° F), while 35% 
and 40% of blood low ceases in arterioles and venules, respec-
tively.161 Capillary patency is initially restored in thawed tissue, 
but blood low declines 3 to 5 minutes later. Three nearly simul-
taneous phenomena occur after thawing: momentary and initial 
vasoconstriction of arterioles and venules, resumption of capillary 
circulation and blood low, and showers of emboli coursing 
through microvessels.212 Ultimately, there is progressive tissue 
loss caused by progressive thrombosis and hypoxia. This is 
similar to the tissue loss seen in the distal dying random lap and 
the no-relow phenomenon. For both these, in addition to the 
effect of arachidonic acid metabolites, oxygen free radicals have 
been shown to be detrimental and contribute to tissue loss. It 
has been proposed that this may be the case with frostbite 
injury.24

Emerging concepts, perhaps including the deleterious role of 
protein kinase C in mitochondrial dysfunction during reperfusion 
injury and the role of nitric oxide production and activation, will 
no doubt be incorporated into our understanding of frostbite 
injury as scientiic understanding evolves.

Considerable evidence indicates that the primary alteration 
caused by cold injury is to vascular endothelium.210 At 72 hours 
after a freeze-thaw injury, vascular endothelium is lost in capillary 
walls, accompanied by signiicant ibrin deposition. The endo-
thelium may be totally destroyed, and ibrin may saturate the 
arteriole walls.134,210,212 Ultrastructural derangement of endothelial 
cells after the thaw period has been observed by electron micros-
copy in capillaries of the hamster cheek pouch following subzero 
temperatures.156 The endothelial injury was conirmed by dem-
onstrating luid extravasation from vessels almost immediately 
after thawing.212 As in other forms of trauma, vascular endothelial 
cells swell and protrude inward into the lumen until they lyse.

Venules appear more sensitive to cold injury than do other 
vascular structures, partly because of lower low rates. Arterioles, 
with a rate of low almost twice that of venules, are less damaged 
by freezing and develop stasis later than do venules. Capillaries 
manifest the fewest direct effects of cold injury, but their low is 
quickly arrested as a result of their position between arterioles 
and venules. Generalized stasis and cessation of low are noted 
at the point of injury within 20 minutes after freeze and thaw. 
“White thrombi” (blood cells and ibrin) appear after platelet 
thrombi as blood low progressively slows. Sludging and stasis 
result in thrombosis. Microangiography after cold injury shows 
that although spasm of the arterioles and venules exists, it is not 
marked enough to completely account for the decreased low of 
progressive microvascular collapse.4 In the 1950s, Kulka99,100 
observed that vascular thrombosis after cold injury advanced 
from the capillary level to that of the large vessels and ultimately 
resulted in ischemic death of progressively larger areas. Viable 
dermal cells may be observed histologically in cold-injured 
tissues for up to 8 days or until occlusion of local vessels occurs. 
This emphasizes that vascular insuficiency plays a major role, 
and that direct injury to cellular structures and mechanisms may 
be reversible. It also suggests other mechanisms, such as reperfu-
sion injury.

Because Cohnheim had shown changes in cold injury to be 
similar to changes seen in other inlammatory states, Robson and 
Heggers163 postulated that the progressive ischemia seen in frost-
bite might be caused by the same inlammatory mediators 
responsible for progressive dermal ischemia in the burn wound. 

face coverings such as a balaclava and goggles should be con-
sidered in extreme conditions. In addition, men who jog, ski, or 
otherwise exercise in the cold may be prone to penile frostbite, 
especially if fast speeds create a headwind. Clothing becomes 
moist with sweat in the groin, and the tip of the penis is vulner-
able, especially if unprotected by a wind-resistant or windproof 
outer layer.56,76

PATHOPHYSIOLOGY OF FROSTBITE
The pathophysiology of frostbite has been categorized in several 
different ways, illustrating the numbers of variables that affect 
the extent and depth of tissue damage. Frostbite may be divided 
into four pathologic phases: prefreeze, freeze-thaw, vascular 
stasis, and late ischemic. Overlap occurs among these phases. 
The changes during each phase vary with rapidity of freezing 
and duration and extent of injury.

Some believe that it is conceptually more clear to divide 
pathologic changes occurring in frostbite into two categories: 
those resulting from direct cellular injury and those from indirect 
cellular effects, or progressive dermal ischemia,138 a similar patho-
physiology described in thermal burn patients.119,120,163

DIRECT CELLULAR INJURY

Regardless of the classiication scheme, researchers agree that the 
changes caused by direct injury include the following211,212:
• Extracellular ice formation
• Intracellular ice formation
• Cell dehydration and shrinkage
• Abnormal intracellular electrolyte concentrations
• Thermal shock
• Denaturation of lipid-protein complexes

Cells subjected to a slow rate of cooling (over hours) develop 
ice crystals extracellularly in the cellular interspaces. Rapid 
cooling (over seconds to minutes) produces intracellular ice 
crystals, which are more lethal to the cell and less favorable for 
cell survival. In a clinical cold injury, the slower rate of freezing 
does not produce intracellular crystals;124,125 however, the extra-
cellular ice formed is not innocuous. It draws water across the 
cell membrane, contributing to intracellular dehydration. The 
theory of cellular dehydration was originally proposed by Moran 
in 1929 and subsequently supported by Meryman’s study of  
“ice-crystal nucleation.”124,125,127,136 Cellular dehydration produces 
modiication of protein structure because of high electrolyte 
concentrations, alteration of membrane lipids, alteration of cel-
lular pH, and imbalance of chemical activity.116,118,128 This phe-
nomenon subsequently permits a marked and toxic increase of 
electrolytes within the cell, leading to partial shrinkage and col-
lapse of its vital cell membrane. These events are incompatible 
with cell survival.

Not all the water within a cell is freezable. A small amount 
of unfrozen water, “bound water,” constitutes up to 10% of the 
total water content and is held tightly in the protein complex 
within the cell. Regardless of how rapid or marked the cold 
injury, this bound water remains liquid. At temperatures below 
−20° C (−4° F), approximately 90% of available water is frozen.208 
Although the theory of ice crystal disruption of cell structure is 
attractive, it has yet to be conclusively proven.

“Thermal shock” is the phenomenon of sudden and profound 
temperature change in a biologic system. Precipitous chilling has 
been theorized to be incompatible with life, but the severity of 
this phenomenon is debatable. Another poorly understood 
concept is the manner in which subzero temperatures produce 
denaturation of lipid-protein complexes. One proposed theory 
hypothesizes detachment of lipids and lipid protein from cell 
membranes as a consequence of the solvent action of a toxic 
electrolyte concentration within a cell.42,110 No direct evidence 
supports an alteration of enzyme activity during freezing, but 
DNA synthesis is inhibited.85 On the other hand, there is indirect 
evidence of ox liver catalase inactivation caused by denaturation 
and structural alteration of lactic acid dehydrogenase after freez-
ing and thawing.112,179
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They evaluated blister luid from patients with hand frostbite, 
measuring levels of PGE2, PGF2α, and thromboxane B2 (TXB2). 
Levels of the vasoconstricting, platelet-aggregating, and leukocyte-
sticking prostanoids (PGF2α and thromboxane A2 [TXA2]) were 
greatly elevated. The investigators postulated that massive edema 
after cold injury was caused either by leakage of proteins from 
release of these prostanoids or by leukocyte sludging in the 
capillaries and increased hydrostatic pressure. Studies have con-
irmed the similarity between cold injury and the burn wound.24

Severe endothelial damage was observed by researchers 
studying a minimal cold-injury model in the hairless mouse.18 In 
addition, the sequence of endothelial damage, vascular dilation, 
vascular incompetence, and erythrocyte extravasation was con-
irmed. This led to speculation that arachidonic acid metabolites, 
which may originate from severely damaged endothelial cells, 
are important in progressive tissue loss. Signiicantly absent from 
in vivo and microscopic observations were vascular spasm, 
thrombosis, and ibrin deposition, all of which had previously 
been implicated as pathophysiologic mechanisms. A rabbit ear 
model demonstrated increased tissue survival after blockade of 
the arachidonic acid cascade at all levels.157 The most marked 
tissue salvage resulted when speciic TXA2 inhibitors were 
used. This has now been shown to be effective in clinical 
situations.74

Reports in the 1940s documenting the histopathology of frost-
bite injury to the skin were not comprehensive. Historically, 
studies by several investigators have been limited to skin biopsies 
without documentation of location, exposure time, temperature, 
or time elapsed since the injury.174

More recently, experimental studies have been able to docu-
ment the histopathology of skin changes under controlled condi-
tions. In 1988, Schoning and Hamlet176,177 used a Hanford 
miniature swine model for frostbite injury (−75° C [−103° F] expo-
sure for up to 20 minutes) to note progressive epithelial damage. 
Early changes included vacuolization of keratinocytes; loss of 
intercellular attachments and pyknosis occurred over 1 week or 
more. This subsequently progressed to advanced cellular degen-
eration and formation of microabscesses at the dermoepidermal 
junction. Later changes included epithelial necrosis and regenera-
tion, either separately or together within the same tissue. Such 
histopathologic data favor the current standard of conservative 
management of frostbite injury with delayed surgery.

However, Marzella and associates114 used a New Zealand 
white rabbit ear model of frostbite injury and proposed that the 
skin necrosis induced by frostbite injury was merely a relection 
of damage to the target cell—the endothelial cell. After submer-
sion of a shaved rabbit ear in 60% ethyl alcohol at −21° C (−5.8° F) 
for 60 seconds, the entire microvasculature demonstrated endo-
thelial damage within 1 hour; erythrocyte extravasation occurred 
within 6 hours. These early vascular changes in the rabbit ear 
model are in contradistinction to the timing of vascular changes 
in the Hanford miniature swine model; Schoning and Hamlet177 
performed biopsies on animals exposed to frostbite injury (−75° C 
[−103° F] for up to 20 minutes) and evaluated the specimens for 
vascular inlammation, medial degeneration, and thrombosis. The 
earliest change documented both grossly and microscopically 
was hyperemia. Within 6 to 24 hours, leukocyte migration and 
vasculitis were noted. However, the most severe vascular changes 
of thrombosis and medial degeneration were not observed until 
1 to 2 weeks after the injury.

Whether or not changes in the epidermis are primary or sec-
ondary to damage of underlying endothelial cells, it is clear that 
these tissues have potential, although limited, capacity for regen-
eration. Human experience clearly suggests that robust local 
tissue inlammation and coagulation stimulate microvascular 
thrombosis and progressive cell death.138 A perfect representative 
animal model for frostbite has yet to be found. A wide range of 
animal models has been used to create and assess the condition. 
Developing a consistent, reproducible, and appropriate model 
would facilitate frostbite research.186 In recent years, both swine 
and mouse models have been proposed to address this, aiming 
to be inexpensive and easily reproducible.9,10,167 Although promis-
ing, their true value will be known when proven during further 
trials.

As early as 1991, Manson and co-workers111 proposed that 
frostbite is characterized by acute tissue injury induced by freez-
ing and thawing. Initial complete ischemia is followed by reper-
fusion and later by tissue necrosis. The authors suggested that 
the vascular events supported the hypothesis that free radical–
mediated reperfusion injury at thawing might contribute to tissue 
necrosis after frostbite in a manner similar to that seen after 
normothermic ischemia. Supporting evidence included electron 
micrographs showing the appearance of severe endothelial cell 
injury, beginning during freezing and extending through early 
reperfusion. Later, neutrophil adhesion, erythrocyte aggregation, 
and microvascular stasis were seen.

DEFINITIONS AND CLASSIFICATIONS
Classically, frostbite has been described by its clinical presenta-
tion, but this can be dificult to predict in the ield and before 
rewarming.97,131 Mills136,139 favors the use of two simple classiica-
tions: mild (without tissue loss) and severe (with tissue loss). 
Historically, and following the classiication of thermal burn 
injury, frostbite has been divided into “degrees” of injury based 
on acute physical indings after freezing and rewarming.

Frostnip is supericial and associated with intense vasocon-
striction. It is characterized by discomfort in the involved parts 
(Figure 9-1; see also Figure 9-8). Symptoms usually resolve spon-
taneously within 30 minutes, and no tissue is lost. There is some 
question whether this qualiies to be called an injury, because 
neither frozen extracellular water nor progressive tissue loss is 
routinely demonstrated.

First-degree frostbite injury shows numbness and erythema. 
There may initially be a irm, white or yellowish plaque in the 
area of injury. There is no tissue loss, although edema is common 
(Figure 9-2). Second-degree injury results in supericial skin vesic-
ulation (Figure 9-3). Clear or milky luid is present in the blisters, 
surrounded by erythema and edema. Third-degree injury shows 
deeper blisters, characterized by purple, blood-containing luid 
(Figure 9-4). This indicates that the injury has extended into the 
reticular dermis and beneath the dermal vascular plexus. Fourth-
degree injury is completely through the dermis and involves rela-
tively avascular subcuticular tissues (Figure 9-5). This tends to 

FIGURE 9-1 Frostnipped nose. (Courtesy Tim Glasset.)
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correlated to the extent of frostbite injury seen at the initial pre-
sentation and early 99mTc bone scanning. In a review of 70 cases 
of severe frostbite injury, the probability of bone amputation was 
1% for involvement of the distal phalanx, 31% when involvement 
included the middle phalanx, 67% when involvement included 
the proximal phalanx, and 98% and 100%, respectively, when 
involvement included the metacarpal/metatarsal and carpal/tarsal 
bones (see Table 9-3). Grade 1 lesions do not require hospitaliza-
tion or bone scans. Grade 2 lesions may require brief hospitaliza-
tion and bone scans. Rapid rewarming and treatment with 
antibiotics and oral vasodilators appear to be suficient for 
healing. Grade 3 lesions are connected with a signiicant risk for 
amputation and require rapid rewarming, antibiotics, aspirin, and 
intravenous (IV) vasodilators. Grade 4 lesions have high risk for 
amputation and complications such as thrombosis, sepsis, and 
other systemic problems (see Table 9-3). Cauchy’s clinical/99mTc-
based classiication scheme appears particularly useful in its 
ability to predict at a very early stage the outcome of a frostbite 
injury.31

CONTRIBUTING FACTORS
TEMPERATURE AND WINDCHILL

Air alone is a poor thermal conductor, and cold air alone is not 
nearly as dangerous a freezing factor as a combination of wind 
and cold.208 Wind velocity in combination with temperature 
establishes the windchill index. For example, an ambient tem-
perature of −6.7° C (−19.9° F) with a 72-km/hr (45-mph) wind has 
the same cooling effect as a temperature of −40° C (−40° F) with 
a 3.2-km/hr (2-mph) breeze (Figure 9-7).198,200,203 Thus, it is impor-
tant to think in terms of heat loss, not cold gain. Frostbite occurs 
when the body is unable to conserve heat or protect against  
heat loss.

FIGURE 9-2 Nordic skier with irst-degree frostbite (central pallor 
having cleared after rewarming) of the abdominal skin. This skier 
reported having skied for 90 minutes in −23.3° C (−10° F) temperature, 
unaware that his shirt, underneath a parka, had come untucked from 
his trousers. (Courtesy Luanne Freer, MD.)

FIGURE 9-3 Climber with second-degree frostbite of the ifth inger 
sustained after only several seconds’ exposure to −45.6° C (−50° F) 
windchill when gloves were briely removed to handle placement of a 
carabiner to the ixed rope. Clear bullae developed after rewarming. 
(Courtesy Luanne Freer, MD.)

FIGURE 9-4 Climber with second-, third-, and fourth-degree frostbite 
of the hand. Note ingers 1 to 4 with hemorrhagic bullae over the areas 
of third-degree injury, clear bullae over the dorsum of the hand with 
second-degree injury, and deeply violaceous and unblistered fourth-
degree injury of the distal phalanx of the ifth inger. (Courtesy Luanne 
Freer, MD.)

FIGURE 9-5 Climber with fourth-degree or severe frostbite injury just 
hours after rewarming. Note absence of any blistering. Fingers are 
insensate, and capillary reill is absent. (Courtesy Luanne Freer, MD.)

FIGURE 9-6 Photographs of 8-week follow-up of hand pictured in 
Figure 9-5, showing complete mummiication and autoamputation of 
remaining digits. (Courtesy Luanne Freer, MD.)

cause mummiication, with muscle and bone involvement (Figure 
9-6). Less severe bone injury in children may affect the growth 
plate and result in developmental digital deformities.21,27

Cauchy and colleagues31 proposed a different classiication of 
frostbite injury for the hand and foot based on the risk for ampu-
tation of the affected part. An early prognosis prediction for 
frostbite patients may be delayed by the lack of useful clinical 
guidelines; this new classiication scheme is intended to help 
resolve such issues (Tables 9-1 to 9-3). The four severity levels 
proposed provide earlier prediction of the inal outcome of frost-
bite injury by using a technetium-99m (99mTc) bone scan in 
conjunction with the clinical indings on presentation. The prob-
ability of bone amputation for the hand and foot could also be 



202

C
O

L
D

 A
N

D
 H

E
A

T
P

A
R

T
 2

From Cauchy E, Chetaille E, Marchand V, et al: Retrospective study of 70 cases of severe frostbite lesions: A proposed new classiication scheme, Wilderness Environ 
Med 12:248, 2001.

TABLE 9-1 Proposed Classiication for Severity of Frostbite Injuries of the Extremities

Grade 1 Grade 2 Grade 3 Grade 4

Extent of initial lesion at day 
0 after rapid rewarming

Absence of 
initial lesion

Initial lesion on distal 
phalanx

Initial lesion on intermediary 
(and) proximal phalanx

Initial lesion on carpal/tarsal

Bone scanning at day 2 Useless Hypoixation of radiotracer 
uptake area

Absence of radiotracer Absence of radiotracer uptake 
area on the carpal/tarsal

Blisters at day 2 Absence of 
blisters

Clear blisters Hemorrhagic blisters on the 
digit

Hemorrhagic blisters over 
carpal/tarsal

Prognosis at day 2 No amputation Tissue amputation Bone amputation of the 
digit

Bone amputation of the limb 
±systemic involvement ±sepsis

Sequelae No sequelae Fingernail sequelae Functional sequelae Functional sequelae

TABLE 9-2 Management of Frostbite Injuries of the Extremities

On day 0, treatment consists of rapid rewarming for 2 hours in 38° C (100.4° F) water bath, with intravenous infusion of 400 mg chlorohydrate 
of bulomedil and 250 mg aspirin. Subsequent treatment depends on the extent of the initial lesion, as follows:

Grade 1*: Absence of 
Initial Lesion

Grade 2: Initial Lesion over 
Distal Phalanx

Grade 3: Initial Lesion over 
Intermediary (and) Proximal Phalanx

Grade 4: Initial Lesion over 
Carpal/Tarsal

No hospitalization Hospitalization 2 days Hospitalization 8 days Hospitalization intensive care unit
Oral treatment for 1 week 

(aspirin, vasodilator)
Possibly a bone scan at day 2 Bone scan at day 2 Bone scan at day 2

— Oral treatment for 3 weeks 
(aspirin, vasodilators), dressing

IV administration for 8 days (aspirin, 
vasodilators), dressing

IV administration for 8 days (aspirin, 
vasodilators), dressing

— — Bone scan near day 8 Possibly antibiotics
— — Bone amputation near day 30 Early bone amputation near day 3 if 

sepsis
Recovery Recovery with moderate 

sequelae
Bone amputation of digit with 

functional sequelae
Bone amputation of limbs with 

systemic involvement

From Cauchy E, Chetaille E, Marchand V, et al: Retrospective study of 70 cases of severe frostbite lesions: A proposed new classiication scheme, Wilderness Environ 
Med 12:248, 2001.
IV, Intravenous.
*See Figure 9-2.

TABLE 9-3 Probability of Amputation Based on the 
Extent of the Initial Lesion

Extent (Level of 
Involvement)

Probability of 
Bone Amputation 
(95% CI)

Hand 5 (carpal/tarsal) 100—
4 (metacarpal/metatarsal) 100—
3 (proximal phalanx) 83 (66;100)
2 (intermediary phalanx) 39 (25;52)
1 (distal phalanx) 1 (00;03)

Foot 5 (carpal/tarsal) 100—
4 (metacarpal/metatarsal) 98 (93;100)
3 (proximal phalanx) 60 (45;74)
2 (intermediary phalanx) 23 (10;35)
1 (distal phalanx) 0—

Hand and foot 5 (carpal/tarsal) 100—
4 (metacarpal/metatarsal) 98 (95;100)
3 (proximal phalanx) 67 (55;79)
2 (intermediary phalanx) 31 (22;41)
1 (distal phalanx) 1 (00;02)

From Cauchy E, Chetaille E, Marchand V, et al: Retrospective study of 70 cases 
of severe frostbite lesions: A proposed new classiication scheme, Wilderness 
Environ Med 12:248, 2001.
CI, Conidence interval.

FIGURE 9-7 Jet stream on Mt Everest, premonsoon. Caudwell Xtreme 
Everest Expedition. (Courtesy Christopher H.E. Imray, MD.)
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FIGURE 9-8 Sublingual microcirculatory low at sea level (A) and 
4900 m (16,076 feet) (B). There is a signiicant reduction in microcircu-
latory low index at high altitude (4900 m) when compared with base-
line in small (<25 µm) and medium (26 to 50 µm) blood vessels. 
Caudwell Xtreme Everest Expedition. (From Martin DS, Ince C, 
Goedhart P, et al: Abnormal blood low in the sublingual microcircula-
tion at high altitude, Eur J Appl Physiol 106:473, 2009.)

A

B

FIGURE 9-9 Sherpa climber on day 4 of treatment for second-degree 
frostbite from propane leak in backpack on Mt Everest. (Courtesy 
Luanne Freer, MD.)

CONDUCTION

The type and duration of cold contact are the two most important 
factors in determining the extent of frostbite injury.198,200,203 Touch-
ing cold wood or fabric is not nearly as dangerous as direct 
contact with metal, particularly by wet or even damp hands.60 
This is a result of differences in thermal conductivity between 
the materials..

Deep, loose snow, which traditionally has been thought to 
insulate from the cold, may actually contribute to frostbite. Tem-
perature measured beneath deep snow is frequently much lower 
than that on the surface. Washburn203 recounts one expedition 
to Denali, Alaska, when members of his party found it extremely 
dificult to keep their feet warm, despite a clear, sunny, −16° C 
(3.2° F) day with little wind. One member inadvertently dropped 
a thermometer in the snow and noted that it registered −25.6° C 
(−14.1° F). Feet must be dressed for the temperature at their level 
of their immersion in the snow, not for surface temperature 
protection.203

ALTITUDE

Ambient temperature drops by approximately 1.0° C (1.8° F) for 
every 150 m (492 feet) of altitude gain. Many serious cases of 
frostbite originate at high altitude, but it is dificult to sort out 
the independent risk generated by hypobaria/hypoxia versus 
cold exposure. Hashmi and colleagues71 reported 1500 cases 
of high-altitude frostbite and observed a “very steep upward 
curve” beyond a height of 5182 m (17,000 feet) above sea level. 
CIVD has been shown to be diminished in non-native visitors  
to high altitude.61 Some important sequelae of high-altitude 
acclimatization—erythrocytosis and high-altitude dehydration—
result in hyperviscosity that may make frostbite more likely. 
Garvey and associates59 demonstrated that erythremia in the 
setting of a hypobaric environment provoked procoagulability in 
a rhesus monkey model.

Recent evidence using a real-time video-imaging technique 
compared sublingual microcirculation at sea level and altitude.113 
The study showed signiicant reduction in microcirculatory low 
index (MFI) at high altitude (4900 m [16,076 feet]) compared with 
sea level in small (<25 µm) and medium (26 to 50 µm) blood 
vessels (Figure 9-8). Larger vessels were not studied because of 
the relative paucity of their representation in the vascular bed 
studied. The results showed further reduction in MFI within small 
and medium vessels at extreme altitude (6400 m [20,997 feet]). 
The very marked slowing of blood low in the microcirculation 
at high altitude is easily appreciated. “Stagnant” hypoxia may 
occur in tissues as a result of reduced microcirculatory blood 
low and consequent failure of oxygen mass transfer. Further-
more, disparity between oxygen supply and demand at the 
microvascular level could lead to heterogeneous tissue oxygen-
ation and cellular hypoxia.83 These preliminary data are the irst 
evidence demonstrating clear reduction in microcirculatory blood 
low at altitude and may in part explain the apparent increased 
incidence of frostbite at extreme altitude, because a reduction in 
low will be associated with reduction in heat transfer. Further 
studies to assess the potential reversibility with supplemental 
oxygen are indicated.

Hypoxic neurologic dysfunction is a feature among nonsurvi-
vors at extreme altitude; failure to adequately protect extremities 
may contribute to the high incidence of frostbite at extreme 
altitude.51 Inadequate luid intake and poor nutrition are possible 
risk factors.133,154

COOLANTS

Not all victims of frostbite are exposed to cold environments. 
Case reports cite toxic dermatologic effects of propane, butane, 
chloroethane, and liquid oxygen56,103,185,193,197 application to the 
skin, either intentionally but exceeding time exposure for cryo-
therapy, or accidentally (Figure 9-9), as in the case of severe 
frostbite requiring skin grafting in a child improperly using a 
toilet air freshener containing propane and butane.103

Careless use of ice to cool a soft tissue injury can result in 
frostbite,64 so patients should be instructed to place a towel or 

other fabric between ice packs and bare skin to prevent this 
complication.

CLOTHING

The degree of inadequacy of protective clothing varies with 
conditions and may contribute to insuficient conservation of 
body heat.40 Tight-itting clothing may produce constriction, 
which hinders blood circulation and lessens the beneit of 
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rest of the body. In fact, any uncovered part of the body loses 
heat in proportion to the body surface area exposed; appropriate 
protection is important for all exposed skin.153

SKIN WETNESS/UNWASHED SKIN

Development of frostbite does not depend only on ambient 
temperature and duration of exposure. Windchill, humidity, and 
wetness predispose to frostbite. Skin wetting adds an increment 
of heat transfer through evaporation and causes wet skin to cool 
faster than dry skin.135 More important, water in the stratum 
corneum can terminate supercooling by triggering water crystal-
lization not only in this layer but also in underlying tissue. Skin 
wetness is therefore conducive to frostbite because it allows 
crystallization to terminate supercooling after approximately one-
half the exposure time required by dry skin. This substantiates 
the following clinical observation:

It has been found that supercooling displays itself in greater degree in 
skin that remains unwashed. Washing the skin encourages freezing, 
whereas rubbing the skin with spirit and anointing it with oil discourages 
it. The capacity to supercool greatly would seem to be connected with 
relative dryness of the horny layers of the skin. It is well known that 
Arctic explorers leave their skin unwashed.107

ALTERED MENTAL STATUS (ALCOHOL, DRUGS, 
MENTAL ILLNESS)

Putting on clothes in response to cold is not a relex but requires 
a conscious decision. When the ability to decide or to act is 
impaired, there is risk for cold-induced injury; not surprisingly, 
alcohol has been implicated in up to 53% of nonmilitary frostbite 
cases.192 Once the injury had occurred, alcohol intake probably 
did not signiicantly alter the course of events. Barillo and associ-
ates13 experimentally demonstrated increased mortality and a 
detrimental effect of ethanol on tissue perfusion associated with 
severe murine frostbite. Alcohol consumption promotes periph-
eral vascular dilation and increases heat loss, making an exposed 
part more susceptible to frostbite.162

In one series of 20 urban frostbite patients, all had overt  
or covert psychiatric disease.148 This prompted a retrospective 
review that suggested between 61% and 65% of urban frostbite 
patients have psychiatric disease, and some centers now advo-
cate psychiatric screening in all patients with of urban frostbite 
injury.

FATIGUE

During World War II and the Korean conlict, clinical studies 
indicated that cold injuries occurred with higher frequency 
among soldiers in retreat.142,207 Fatigue and apathy increase the 

heat-retaining air insulation. Wet clothing transmits heat from the 
body into the environment, because water is a thermal conductor 
superior to air by a factor of about 25.97 Clothing that transmits 
moisture away from the body may be protective if an outer, 
wind-resistant layer decreases heat loss. However, this wind-
resistant layer must retain the same transmission capabilities; 
otherwise, clothing will still become moist. Clothes that decrease 
the amount of surface area may decrease frostbite risk. Mittens 
are more protective than gloves, because gloves have a greater 
surface area and prevent air from circulating between ingers. 
Poorly itted boots notoriously generate frostbite injuries, even 
when worn with excess socks (Figures 9-10 and 9-11).

Although up to 40% of total body heat loss can occur through 
exposed head and neck areas,3 a study has refuted the widely 
held belief that the head loses proportionally more heat than the 

FIGURE 9-10 Early frostbite at 7950 m (26,083 feet) hours after summiting Mt Everest. Five pairs of socks 
were being worn. The patient was advised to self-evacuate without rewarming frostbitten feet. Caudwell 
Xtreme Everest Expedition. (Courtesy Christopher H.E. Imray, MD.)

A B

FIGURE 9-11 Climber on South Col, Mt Everest (7950 m [26,083 feet]) 
with excess socks in hand, about to descend. Caudwell Xtreme Everest 
Expedition. (Courtesy Christopher H.E. Imray, MD.)



205

C
H

A
P

T
E

R
 9

 
F
R

O
S
T

B
IT

E
GENETIC PREDISPOSITION

The deletion genotype (DD) for the angiotensin I–converting 
enzyme (ACE) has been associated with increased vascular reac-
tivity in vivo and in vitro.23,75 Kamikomaki88 proposed that a case 
of frostbite in a climber with ACE DD allele was caused by 
genetic propensity for vasoconstriction.

Civilian clinical studies are inadequate for statistical evalua-
tion of factors such as race and previous climatic environmental 
exposure.96,119,121 In a recent study, African Americans were 
found to have dificulty generating increased metabolic rate 
(measured by oxygen consumption [ ɺVO2] and rectal tempera-
ture) after acute cold exposure, and researchers suggest this 
group may be at greater risk for cold injury.49 Military studies 
suggest that women and blacks may be more susceptible to 
cold injury.37,61 One author postulates that blacks are three to six 
times more susceptible to frostbite than are whites because 
blacks tend to initiate shivering at lower core temperatures and 
tend to have long, thin ingers and toes, as well as thin arms 
and legs, which do not conserve heat as eficiently as do their 
white counterparts. In testing, black ingers cool faster when 
immersed in cold water and reach a lower temperature before 
the hunting response ensues.61 Individuals with type O blood 
and from warmer climatic regions in the United States tend to 
be more susceptible.61,207

An increased incidence of frostbite was reported in almost 
6000 military recruits with cold-provoked white inger syndrome 
and in those with hand/arm vibration.47,141

A low RIF, determined in a simple laboratory test, may be 
indicative of increased risk for cold injuries during operations in 
the ield.36

CLINICAL PRESENTATION
In most patients, the initial clinical observation is coldness of the 
injured part, and more than 75% complain of numbness. The 
involved extremity feels clumsy or “absent” because of ischemia 
following intense vasoconstriction. When numbness is present 
initially, it is frequently followed by extreme pain (76% of 
patients) during rewarming. Throbbing pain begins 2 to 3 days 
after rewarming and continues for a variable period, even after 
dead tissue becomes demarcated (22 to 45 days). After about 1 
week, the patient usually notices a residual tingling sensation, a 
result of ischemic neuritis, which explains why this sensation 
tends to persist longer than other symptoms. Severity of the injury 
usually deines the extent of neuropathologic damage. Because 
different injuries are inluenced by so many environmental and 
individual factors, symptoms may vary greatly. In patients without 
tissue loss, symptoms usually subside within 1 month, whereas 
in those with tissue loss, disablement may exceed 6 months. In 
all cases, symptoms are intensiied by a warm environment. 
Other sensory deicits include spontaneous burning and electric 
current–like sensations. The burning sensation, which is fre-
quently early in presentation, subsides within 2 to 3 weeks and 
is usually not present in patients with tissue loss. In those without 
tissue loss, the burning sensation may resume on wearing shoes 
or increasing activity. The electric current–like shock is almost 
universal (97%) in patients with tissue loss. It usually begins 2 
days after injury, lasts for about 6 weeks, and is particularly 
unpleasant at night. All frostbite patients experience some degree 
of sensory loss for at least 4 years after injury and perhaps 
indeinitely.

The clinical appearance of frostbite depends on how quickly 
the injured patient presents to care, and it is important to note 
that this appearance may initially be deceiving.17,142 In the past, 
patients in the Alps who arrived by helicopter within minutes of 
their injury presented quite differently than did Himalayan climb-
ers, who had almost completely rewarmed during self-descent 
and were fortunate if they were able to arrive at deinitive care 
even several days after injury.46 Fortunately, helicopter evacua-
tion is being used more widely in the regions with taller moun-
tains. Regardless of venue, only a few patients arrive with tissue 
still frozen. At irst, the extremity appears yellowish white or 
mottled blue. It may be insensate and may appear frozen solid, 
regardless of the depth of the injury. With rapid rewarming, there 

incidence of cold injury. When warfare is proceeding toward 
defeat, or in conditions of starvation, soldiers often become indif-
ferent to personal hygiene and clothing, and the frequency of 
frostbite increases.95 Overexertion increases heat loss. A large 
amount of body heat can be expended by panting, and perspira-
tion further compounds the problem of chilling. Both panting 
and sweating consume energy, which compounds the fatigue 
factor.

TOBACCO SMOKING

Impaired local circulation is a primary contributor to frostbite. 
Cigarette smoking causes vasoconstriction, decreased cutaneous 
blood low, and tissue loss in random skin laps.106 Reus and 
colleagues160 documented that smoking induced arteriolar vaso-
constriction and decreased blood low in a nude subject. Although 
red blood cell velocity increased, the net effect was decreased 
blood low in cutaneous microcirculation during and immediately 
after smoking. Curiously, habitual heavy smokers show higher 
scores on the Resistance Index of Frostbite (RIF), which corre-
lates with lower risk for frostbite.36 Empirically, one could con-
clude that smoking, which induces vasoconstriction, should place 
one at increased risk for frostbite, and research supports this.37,47,71

COMORBIDITIES

Drugs known to have vasoactive properties may predispose to 
or worsen frostbite injury. Disease states that alter tissue perfu-
sion, such as diabetes, atherosclerosis, arteritis, and Raynaud’s 
disease, predispose to frostbite (Figure 9-12).41,100

PREVIOUS FROSTBITE INJURY

An individual who has experienced prior cold injury is placed in 
a high-risk category during subsequent cold exposure.129,207 For 
undeined reasons, cold injury sensitizes an individual, so that 
subsequent cold exposure, even of a lesser degree, produces 
more rapid tissue damage.96 Cold-induced neuropathy may play 
an important role in the long-term presence of cold sensitivity 
after local cold injury. An alteration in somatosensory function 
was found, and this was more pronounced in lower-limb 
injuries.8

IMMOBILITY

Military studies emphasize that long periods of immobility con-
tribute to the extent of cold injury.96,97 Motion produces body 
heat and improves circulation, especially in endangered limbs.

FIGURE 9-12 A 54-year-old man had an acute primary episode of 
Raynaud’s disease after suring for 80 minutes in water that was 21° C 
(69.8° F). The distinctive asymmetric pallor of the terminal phalanges 
of the fourth digit on the right hand persisted for 40 minutes. A sharp 
demarcation between the second and third phalangeal joints was 
evident, but no other symptoms were apparent. The pallor spontane-
ously resolved without cyanosis or redness of the affected area. 
Medical evaluation subsequently revealed no disorder known to cause 
secondary Raynaud’s phenomenon. (From Bluto MJ, Norman DA: 
Acute episode of Raynaud’s disease, N Engl J Med 347:992, 2002.)
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TREATMENT IN THE PREHOSPITAL  
FREEZING ENVIRONMENT

The Alaska State guidelines for ield treatment and transport of 
patients with frostbite recommend the following:

If transport time will be short (1 to 2 hours at most), the risks posed 
by improper rewarming or refreezing outweigh the risks of delaying 
treatment for deep frostbite.

If transport will be prolonged (more than 1 to 2 hours), frostbite 
will often thaw spontaneously. It is more important to prevent hypo-
thermia than to rewarm frostbite rapidly in warm water. This does not 
mean that a frostbitten extremity should be kept in the cold to prevent 
spontaneous rewarming. Anticipate that frostbitten areas will rewarm 
as a consequence of keeping the patient warm and protect them from 
refreezing at all costs.1

The Joint Commission of Health and Human Services, emer-
gency medical services, and public health departments for Alaska 
have published further guidelines for prehospital and bush clinic 
care of frostbite. These guidelines are widely regarded as state-
of-the-art recommendations (Box 9-2). If a patient is referred 
from a nearby location, no attempt at ield rewarming is indi-
cated. Vigorous rubbing is ineffective and potentially harmful. 
The extremity should not be intentionally rewarmed during trans-
port and should be protected against slow, partial rewarming by 
keeping the patient away from intense campires and car heaters. 
All constrictive and wet clothing should be replaced by dry, loose 
wraps or garments. The extremity is padded and splinted for 
protection, and oral ibuprofen, 400 mg twice daily, may be initi-
ated (ibuprofen may be more beneicial than aspirin because 
aspirin may block more of the inlammatory cascade than is 
helpful). Although a correlation exists between the length of time 
tissue is frozen and the amount of time required to thaw that 
tissue, no direct correlation exists between the length of time 
tissue is frozen and subsequent tissue damage. Still, “rapid” 
transport of frostbite patients (within 2 hours) is appropriate, and 
one should not purposefully keep tissues below freezing tem-
peratures (unless there is risk of refreezing injury).123 If immediate 
transport is not feasible, rapid rewarming should be instituted 
(goal is to see blush of rewarming and/or 15 minutes immersed 
in rewarming luid) and the patient transported with protective, 
dry, and nonadherent dressings to prevent refreezing. Appropri-
ate adequate analgesia should be administered; an IV or intra-
muscular (IM) opiate may be required. Blisters should be left 
intact. Patients with long transport times are at greater risk for 
(refreezing) recurrent injury. All efforts should be made to 

is almost immediate hyperemia, even in some patients with the 
most severe injuries. Sensation returns after thawing and persists 
until blebs appear. At this point, an effort should be made to 
assess the severity of the injury.

After the extremity is rewarmed, edema appears within 3 
hours and lasts 5 days or longer, depending on the severity of 
the case. Vesicles or bullae appear 6 to 24 hours after rapid 
rewarming. Clear bullae confer a better prognosis than hemor-
rhagic bullae, which indicate deeper injury. During the irst 9 to 
15 days, severely frostbitten skin forms a black, hard, and usually 
dry eschar, whether or not vesicles are present (Figure 9-13). 
Mummiication forms an apparent line of demarcation in 22 to 
45 days.142

FIELD TREATMENT
In 1957, Hurley78 stated, “Tissue cells can be affected by freez-
ing in three different ways: (1) a certain number of cells are 
killed; (2) a certain number remain unaffected; and (3) a large 
number are injured but may recover and survive under the 
right circumstances.” Clearly, the major treatment effort must be 
to salvage as many cells in the third group as possible. Frost-
bite treatment is directed separately at the prethaw and post-
thaw intervals.

SELF-RESCUE IN THE FREEZING ENVIRONMENT

The International Commission for Alpine Rescue (ICAR) gives 
speciic recommendations for self-rescue to persons working, 
recreating, or otherwise exposed to a cold environment (Box 
9-1). These guidelines advise seeking shelter from cold and wind, 
drinking warm luids, removing wet clothing, taking ibuprofen, 
and attempting self-rewarming for 10 minutes. If at high altitude, 
supplemental oxygen is advised, and if sensation does not return, 
the patient is advised to discontinue any further exposure and 
seek treatment.187 Although these guidelines may seem common 
sense to most, climbers appreciate these guidelines for safety and 
self-rescue when in an exposed, potentially dangerous, and 
remote setting.

FIGURE 9-13 Photo of climber 24 hours (A) and approximately 2 
weeks after (B) deep frostbite injury to ingers, showing eschar forma-
tion. (Courtesy Luanne Freer, MD.)

A

B

BOX 9-1 Guidelines from ICAR for Self-Treatment of 
Potential Frostbite

Emergency Treatment

In the Open with Possible Onset of Frostbite

• Move out of the wind; consider turning back; drink luids (warm 
if possible).

• Remove boots, but consider possible problems with 
replacement if swelling occurs.

• Remove socks/gloves if wet. Exchange for dry clothing.
• Warm by placing foot/hand in companion’s armpit/groin for 10 

minutes only.
• Replace boots.
• Give one dose of aspirin or ibuprofen to improve circulation (if 

available and not contraindicated).
• Do not rub the affected part because this may cause tissue 

damage.
• Do not apply direct heat.
If there is sensation, the patient can continue to walk.
If there is no sensation, the patient should go to the nearest warm 

shelter (hut/base camp) and seek medical treatment.
At high altitude, give oxygen if available.

Modiied from Syme D (for ICAR Medical Commission): Position paper: On-site 
treatment of frostbite for mountaineers. High Alt Med Biol 3:297, 2002.
ICAR, International Commission on Alpine Rescue.
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From Department of Health and Social Services, Division of Public Health 
Section of Community Health and EMS: State of Alaska Cold Injuries 
Guidelines, 2003 version rev 2005. http://www.chems.alaska.gov.

BOX 9-2 Alaska State Guidelines for Prehospital 
Treatment of Frostbite

First Responder/Emergency Medical Technician—I, II, III/
Paramedic/Small Bush Clinic

Evaluation and Treatment

 A. Anticipate, assess, and treat the patient for hypothermia, if 
present.

 B. Assess the frostbitten area carefully because the loss of 
sensation may cause the patient to be unaware of soft tissue 
injuries in that area.

 C. Obtain a complete set of vital signs and the patient’s 
temperature.

 D. Remove jewelry and clothing, if present, from the affected 
area.

 E. Obtain a patient history, including the date of the patient’s last 
tetanus immunization.

 F. If there is frostbite distal to a fracture, attempt to align the 
limb unless there is resistance. Splint the fracture in a manner 
that does not compromise distal circulation.

 G. Determine whether rewarming the frostbitten tissue can be 
accomplished in a medical facility. If it can, transport the 
patient while protecting the tissue from further injury from cold 
or impacts.

 H. If the decision is made to rewarm frostbitten tissue in the ield, 
you should prepare a warm water bath in a container large 
enough to accommodate the frostbitten tissues without  
them touching the sides or bottom of the container. The 
temperature of the water bath should be 99° to 102° F (37°  
to 39° C).
• Generally, patients with frostbite do not require opiates  

for pain relief; they occasionally need nonopiate pain 
medication or anxiolytics. If possible, consult a physician 
regarding the administration of oral analgesics, such as 
acetaminophen, ibuprofen, or aspirin. Aspirin or ibuprofen 
may help improve outcomes by blocking the arachidonic 
acid pathway.

• Immersion injury or frostbite with other associated injuries 
may produce signiicant edema and high pain levels. These 
patients may need opiate pain medications for initial 
treatment. In this case, advanced life support personnel 
should administer morphine or other analgesics in 
accordance with physician-signed standing orders or online 
medical control.

 I. A source of additional warm water must be available.
 J. Water should be maintained at approximately at 99° to 102° F 

(37° to 39° C) and gently circulated around the frostbitten 
tissue until the distal tip of the frostbitten part becomes 
lushed.

 K. Pain after rewarming usually indicates that viable tissue has 
been successfully rewarmed.

 L. After rewarming, let the frostbitten tissues dry in the warm air. 
Do not towel dry.

 M. After thawing, tissues that were deeply frostbitten may 
develop blisters or appear cyanotic. Blisters should not be 
broken and must be protected from injury.

 N. Pad between affected digits and bandage affected tissues 
loosely with a soft, sterile dressing. Avoid putting undue 
pressure on the affected parts.

 O. Rewarmed extremities should be kept at a level above the 
heart, if possible.

 P. Protect the rewarmed area from refreezing and other trauma 
during transport. A frame around the frostbitten area should 
be constructed to prevent blankets from pressing directly on 
the injured area.

 Q. Do not allow an individual who has frostbitten feet to walk 
except when the life of the patient or rescuer is in danger. 
Once frostbitten feet are rewarmed, the patient becomes 
nonambulatory.

FIGURE 9-14 A, Day 2 after exposure: ield rewarming of frostbite 
injury to Mt Everest summiteer at 6400 m (20,997 feet); B, Day 3: 
ield treatment of frostbite injury at 5300 m (17,388 feet). (Courtesy 
Christopher H.E. Imray, MD.)

A

B

prevent refreezing, because this creates a much worse outcome 
than does delayed thawing (Figures 9-14 to 9-16). A patient who 
must walk through snow should do so before thawing frostbitten 
feet (see Figure 9-10). During transport, the extremities should 
be elevated and tobacco smoking prohibited.130

The Wilderness Medical Society convened a panel of experts 
in 2011 and 2014 to review recent literature and ICAR and Alaska 
State guidelines in order to apply evidence grades based on the 
quality of supporting evidence and to balance the beneits and 
risks for each modality according to methodology stipulated by 
the American College of Chest Physicians.122,123 Their guidance is 
in line with that of the Alaska guidelines. The review is a useful 
evidence-based reference for persons who do not routinely 
manage frostbite injuries.

DEFINITIVE TREATMENT  
(IMMEDIATE TREATMENT)
Once in the emergency department (ED), if tissues are still 
frozen, rapid rewarming should be started immediately. Any 
associated traumatic injuries or medical conditions should be 
identiied. Systemic hypothermia should be corrected to a core 
temperature of at least 34° C (93.2° F) before frostbite manage-
ment is attempted. Fluid resuscitation is usually not a problem 
with isolated frostbite injuries, although one case of rhabdomy-
olysis and acute renal failure has been reported.165 One must 
remember that prolonged strenuous exercise or altitude exposure 
increases the risk for dehydration, so it is advised to encourage 
oral intake or IV luids.

Treatment is directed at the speciic pathophysiologic effects 
of the frostbite injury, either blocking direct cellular damage or 
preventing progressive microvascular thrombosis and tissue loss. 
Direct cellular damage is treated by rapid thawing of all degrees 
of frostbite with immersion in gently circulating water warmed 
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Rapid rewarming reverses the direct injury of ice crystal forma-
tion in the tissue. However, it does not prevent the progressive 
phase of the injury. McCauley and associates119,120 have designed 
a protocol based on the pathophysiology of progressive dermal 
ischemia that has been quite successful in minimizing production 
of local and systemic thromboxane by injured tissues. All patients 
except those with the most minor frostbite injury should be 
admitted to the hospital. Patients with minor injuries should be 
admitted if, after rapid rewarming, a warm environment cannot 
be ensured for the patient. No patient should ever be discharged 
into subfreezing weather. Even with a warm car waiting, the 
patient should be allowed to leave only with proper clothing, 
such as stocking cap and wool mittens and socks.

Because the majority of frostbite injuries necessitate admission 
to the hospital, a discussion of the protocol is warranted. White 
or clear blisters, which represent more supericial injury, are 
debrided to prevent further contact of PGF2α or TXA2 with the 
damaged underlying tissues. Unlike the clear blisters, hemor-
rhagic blisters relect structural damage to the subdermal plexus. 
It may be worthwhile to aspirate the thromboxane-containing 
luid out of these blisters, but debridement may promote desic-
cation of the deep dermis and allow conversion to a full-thickness 
injury. It has been argued that hemorrhagic blisters should be 
left intact; however, we tend to favor drainage. A speciic throm-
boxane inhibitor, such as Aloe vera gel, is placed on the wounds, 
and dressings should accommodate expected increasing edema.73 
Aspirin was originally recommended to be given systemically to 
block production of PGF2α and TXA2. The correct dose of aspirin 
to block PGF2α is dificult to determine, however, so it has been 
replaced by ibuprofen. Aspirin may still have a useful antiplatelet 
action if ibuprofen is not available. Ibuprofen not only inhibits 
the arachidonic acid cascade but has the additional beneit of 
ibrinolysis. Oxygen should be used to achieve normoxia in a 
hypoxic patient and is used for frostbite injuries occurring at 
extreme altitude.

EVALUATION AND TREATMENT  
IN THE HOSPITAL
OVERALL STRATEGY

Frostbite is a thermal injury affecting the vasculature, microvas-
culature, and tissues of the extremities and, as such, shares many 
clinical features with both vascular injuries and burn wounds. 
This section discusses the aspects of deinitive patient care, 
including complete patient assessment, speciic evaluation of the 
frostbite injury regarding perfusion and tissue viability, and 
optimal medical management, including proper selection of can-
didates for endoluminal treatments such as catheter-directed 
thrombolysis or iloprost infusion. Early and late reconstructive 
surgery, ablative surgery, rehabilitation, and frostbite prevention 
strategies are also discussed.

INITIAL ASSESSMENT OF FROSTBITE AND  
OTHER INJURIES

A rapid and detailed clinical assessment of the patient on arrival 
in the ED is mandatory. The standard approach of assessing the 
airway, breathing, and circulation takes precedence over assess-
ment of the frostbite injury. History and examination may reveal 
coexisting problems, and although the frostbite injuries may  
be visually distressing and severe, there may be more serious 
injuries or medical conditions that require treatment irst. Particu-
lar attention needs to be paid to hypothermia, limb fractures, the 
peripheral circulation, and coexisting trauma. Medical conditions, 
such as poor glycemic control and alcohol/drug use, must be 
considered.

Principles

Hurley78 stated in 1957 that frostbite results in three zones of 
tissue injury: dead tissue, normal living tissue, and an interface 
zone. If we develop this concept further, immediately after the 
index frostbite injury, the size of the interface zone is maximal 

FIGURE 9-15 A, Six weeks after injury: third toe is showing signs of 
recovery. B, Ten weeks after injury: primary closure was achieved with 
full-thickness skin cover to optimize the functional result. (Courtesy 
Christopher H.E. Imray, MD.)

A

B

FIGURE 9-16 Integrated vascular/orthotic assessment in a specialized 
clinic after surgery (in preparation for a further high-altitude expedi-
tion). (Courtesy Christopher H.E. Imray, MD.)

to 37° to 39° C (98.6° to 102.2° F).123,137 Adherence to this narrow 
temperature range (as long as it is easy to monitor in the hospital) 
is important, because rewarming at lower temperatures is less 
beneicial for tissue survival, and rewarming at higher tempera-
tures may worsen the injury by producing a burn wound.57,74,132 
Frozen extremities should be rewarmed until the involved skin 
becomes pliable and erythematous at the most distal parts of the 
frostbite injury. This usually takes less than 30 minutes. Active 
motion during rewarming is helpful, but massage may compound 
the injury. Extreme pain may be experienced during thawing, 
and unless otherwise contraindicated, parenteral analgesics are 
administered. Rapid return of skin warmth and sensation with 
the presence of an erythematous color is a favorable sign, 
whereas the persistence of cold, anesthetic, and pale skin is 
unfavorable.
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portability, and the ability to make repeat examinations give the 
technique certain advantages over other imaging modalities. 
Many remote research stations and even large expeditions may 
have portable ultrasound machines. Duplex imaging has been 
used in the ield at altitudes as high as 7950 m (26,083 feet) 
(Figure 9-17). Ultrasound has been used to determine the need 
for sympathetic blockade after frostbite.158

Magnetic Resonance Angiography

The MRI/MRA investigation has a theoretical advantage over 
99mTc bone scanning because it allows direct visualization of 
vessels (both patent and occluded), as well as imaging of sur-
rounding tissues. Some suggest that it shows a more clear-cut 
line of demarcation of ischemic tissue.14 The other advantage of 
MRA over angiography is that it is noninvasive. However, there 
are relatively few accounts of its use in frostbite evaluation in 
the literature.14,159

Technetium-99m Scanning

The irst description of 99mTc scanning for assessment of bone 
viability in patients with frostbite injuries was in 1976.109 The 
degree of accretion of the 99mTc was found to depend on integrity 
of the vascular supply. It was successfully used to distinguish 
viable from nonviable bone. However, Miller and Chasmar126 
found that very early 99mTc bone scanning in frostbitten patients 
was not as accurate an indicator of the ultimate extent of tissue 
loss as scanning at 5 days after injury. They also noted that 
lesions appeared to luctuate in extent over a 3-week period.

Cauchy and colleagues30,31 recognized that existing frostbite 
classiications were based on retrospective diagnoses and were 
not useful for predicting the extent of inal tissue loss and prog-
nosis for frostbite patients. The 3- to 6-week waiting period 
often necessary to determine severity of the lesion and resultant 
need for amputation often caused considerable distress for 
patients. The authors suggested a new classiication system that 
begins at day 0 (just after rewarming) and is based mainly on 
the topography of the lesion and on early bone scan results. 
This appears to be a very useful classiication for the physician 
and patient, in that it allows accurate determination at a very 
early stage of the likely extent of subsequent tissue loss (see 
Tables 9-1 to 9-3).

An interesting insight into some of the possible mechanisms 
involved in certain frostbite injuries was described by Salimi  
and co-workers,171 who designed an experimental model to 
study pathogenesis and treatment of frostbite. Using 99mTc radio-
nuclide imaging, they monitored evolution and extent of tissue 
damage relative to temperature, rate of freezing, and controlled 

and potentially salvageable. Weeks after injury, the interface zone 
will be negligible; as a result, the interface zone has a “dynamic” 
component.56,78 The aim of early evaluation of the frostbite injury 
is to try to determine the exact extent of the three zones so that 
a subsequent multifaceted management plan may be directed to 
optimize tissue salvage in the dynamic interface zone.

The initial injury, patient’s response, ambient temperature, and 
time from initial cold injury to presentation at the hospital all 
contribute to the extent of the intermediate, potentially salvage-
able interface zone. The patient who is transferred from the 
mountainside directly to the ED by helicopter will have a rela-
tively large, potentially salvageable interface zone compared with 
a patient who has undergone a much more lengthy evacuation 
from a remote climbing region.

PATIENT CARE

Specialist Nursing Care

Almost all urban patients with signiicant frostbite should be 
admitted to the hospital. Alcohol intoxication, psychiatric illness, 
and homelessness are common features of the urban frostbite 
patient, so immediate discharge is rarely prudent.

Overall goals of hospital treatment include keeping the patient 
calm, well nourished, suitably hydrated, and pain free. Wound 
care must be meticulous to avoid further trauma. Injured extremi-
ties should be elevated above heart level to attempt to minimize 
edema. Physiotherapy is important, and the patient should be 
encouraged to mobilize as soon as possible.206 Extremities should 
be treated with clean dressings and twice-daily whirlpool baths 
with an antiseptic such as chlorhexidine or povidone-iodine. 
Topical Aloe vera gel should be applied every 6 to 8 hours 
through resolution of blisters. This encourages the eschar created 
by the blisters to separate from underlying healthy tissue. 
Although patients may be housed anywhere that these objectives 
can be achieved, vascular surgery or plastic surgery/burns wards 
(with multidisciplinary input) tend to be most appropriate for 
more severe injuries.

Frostbite blisters have been shown to contain high concentra-
tions of the vasoconstricting metabolites of arachidonic acid, 
PGF2α and TXB2, which are known to mediate dermal ischemia 
in burns and pedicle laps. It is suggested that these may play a 
role in the pathogenesis of frostbite.163 Debate continues about 
management of such blisters and the risk versus beneit of poten-
tial introduction of infection. Current thinking is that clear/cloudy 
blisters should be drained by needle aspiration (especially if the 
bullae restrict movement), and that hemorrhagic (presumably 
deeper) blisters should be left alone.123 In general, our view is 
to support aspiration of all blisters. Optimally, large-blister 
aspiration/derooing will be carried out in a controlled environ-
ment using sterile procedures and anesthetics as needed.

TECHNIQUES TO EVALUATE TISSUE PERFUSION

Over the years, several diagnostic tests have been used to attempt 
to predict severity and prognosis of frostbite injury. These include 
plain radiographs, infrared thermography, angiography,65 triple-
phase bone scanning,33 laser Doppler, digital plethysmography,158 
and magnetic resonance imaging/magnetic resonance angiogra-
phy (MRI/MRA). The most promising approaches seem to be 
triple-phase bone scanning15,33 and MRI/MRA.14 Early diagnostic 
digital subtraction angiography (before administration of tissue 
plasminogen activator) is an essential irst-line investigation for 
the patient presenting acutely with severe frostbite injury without 
signiicant comorbidities, where thrombolysis is an available 
treatment modality and option.178

Duplex Ultrasonography

Duplex ultrasonography uses B-mode, pulsed-wave Doppler 
ultrasonography to visualize blood low within vessels and color 
low Doppler imaging to visualize the structure and hemodynam-
ics within vessels. In modern vascular units, there is a move 
toward using duplex ultrasound examination as the irst-line 
investigative examination, reserving angiograms for situations in 
which a therapeutic intervention is required. Ease of access, 

FIGURE 9-17 Vascular imaging at 7950 m (26,083 feet) using a 
portable battery-powered SonoSite MicroMaxx duplex ultrasound 
machine. Caudwell Xtreme Everest Expedition. (Courtesy Christopher 
H.E. Imray, MD.)
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Indications and Recommendations for Antibiotics

Clinicians have long been aware of the potential for infectious 
complications in frostbite.147 The metabolic requirements of 
infected and healing tissue are increased over those of normal 
tissue. Consequently, should the marginally perfused interface 
zone become infected, the resulting tissue loss is likely to be 
increased. Although scant published evidence exists on their use 
for frostbite, antibiotics are widely used.

When the skin is edematous, penicillin is administered pro-
phylactically because edema inhibits the skin’s inherent antistrep-
tococcal properties.138 If there are clinical signs of infection, 
antibiotic use is absolutely indicated.

Wound cultures should be taken from infected tissue to guide 
therapy. While awaiting identiication of species and sensitivities, 
practitioners should be aware that the common causative organ-
isms include Staphylococcus aureus, β-hemolytic streptococci, 
gram-negative rods, and anaerobes. Empiric use of antibiotics to 
cover these likely organisms should be considered pending 
culture results. Although no evidence exists for their prophylactic 
use, antibiotics should be considered if a large area of infarcted 
tissue or signiicant edema is present, or if the patient is immune 
compromised.

In a 12-year retrospective study, factors found to correlate 
signiicantly with amputation after frostbite were duration of 
exposure, lack of proper attire, remote geographic location, pres-
ence of wound infection, and delay in seeking treatment. Pro-
phylactic systemic antibiotics did not decrease the incidence of 
wound infection.195

FIGURE 9-18 Frostbitten left hand of a climber (A) taken 36 hours 
after injury, while climbing in Antarctica (B) Note the discoloration and 
blister formation, iodine warming towels, and aseptic techniques used 
in tented ield hospital. A digital image was reviewed within 6 hours 
by Dr. Imray in the United Kingdom, and management advice was 
given over the Internet. (Courtesy Christopher H.E. Imray, MD. From 
Imray C, Grieve A, Dhillon S, et al: Cold damage to the extremities: 
Frostbite and non-freezing cold injuries, Postgrad Med J 85:481, 2009.)

A

B

rewarming. Characteristic serial changes were demonstrated on 
sequential scans. Initial nonperfusion was followed by perfusion 
and inally again by nonperfusion; this occurred in all areas 
where necrosis subsequently developed. Reappearance of non-
perfusion corresponded to vascular injury. Vessel thrombosis was 
found on pathology examination and may be related to reperfu-
sion injury.

These clinically relevant observations gave evidence to support 
the concept of temporal “perfusion lux” in blood low to a 
frostbitten extremity. Initial reduction is often followed by a 
temporary hyperperfusion phase before the inal infarction phase 
(probably secondary to endothelial dysfunction and thrombin 
accumulation). Consequently, measurement of tissue perfusion 
at a single time point may not be as accurate in predicting 
outcome as originally believed.

Additional supporting evidence for perfusion lux in frostbite 
comes from Cauchy and associates,30,33 who performed a more 
detailed analysis of two-phase 99mTc bone scans. Sensitivity of 
the technique was enhanced by performing a second scan more 
than 5 days after rewarming. Comparative analysis of the two 
scans demonstrated that some of the lesions continued to evolve 
between day 2 and day 8. Based on this inding, the authors 
suggested that the outcome of lesions could still be modiied 
during this period. However, in the event of severe sepsis, the 
results of the irst bone scan can be used as an indication for 
emergency amputation.31

Although the large retrospective study of Cauchy and col-
leagues30 using two-phase bone scintigraphy suggested that 
nonuptake (or low uptake) in frostbite lesions had a strong cor-
relation with the subsequent need for amputation, another pro-
spective study has questioned some aspects of the technique.15 
This latter study compared 22 controls with 20 patients with 
frostbite. Serial scintigraphy using 99mTc was performed in some 
patients. In line with the perfusion lux concept, the study sug-
gests that scintigraphy results are somewhat more variable than 
previously suggested, and that moderate to severe frostbite 
lesions can be classiied as having infarcted, ischemic, or hiber-
nating (viable) tissue, similar to the classiication employed when 
using myocardial scintigraphy. Absence of uptake of 99mTc, even 
after the initial 10 days in this study, did not necessarily indicate 
infarction and the need for amputation, because many such 
lesions retain potential for vasodilation and recovery.

Triple-phase bone scanning (using 99mTc) has now become 
more widely used in specialty units, often within the irst few 
days of presentation. This technique assesses tissue viability in 
an effort to allow early debridement of soft tissue and early 
coverage of ischemic bony structures.67

There are few prospective data on the eficacy of 99mTc scan-
ning in predicting the outcome of frostbite injuries. However, it 
remains a very useful way of assessing potential tissue loss79 
(Figures 9-18 to 9-21).

MEDICAL MANAGEMENT

Table 9-4 summarizes the drugs used in the management of 
frostbite.

Tetanus Prophylaxis

Frostbite should be considered a high-risk injury. Tetanus pro-
phylaxis status should be completed in all patients according to 
currently accepted guidelines.38

Heparin

Heparin is a naturally occurring anticoagulant that prevents for-
mation of clots and extension of existing clots within blood 
vessels. Although true thrombi are not present in dilated, 
erythrocyte-illed vessels immediately after thawing, they form 
over the next few days. Heparin has been suggested as a possible 
treatment for frostbite.180 Lange and Loewe104 demonstrated its 
usefulness in experimental frostbite. Subsequent investigations 
have been unable to substantiate these indings, and there is no 
evidence that heparin alters the natural history of frostbite.21 
Deep vein thrombosis (DVT) prophylaxis is indicated in any rela-
tively immobile frostbite patient.
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Topical Aloe vera

Experimental evidence from the frostbite rabbit ear model has 
suggested a clearly deined role for thromboxane as a mediator 
of progressive dermal ischemia in frostbite injuries. Rapid rewarm-
ing helps preserve tissue by limiting the amount of direct cellular 
injury. Selective management of blisters helps protect the sub-
dermal plexus, and topical application of Aloe vera (e.g., Der-
maide Aloe cream or gel) combats the local vasoconstrictive 
effects of thromboxane (Figure 9-22).

Animal studies suggest thromboxane appears to be a mediator 
of progressive dermal ischemia in frostbite. In a rabbit ear frost-
bite model, Heggers and associates74 compared the effect of (1) 
the antiprostanoids (methylprednisolone), (2) aspirin combined 
with Aloe vera, (3) methimazole, and (4) a control group that 
received no therapy.119 Methimazole treatment gave 34.3% tissue 
survival; Aloe vera, 28.2% survival; aspirin, 22.5% survival; and 
methylprednisolone, 17.5% survival. In a human study of 154 
patients with frostbite, there was signiicant improvement in 
outcome and reduction in amputation rates of treated patients 
compared with controls (p <0.001). It was concluded that morbid-
ity of progressive dermal ischemia in frostbite may be decreased 
by therapeutic use of inhibitors of the arachidonic acid cascade. 
Aloe vera is the topical agent most often used.

Antiprostaglandin Agents

Nonsteroidal antiinlammatory drugs (NSAIDs), such as ibupro-
fen, act as a necessary adjuvant to rewarming because they 
inhibit inlammatory reactions and pain by decreasing prostaglan-
din synthesis.74 Oral ibuprofen decreases systemic levels of 
thromboxane. Ibuprofen (400 mg) may be given by mouth and 
should be continued at a dose of 12 mg/kg body weight/day 
(maximum, 2400 mg/day). This should ideally be commenced in 
the ield.

McCauley and co-workers121 treated 38 patients with frostbite 
in a protocol designed to decrease production of thromboxane 
locally and prostaglandins systemically. All patients recovered 

FIGURE 9-19 Condition of hands of patient in Figure 9-18 on patient’s 
arrival in the United Kingdom, 5 days after initial injury. (Courtesy 
Christopher H.E. Imray, MD. From Imray C, Grieve A, Dhillon S, et al: 
Cold damage to the extremities: Frostbite and non-freezing cold inju-
ries, Postgrad Med J 85:481, 2009.)

A

B

FIGURE 9-20 Technetium-99m bone scans performed on arrival of 
patient in Figures 9-18 and 9-19 in the United Kingdom. The scans 
show minimal perfusion to the terminal phalanges in the left hand, 
suggesting that amputation of the distal phalanges is likely to be 
necessary. (Courtesy Christopher H.E. Imray, MD. From Imray C, 
Grieve A, Dhillon S, et al: Cold damage to the extremities: Frostbite 
and non-freezing cold injuries, Postgrad Med J 85:481, 2009.)

L R
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FIGURE 9-21 Hands of patient in Figures 9-18 to 9-20 after 5 days of 
intravenous iloprost. (Courtesy Christopher H.E. Imray, MD. From 
Imray C, Grieve A, Dhillon S, et al: Cold damage to the extremities: 
Frostbite and non-freezing cold injuries, Postgrad Med J 85:481, 2009.)

without signiicant tissue loss. Increased tissue survival was dem-
onstrated experimentally with preservation of the dermal micro-
circulation by using antiprostaglandin agents and thromboxane 
inhibitors.

Vasodilators

The equation determining luid low within a tube was irst 
described in the 1840s by the French physician and physiologist 
Jean Poiseuille. He demonstrated that low was related to perfu-
sion pressure, radius, length, and viscosity. In a frostbite patient, 
each of these parameters (other than length) can be optimized 
using appropriate medical interventions.
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47 frostbite patients who were rapidly rewarmed, received 
250 mg of aspirin and 400 mg of IV bulomedil, and who were 
then randomized to receive 250 mg of aspirin per day, plus 
bulomedil, iloprost, or recombinant tissue plasminogen activator 
with iloprost. The iloprost group had the lowest overall amputa-
tion rate. Although the ideal dose is undetermined, these encour-
aging data offer hope to frostbite victims.

Iloprost is best given as an IV infusion through a peripheral 
or central line in a monitored vascular or general surgical unit. 
The diluted iloprost should be delivered by an accurate rate 
delivery system, such as a syringe driver. The infusion is started 
at a rate of 2 mg/hr and incrementally increased up to 10 mg/
hr, titrated against the side effects of facial lushing, headache, 
nausea, and lulike symptoms. The infusion is usually run for 5 
to 8 days for 6 hours a day.79,81 A practical guide and stepwise 
algorithm was recently produced to aid clinicians (Figure 9-23).69

Reserpine. Reserpine is a powerful vasodilator that acts by 
inhibiting uptake of norepinephrine into storage vesicles.150 For 
frostbite, it is used intraarterially. The irst description in the 
treatment of frostbite was by Snider and colleagues.183 An animal 
study suggested that a regional “medical sympathectomy” may 
be beneicial in reducing tissue loss after frostbite, especially 
when rapid rewarming cannot be performed.182

Pentoxifylline. Pentoxifylline, a methylxanthine-derived 
phosphodiesterase inhibitor, has been widely used to treat inter-
mittent claudication, arterial disease, and peripheral vascular 
disease and has yielded some promising results in human frost-
bite trials.72 It increases blood low to the affected extremity, 
increases red cell deformability, decreases platelet hyperactivity, 
helps normalize the prostacyclin/TXA2 ratio, and has been shown 
to enhance tissue survival. Pentoxifylline is also presumed to 
lower pathologically increased levels of ibrinogen and may 
protect against vascular endothelial damage. The drug’s eficacy 
has been demonstrated in animal studies and approaches the 
effectiveness of Aloe vera. The combination of pentoxifylline and 
Aloe vera appears to be synergistic.128 A similar synergy of aspirin 
and pentoxifylline was demonstrated in an animal study.155 Hayes 
and co-workers72 have proposed a treatment using pentoxifylline 
in conjunction with the traditional therapy of rewarming, soaks, 
pain management, and blister debridement. They recommend 
pentoxifylline in the controlled-release form of one 400-mg tablet 
three times daily with meals, continued for 2 to 6 weeks. A 
controlled study of pentoxifylline in the management of frostbite 
has yet to be performed.

Bulomedil. Bulomedil hydrochloride is a vasoactive drug 
that may have a number of effects, including inhibition of 

TABLE 9-4 Frostbite Management: Drugs, Doses, and Modes of Action and Rationale*

Intervention Dose Action

Aspirin 75-250 mg orally once daily Antiplatelet agent, improve rheology
Ibuprofen 400 mg bid or tid orally Antiprostaglandin effect
Aloe vera gel or cream With dressing changes every 6 hr Topical antiprostaglandin effect
Oxygen 2 L/min above 4000 m (13,123 ft) or when 

SpO2 is below 90%
Improve tissue oxygenation

Hyperbaric oxygen therapy 2-2.5 atm 1-2 hr daily Improve tissue oxygenation; improve rheology
Iloprost 2-10 mg/hr IV titrated against side effects Vasodilator; improve rheology
Nitroglycerin 100 mcg IA single dose Vasodilator
Papaverine 300 mg over 1 hr IA Vasodilator
Reserpine 0.1 to 0.25 mg once daily Vasodilator
Bulomedil 400 mg IV or 300 mg bid orally Vasodilator; improve rheology
Pentoxifylline 400 mg tid orally for 2-6 weeks Vasodilator; improve rheology
10% Dextran 40 20-mL bolus, 20 mL/hr IV Improve rheology
t-PA 1 mg/hr IA or IV Thrombolytic agent
LMW heparin Prophylactic dosage subcutaneously DVT prevention; anticoagulant

Therapeutic dosage subcutaneously Maintain patency of recently thrombolysed vessels
Tetanus prophylaxis

bid, Twice daily; DVT, deep vein thrombosis; IA, intraarterially; IV, intravenously; LMW, low-molecular-weight; SpO2, oxygen saturation as measured by pulse oximetry; 
tid, three times daily; t-PA, tissue plasminogen activator.
*This table is intended to be used as a potential frostbite formulary reference, not as a protocol for treatment. See text for further discussion.

FIGURE 9-22 Aloe vera cream being applied at the Everest Base 
Camp Medical Clinic. Note the care being taken to apply nonconcen-
tric dressings to allow for edema formation. (Courtesy Suzanne Boyle, 
MD.)

Iloprost. Prostaglandin E1 (PGE1) is a vasoactive drug that 
dilates arterioles and venules, reduces capillary permeability, 
suppresses platelet aggregation, and activates ibrinolysis. Its 
intraarterial use has been effective in treating ischemic peripheral 
vascular disease.

The potentially beneicial effect in treating frostbite injuries 
with intraarterial PGE1 was irst assessed in an animal model.209 
PGE1 reduced the magnitude of frostbite injury when the injured 
limb was slowly rewarmed. The data suggested a possible  
role for the use of PGE1 in frostbite patients who have not under-
gone rapid rewarming. Since the irst description of its use in 
patients,68 PGE1 has been used with some success in frostbite 
injuries.79,197

Further experimental evidence implicates an inlammatory 
process in the underlying mechanism of tissue injury. It has been 
postulated that progressive ischemic necrosis is secondary to 
excessive TXA2 production, which upsets the normal balance 
between prostacyclin (prostaglandin I2) and TXA2.

144

Cauchy and co-workers29 showed a promising decrease in the 
digit amputation rate with the use of IV iloprost in severe frostbite 
injuries. The clinicians compared results of a controlled trial of 
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that the use of 1 L of IV 6% dextran on the day of injury, fol-
lowed by 500 mL on each of 5 successive days, might be of 
beneit.164 The extent of tissue necrosis was also found to be 
signiicantly less than in controls, when hemodilution with 
dextran was combined with water bath rewarming.

With our present understanding of the etiology of frostbite 
and introduction of newer interventions (e.g., iloprost, t-PA), 
there appear to be fewer cases when LMW dextran may have 
beneit.

ENDOVASCULAR INTERVENTIONS

Thrombolysis with Tissue Plasminogen Activator

In 1963, Fogarty and co-workers52 reported treating acute occlu-
sion of a peripheral vessel with an embolectomy catheter tech-
nique. More recently, catheter-directed thrombolysis has been 
used to clear distal arteries and the microvasculature using a 
thrombolytic agent such as tissue plasminogen activator (t-PA). 
Found in vascular endothelial cells, t-PA has ibrinolytic action and 
plays an important role in the dynamic balance between clot for-
mation and lysis. Plasminogen and t-PA bind to the ibrin surface 
of the thrombus, resulting in production of plasmin and subse-
quent dissolution of the thrombus. t-PA has been used extensively 
in coronary, cerebrovascular, and peripheral arterial disease.143

α-receptors, inhibition of platelet aggregation, improved erythro-
cyte deformability, nonspeciic and weak calcium antagonistic 
effects, and oxygen-sparing activity.35,115,117 A case series of 20 
patients reported that early administration of IV bulomedil 
appeared to reduce the risk for subsequent amputation.54 
However, bulomedil has not been shown to reduce microcircu-
latory damage from acute, experimentally induced freeze injury.45 
Although bulomedil does not have U.S. Food and Drug Admin-
istration (FDA) approval, it has been used extensively in France 
to treat frostbite, with considerable beneicial effect.31

Blood Viscosity: Low-Molecular-Weight Dextran

It has been observed that shortly after thawing, cold-injured 
vessels become dilated and illed with clumps of erythrocytes. 
These clumps can be easily dislodged by gentle manipulation 
and do not represent true thrombosis. Although the mechanism 
that leads to erythrocyte clumping is not completely understood, 
it may relect cold-induced increase in blood viscosity. This sug-
gests that use of low-molecular-weight (LMW) dextran may be 
beneicial for early treatment of frostbite. Although no controlled 
clinical trial of LMW dextran has been reported, experimental 
evidence supports its use. Weatherly-White and colleagues204 
demonstrated that LMW dextran, 1 g/kg/day, protected against 
tissue loss in the rabbit ear model. This led to the suggestion 

FIGURE 9-23 Algorithm for the administration of intravenous iloprost for in-hospital thrombolysis of severe 
frostbite injury. (From Handford C, Buxton P, Russell K, et al. Frostbite: a practical approach to hospital 
management. Extrem Physiol Med 3:7, 2014.)
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A small retrospective study reported successful use of catheter-
directed intraarterial t-PA to reduce amputation rates in frostbite.22 
Among the six patients who received t-PA within 24 hours of 
injury, 6 of 59 (10%) affected ingers or toes were amputated, 
compared with 97 of 234 (41%) of those who did not receive 
t-PA. It was postulated that rapid clearance of the microvascula-
ture improves tissue salvage. The protocol in this study employed 
a 2- to 4-mg bolus of t-PA after the catheter was secured and 
total maximum dose of 1 mg/hr run continuously while simulta-
neous heparin was given at 500 units/hr through the access 
sheath and continued for 72 to 96 hours. When there was evi-
dence of digital low by angiography, t-PA was discontinued. The 
clinicians noted that there was limited beneit for administration 
of t-PA when treatment was started more than 24 hours after the 
initial injury.

Twomey and associates191 reported another series using 
0.15-mg/kg IV t-PA bolus, followed by 0.15-mg/kg/hr infusion 
over the next 6 hours, to a total dose of 100 mg.191 Heparin was 
started after completion of the t-PA infusion, and the partial 
thromboplastin time was adjusted to twice that of normal control. 
Warfarin was initiated 3 to 5 days after t-PA and continued for 
4 weeks in this study, which found decreased amputation rates 
similar to those in the study by Bruen and colleagues.22 Both 
these studies demonstrated excellent and similar amputation rates 
when using t-PA. However, Johnson et al.84 retrospectively 
reviewed their experience with t-PA and found less promising 
results (compared to Twomey et al.191),with 43 out of 73 at-risk 
digits (by 99mTc triple-phase bone scintiscan) requiring amputa-
tion, representing an amputation rate of 59%.

Successful use of the combination of intraarterial (IA) t-PA 
(previous series were IV) and vasodilators infused coaxially has 
recently been described in various studies.29,44,170,178 After proper 
rewarming, the patient undergoes an arteriogram to assess perfu-
sion and document vascular low cutoff if present. A recent case 
report study describes successful use of a combination of endo-
luminal approaches in a patient with frostbite affecting both 
hands. Upper-extremity and hand angiography performed within 
16 hours of the frostbite injury demonstrated thrombotic occlu-
sive disease and vasospasm. Bilateral brachial artery catheters 
were placed and a papaverine infusion initiated, followed by IA 
t-PA thrombolysis.170 In a second case report, a 16-year-old boy 
was treated for hypothermia and concomitant frostbite of the 
right foot and both hands.178 The patient was rewarmed and then 
treated with selective angiography and an IA vasodilator (nitro-
glycerin), followed by IA t-PA thrombolysis, which resulted in 
salvage of the limbs, but loss of the right great toe (Figures 9-24 
to 9-27). A proposed screening and treatment tool was included 
in the case report (Box 9-3).

Currently, IV administration of t-PA for frostbite injury is more 
common; however, the previous case reports warrant future 
comparison between IA and IV delivery. The variable response 
to thrombolytic therapy has been reported.39

Current Strategy for Imaging and Thrombolysis in Acute 
Phase of Frostbite

The role of thrombolytic therapy in the treatment of frostbite is 
evolving rapidly. The aim of t-PA treatment is to attempt to clear 
the microvascular thrombosis. However, there are both risks and 
beneits to t-PA therapy, and an appropriate balance needs to be 
struck.

The Patient. t-PA should be considered for patients with a 
“signiicant” deep frostbite injury presenting to an appropriately 
equipped unit within 24 hours of the injury. A signiicant frostbite 
injury will vary from individual to individual, dominant versus 
nondominant hand, occupation, hands versus feet, and existing 
comorbidities. The injury will usually extend proximal to the 
proximal interphalangeal joints. Experienced clinicians familiar 
with the techniques need to evaluate each injury to determine 
whether intervention with t-PA is justiied.

Tissue Plasminogen Activator in the Field. If a frostbite 
patient is being cared for in a remote area, transfer to a facility 
with t-PA administration and monitoring capabilities should be 
considered if the patient will arrive in the specialist unit within 
the irst 24 hours after the injury. Use of t-PA in the ield setting 

FIGURE 9-24 Early appearance of hands. (From Sheridan RL, Gold-
stein MA, Stoddard FJ, et al: Case 41-2009: A 16-year-old boy with 
hypothermia and frostbite, N Engl J Med 361:2654, 2009.)

A

B

A

FIGURE 9-25 Initial angiographic images of the hands of the patient 
in Figure 9-24. After the infusion of vasodilators, diagnostic angio-
graphic images of the hands show relatively preserved perfusion of the 
thumbs and ring ingers, but abrupt termination of the proper digital 
arteries of each of the remaining ingers at the midphalangeal level. 
(From Sheridan RL, Goldstein MA, Stoddard FJ, et al: Case 41-2009: 
A 16-year-old boy with hypothermia and frostbite, N Engl J Med 
361:2654, 2009.)
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hours from time of injury), 99mTc or MRA can be used to predict 
at a very early stage the likely levels of tissue viability and ampu-
tation when t-PA would not be considered.30,31,33

Papaverine

Papaverine is a powerful topical and intravascular vasodilator 
that is used clinically as a smooth muscle relaxant in microvas-
cular surgery and that has been used to treat cerebral vaso-
spasm.89 The exact mechanism of action remains to be determined. 
It appears that inhibition of the enzyme phosphodiesterase 
causes elevation of intracellular cyclic adenosine monophosphate 
levels. Papaverine might improve outcomes in early frostbite. 
When used in conjunction with IA t-PA in older patients, papav-
erine appears to cause a less pronounced decrease in systemic 
blood pressure than IA nitroglycerin in older adults.43

Iloprost versus Tissue Plasminogen Activator

Groechenig68 irst reported his experiences with iloprost in 1994. 
Despite the promising results of no amputations after iloprost 
infusion, focus shifted away from iloprost toward t-PA. Cauchy 
et al.29 published a randomized controlled trial to compare ilo-
prost and t-PA; 47 patients were included (407 at-risk digits), 
each randomized into three arms: bulomedil, iloprost, or iloprost 
and IV t-PA. All other treatments were the same. The highest 
amputation rate was observed in the bulomedil group, at  
39.9%. No amputations were observed in the iloprost group, 
whereas those treated with iloprost/IV t-PA had an amputation 
rate of 3.1%.

Iloprost has some advantages compared with t-PA. Radiologic 
intervention is not needed during its administration, which can 
be carried out on a vascular or general surgery ward. In contrast, 
with t-PA, it is advisable to be in an intensive care unit. Iloprost 
is also safe to use in patients with is a history of trauma, as well 
as for a delayed presentation, because there is some evidence 
for its effectiveness 24 hours after injury. We have used it as late 
as 5 days after injury; however, the longer the delay, the less 
effective iloprost is likely to be.

Experts may prefer iloprost to t-PA because of its comparative 
safety, ease of administration, and eficacy. However, iloprost is 
not approved for use in frostbite in the United States. Either 
treatment should be commenced as rapidly as possible. Figures 
9-28 and 9-29 provide algorithms for the administration of recom-
binant t-PA (rt-PA)and iloprost and rt-PA and heparin, respec-
tively, for severe frostbite (see also Figure 9-23).69

is not recommended because it may not be possible to detect 
and treat bleeding complications.

The Hospital Unit. The hospital unit needs intensive care 
monitoring capabilities, and clinicians should be familiar with  
IA angiography and t-PA. A review of absolute and relative  
contraindications of t-PA should be undertaken. The Massachu-
setts General Hospital group has proposed a screening and treat-
ment tool for thrombolytic management of frostbite, including a 
protocol (see Box 9-3).178

Choice of Imaging in the Patient Presenting within 24 
Hours of Injury. Angiography or 99mTc scanning should be 
used to evaluate the initial injury and monitor progress after t-PA 
administration per local protocol and resources. Angiography is 
an invasive procedure that allows both diagnostic and therapeutic 
measures to be carried out, unlike 99mTc scanning, which is only 
diagnostic. Logical practice dictates that angiography be used to 
monitor IA t-PA and 99mTc scanning used to monitor IV admin-
istration of t-PA. No evidence demonstrates superiority of one 
imaging modality over the other.

Choice of Imaging in the Patient Presenting after 24 
Hours of Injury. In patients with delayed presentation (>24 

FIGURE 9-26 Repeat images of the hands of the patient in Figures 
9-24 and 9-25 after 24 hours of intraarterial catheter-directed throm-
bolytic therapy with tissue plasminogen activator show greatly 
improved perfusion at all levels. (From Sheridan RL, Goldstein MA, 
Stoddard FJ, et al: Case 41-2009: A 16-year-old boy with hypothermia 
and frostbite, N Engl J Med 361:2654, 2009.)

A

B

FIGURE 9-27 Appearance of right hand of the patient in Figures 9-24 
to 9-26 at approximately 30 days. (From Sheridan RL, Goldstein MA, 
Stoddard FJ, et al: Case 41-2009: A 16-year-old boy with hypothermia 
and frostbite, N Engl J Med 361:2654, 2009.)

From Sheridan RL, Goldstein MA, Stoddard FJ, et al: Case 41-2009: A 
16-year-old boy with hypothermia and frostbite, N Engl J Med 361:2654, 2009.

BOX 9-3 Proposed Screening and Treatment Tool for 
Use of Thrombolysis in Frostbite Patients

Treatment Screen (Four “Yes” Answers Required to Proceed 
to Angiography)
Are the patient’s gas exchange and hemodynamics stable?
Is low absent after rewarming (no capillary reill or Doppler 

signals)?
Was the cold exposure time less than 24 hr?
Is the warm ischemia time less than 24 hr?

Treatment Protocol
Perform angiography with intraarterial vasodilators.
If there is still no low after angiography with vasodilators, infuse 

tissue plasminogen activator (t-PA) with systemic heparinization, 
with priority to the hands—other sites receive a systemic dose.

Repeat angiography every 24 hr.

Indications for Stopping the Infusion of t-PA
When restored low has been conirmed by angiography or clinical 

examination
If a major bleeding complication occurs
After 72 hr of treatment

Postlysis Anticoagulation
One month of subcutaneous low-molecular-weight heparin at a 

prophylactic dose
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protection against subsequent cold injury appears to be the only 
beneit of surgical sympathectomy for frostbite.19

Because surgical sympathectomy is irreversible, great caution 
should be exercised when considering its use, particularly with 
the advent of alternative IV vasodilators. Many would argue there 
is now no role for its use in the early management of frostbite. 
However, some interest in a potential role for more selective 
chemical sympathectomy remains.34,145

Hyperbaric Oxygen Therapy

Evaluating the effectiveness of use of hyperbaric oxygen therapy 
(HBOT) in the management of frostbite is dificult. Although 
several animal studies have demonstrated no beneit,138 two 
recent human studies have yielded excellent results.50,199 Multiple 
mechanisms of action are proposed, but the major changes are 
postulated to occur in the microcirculation. HBOT reportedly 
increases erythrocyte lexibility, decreases edema formation in 
postischemic tissues, and is bacteriostatic. Such actions may 
counteract vascular congestion, platelet aggregation, and iniltra-
tion of leukocytes seen in the microcirculation of frostbite 
patients. Finderle and Cankar50 report successful HBOT of a 
patient at 2.5 atm for 90 minutes daily for 28 sessions in a multi-
place chamber, without signiicant tissue loss; this treatment 
started 12 days after injury. HBOT may also act as an antioxidant. 
A series of case reports suggests signiicant beneicial effects from 
HBOT.11,53,140,199,201

Cauchy and colleagues32 have recently suggested a novel use 
for hyperbaric oxygenation. Most high-altitude expeditions have 

ADJUNCTIVE TREATMENTS

Sympathectomy

Cutaneous vessels are controlled by sympathetic adrenergic vaso-
constrictor ibers, and vascular smooth muscles have both 
α-adrenergic and β-adrenergic receptors. Because vasodilation of 
extremities is passive, maximal relex vasodilation occurs after 
sympathectomy.

The use of sympathectomy (open or minimally invasive 
surgery) has yielded mixed results. Surgical sympathectomy per-
formed within the irst few hours of injury increases edema 
formation and leads to increased tissue destruction. However, if 
performed 24 to 48 hours after thawing, sympathectomy is 
believed to hasten resolution of edema and decrease tissue loss. 
Surgical sympathectomy may have a role in preventing certain 
long-term sequelae of frostbite, such as pain (often caused by 
vasospasm), paresthesias, and hyperhidrosis.188

In a study of 66 patients with frostbite, 15 patients with acute, 
bilaterally equal, severe injuries were treated with immediate IA 
reserpine in one limb and ipsilateral surgical sympathectomy. 
Eficacy of therapy was assessed by comparison of the sympa-
thectomized limb with the contralateral untreated limb. There 
was no conservation of tissue, resolution of edema, pain reduc-
tion, or improved function in sympathectomized limbs compared 
with those treated with IA reserpine. One patient demarcated 
more rapidly, and another patient appeared to be protected from 
recurrent injury. Sympathectomy was not effective therapy for 
acute frostbite, even when achieved early with IA reserpine. Late 

FIGURE 9-28 Algorithm for the use of recombinant tissue plasminogen activator (rt-PA, rTPA) and iloprost 
in the management of frostbite injuries. (From Handford C, Buxton P, Russell K, et al: Frostbite: A practical 
approach to hospital management. Extrem Physiol Med 3:7, 2014.)
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The role of HBOT in all stages of frostbite therapy warrants 
further investigation because it is a relatively safe and inexpen-
sive treatment.90,202

Epidural Spinal Cord Stimulation

An anecdotal case series that described epidural spinal cord 
stimulation versus conventional treatment reported good thera-
peutic effects in four young patients with frostbite of the lower 
limbs. The authors state the mechanism of action is unknown, 

access to a portable hyperbaric chamber to replicate low-altitude 
conditions in acute mountain sickness when true descent is not 
possible. The authors note that altitude itself exaggerates cold-
induced vasospasm and hypothesize that placing a frostbite 
patient in a ield hyperbaric chamber may dampen this response 
and improve tissue perfusion. Although there is no evidence for 
HBOT at altitude for frostbite, it warrants further investigation 
because of its simplicity and likely availability during high-
altitude expeditions.

FIGURE 9-29 Algorithm for the intraarterial administration of rt-PA (rTPA) and heparin for in-hospital 
thrombolysis of severe frostbite injury. (From Handford C, Buxton P, Russell K, et al: Frostbite: A practical 
approach to hospital management. Extrem Physiol Med 3:7, 2014.)
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A conservative approach remains reasonable. In one of the 
largest number of frostbite patients (847) treated simultaneously 
(2-week period), during the Indo-Pakistan conlict in 1971, a 
combination of LMW dextran, an antiinlammatory agent (oxy-
phenbutazone), and a vasodilator (isoxsuprine) was used for the 
third-degree and fourth-degree injuries, improving limb salvage 
compared with historical controls.12 A conservative approach 
remains reasonable.

AMPUTATION

Surgery should usually be delayed unless there is evidence of 
overwhelming sepsis.5 Because there is rarely a reason for rushing 
to operate, a suitably experienced multidisciplinary surgical team 
familiar with performing a range of amputations should under-
take the procedure(s). Careful preoperative planning involving 
the relevant medical, surgical, physiotherapy, and occupational 
therapy teams should take place.79,80 The level and type of tissue 
excised during the amputation will be determined by the speciic 
injury or injuries.

Following amputation, primary skin cover is usually preferred. 
The temptation to preserve bone length by accepting closure by 
secondary intention or skin grafting needs to be balanced against 
the problems associated with a dysfunctional, neuropathic, and 
weight-bearing stump. Split grafts inserted directly onto bone 
tend to ulcerate as a result of shear forces on insensate grafted 
skin as soon as the patient mobilizes and becomes weight 
bearing, so a delayed revision then becomes necessary. Inap-
propriate attempts at preserving long bone length restrict use of 
modern “intelligent” prosthetic limbs; preoperative consultation 
with the rehabilitation/prosthetic team is strongly advised.

The patellar tendon–bearing orthosis technique was originally 
designed to support body weight for treatment of the below-knee 
segment that is structurally inadequate or causes severe pain.168,189 
The technique allows unloading of the leg at the below-knee 
level while retaining full knee movement. It is beneicial in 

but the treatment is reported to have resulted in rapid recovery, 
reduced pain, and more peripheral level of amputation.7

SURGICAL TREATMENT
The conventional teaching is that early surgical intervention has 
no role in the acute care of frostbite. However, early surgical 
intervention in the form of fasciotomy is required for compart-
ment syndrome in the immediate post-thaw scenario or for 
ischemia from a constricting eschar or subeschar infection.62 
Decompressing escharotomy incisions are rarely necessary to 
increase distal circulation. If such escharotomies are necessary to 
decompress digits and facilitate joint motion, incisions along the 
transaxial line may be the most appropriate.121 However, many 
plastic and vascular surgeons would consider using transaxial 
with axial incisions on the trunk and axial fasciotomy incisions 
on the limbs (Figure 9-30). It is important that incisions avoid 
injury to underlying structures.

Occasionally, early amputation is indicated if liquefaction, 
moist gangrene, or overwhelming infection and sepsis develop.5 
There is rarely any urgency to surgically intervene, so amputation 
should be undertaken by a surgeon with appropriate experience, 
usually 4 to 8 weeks after the injury. In the vast majority of 
patients, it is a failure to delay surgery when it is the major source 
of avoidable morbidity. The functional end result of any surgery 
needs to be considered. Ideally, when major limb loss is foreseen, 
early involvement of a multidisciplinary rehabilitation team will 
result in better long-term function.80

Surgical intervention is normally reserved for late treatment 
of frostbite. This is most often necessary if frostbite is severe or 
treatment has been delayed. Aggressive therapeutic measures can 
often prevent or reduce progressive injury and gangrene. If gan-
grene ensues, amputation or debridement with resurfacing may 
be necessary (Figure 9-31).

Surgery should be accomplished only after the area is well 
demarcated, which generally requires 4 to 8 weeks. Historically, 
aggressive early debridement and attempted salvage have been 
thought to jeopardize recovering tissue and add to tissue loss. 
Gottlieb and associates63 and Greenwald and colleagues67 have 
taken a much more aggressive approach to coverage of severe 
frostbite injury. Using 99mTc phosphate bone scans, they identify 
nonperfused tissue by 10 days after injury and surgically remove 
necrotic tissue. The remaining nonvascularized and nonviable, 
yet non-necrotic and noninfected, tissue is salvaged by early 
coverage with well-vascularized tissue. Theoretically, if nonvas-
cularized tissue has not undergone autolysis and is not infected, 
it should behave like a composite graft. Preliminary reports are 
promising, because with better imaging, more accurate prediction 
of viable tissue is possible. Anecdotal reports suggest that there 
may be increased risk for infection when complex reconstruc-
tions are undertaken at an early stage.81

FIGURE 9-30 Axial fasciotomies on the dorsum of the left hand. (Cour-
tesy Christopher H.E. Imray, MD.)

FIGURE 9-31 Bilateral below-knee amputation for frostbite in a home-
less patient. (Courtesy Christopher H.E. Imray, MD.)
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involved limbs have been noted. These localized areas of bone 
resorption generally appear within 5 to 10 months after injury 
and may heal spontaneously. Vascular occlusion is the probable 
cause of these lesions. Such bone involvement close to joint 
surfaces may help explain joint symptoms.

The effects of frostbite on premature closure of epiphyses in 
the growing hand have been emphasized.205 Extent of premature 
closure has been correlated with severity of frostbite and noted 
in partial-thickness injuries. In the digits, premature closure is 
more frequently from a distal to proximal direction (distal inter-
phalangeal > proximal interphalangeal > metacarpophalangeal). 
The thumb is less often involved. In only 2% of cases does partial 
epiphyseal closure cause angular deformity.

Cold-induced neuropathy may play an important role in the 
long-term sequelae of cold sensitivity after local cold injury. 
Alteration in somatosensory function was found to be more 
pronounced in lower-limb injuries.8 Changes in nerve conduction 
velocity measurements may provide objective indings in cold-
injured patients and in those with few or no conspicuous clinical 
signs. Tissue that has recovered from frostbite is more susceptible 
to further injury. This needs to be recognized when advising 
individuals about a return to environments where they may be 
at risk. Preventive measures remain the mainstay of primary and 
secondary treatment.79

Malignant transformation of old frostbite scars is a rare but 
well-recognized condition.190 The lesions are sometimes described 
as “Marjolin’s ulcer,”194 but more often as squamous cell carcino-
mas.48 One of the largest series of patients found that the tumors 
tended to be low grade and unlikely to metastasize; the physi-
cians advocated surgical excision.166

PREDICTION OF INDIVIDUALS AT RISK
Recent experimental techniques have been studied to predict 
which individuals are susceptible to frostbite injury. Predicting 

treatment of plantar neuropathic ulcers of the feet, allowing the 
patient to mobilize while minimizing further damage from vertical 
and horizontal shear forces. Using this approach, with early 
bedside interventions as part of an integrated approach (includ-
ing aggressive vascular/endovascular surgery), the major lower-
limb amputation rate and length of stay have both been 
signiicantly reduced.91

TELEMEDICINE

Use of the Internet to access expert advice has been driven by 
patients and clinicians with more limited experience in treatment 
of frostbite, permitting a virtual opinion from anywhere in the 
world.82 The United Kingdom–based service can be accessed 
through the Diploma in Mountain Medicine or the British Moun-
taineering Council website (http://www.thebmc.co.uk/Category 
.aspx?category=19). The service is run by diploma faculty mem-
bers and serves climbers and physicians worldwide, often to 
obtain a second opinion or to seek specialized advice. It is also 
possible to follow patients in a “virtual clinic,” reviewing digital 
images and discussing management options by telephone or 
e-mail (see Figures 9-18 to 9-21).79,169 Digital images have been 
used to assess wound healing in conjunction with HBOT.53,

LONG-TERM SEQUELAE OF FROSTBITE
Until 1957, minimal information was recorded about the long-
term sequelae of frostbite injuries. Blair and colleagues16 studied 
100 veterans of the Korean conlict 4 years after their injuries. In 
order of decreasing frequency, the patients reported excessive 
sweating, pain, coldness, numbness, abnormal skin color, and 
joint stiffness. The investigators noted frequent asymptomatic 
abnormalities of the nails, including ridges and inward curving 
of the edges. In general, the degree of long-term disability was 
related to severity of the original injury. Symptoms were worse 
in cold than in warm weather. This is attributed to blood vessels 
that do not react as well to stress.180 Previously injured vessels 
do not constrict when exposed to cold as effectively as do normal 
vessels, and they do not dilate as effectively when vasoconstric-
tion is blocked.

Hyperhidrosis is probably both a cause and a result of frost-
bite. Hyperhidrosis suggests presence of an abnormal sympa-
thetic nervous response induced by cold injury and is abolished 
by sympathetic denervation. Sensitivity to cold and predisposition 
to recurrent cold injury should suggest hyperhidrosis. Blanching 
and pain on subsequent cold exposure may be a nuisance or 
may be dramatic enough to suggest a diagnosis of Raynaud’s 
phenomenon (see Figure 9-12). Almost without exception, after 
sympathetic interruption, a painful, shiny, cyanotic, and sweaty 
limb becomes warm, dry, and useful.176,177 Schoning175 examined 
changes in the sweat glands of Hanford miniature swine after 
experimental frostbite injury to determine the etiology of hyper-
hidrosis. She noted that severe sweat gland changes were of two 
types: degeneration with necrosis and squamous metaplasia. 
Clearly, if hypohidrosis was a sequela of frostbite injury, mor-
phologically normal and active sweat glands would be an 
expected inding. One can conclude that hyperhidrosis lacks 
histologic documentation.

A beneicial effect of open cervicothoracic sympathectomy for 
frostbite sequelae was described in 48 patients.93 The minimally 
invasive endoscopic transthoracic sympathectomy approach 
reduces surgical trauma, allows more rapid recovery (Figure 
9-32), and may have a limited role in late, persisting palmar 
hyperhidrosis. Iontophoresis may be of beneit in plantar 
hyperhidrosis.

The late abnormalities of change in skin color, including 
depigmentation of dark skin and an appearance resembling 
erythrocyanosis in light skin, are most likely the result of isch-
emia.16 Similarly, the nail abnormality is comparable to that seen 
with ischemia. Usually, neither of these sequelae requires 
treatment.

Late symptoms of joint stiffness and pain on motion are rela-
tively common and are undoubtedly related to the underlying 
scars and mechanical problems occasioned by the variety of 
amputations. “Punched-out” defects in subchondral bone of 

FIGURE 9-32 A, One of the two 3-mm thoracoscopic port insertions 
into the axilla for a right endoscopic transthoracic sympathectomy 
(ETS) performed under general anesthesia. B, View of right sympa-
thetic chain during ETS. (Courtesy Christopher H.E. Imray, MD.)
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toward fats, with carbohydrates of intermediate importance 
and proteins least important. As altitude increases above 
3048 m (10,000 feet), carbohydrates become most important 
and proteins remain least important.

• Do not climb under extreme weather conditions, particularly 
at high altitudes on exposed terrain, or start too early in cold 
weather. The coniguration of a mountain can help a climber 
ind maximal shelter and solar warmth.

• Avoid tight, snug-itting clothing, particularly on the hands 
and feet. Socks and boots should it closely, with no points 
of tightness or pressure. When donning socks and boots, a 
person should carefully eliminate all wrinkles in socks. Old, 
matted insoles should be avoided.

• Avoid perspiration under conditions of extreme cold; wear 
adequately ventilated clothing. If perspiring, remove some 
clothing or slow down.

• Keep the feet and hands dry. Even with vapor-barrier boots, 
socks must not become wet. All types of boots must be worn 
with great care during periods of inactivity, especially after 
exercise has resulted in damp socks or insoles. Wet socks in 
any type of boot soften the feet and make the skin more 
tender, greatly lowering resistance to cold and simultaneously 
increasing the danger of other foot injuries, such as blistering. 
Extra socks and insoles should always be carried. Light, 
smooth, dry, and clean socks should be worn next to the skin, 
followed by one or two heavier outer pairs.

• Wear mittens instead of gloves in extreme cold, although 
gloves can be worn for short intervals when great manual 
dexterity is required for specialized work such as photography 
or surveying. In these situations, a mitten should be worn on 
one hand and a glove temporarily on the other. If bare-inger 
dexterity is required, silk or rayon gloves should be worn, or 
metal parts that must be touched frequently should be covered 
with adhesive tape. Occasionally, the thumbs should be 
pulled into the ists and held in the palms of the mittens to 
regain warmth of the entire hand.

• Be careful while loading cameras, taking pictures, or handling 
stoves and fuel. The freezing point of gasoline (−57° C 
[−70.6° F]) and its rapid rate of evaporation make it very dan-
gerous. Metal objects should never be touched with bare 
hands in extreme cold, or in moderate cold if the hands are 
moist.

• Mitten shells and gloves worn in extreme cold should be made 
of soft, lexible, and dry-tanned deerskin, or moose, elk, or 
caribou hide. Horsehide is less favorable because it dries stifly 
after wetting. Removable mitten inserts or glove linings should 
be of soft wool.

• Mittens should be tied together on a string hung around the 
neck or tied to the ends of parka sleeves. Oiled or greased 
leather gloves, boots, or clothing should never be used in 
cold-weather operations.

• Keep toenails and ingernails trimmed.
• Hands, face, and feet should not be washed too thor-

oughly or too frequently under rough weather conditions. 
Tough, weather-beaten face and hands resist frostbite most 
effectively.

• Wind and high altitude should be approached with respect. 
They can produce dramatic results when combined with cold. 
Exercise should not be too strenuous in extreme cold, particu-
larly at high altitude, where undue exertion results in panting 
or very deep breathing. Cold inspired air will chill the whole 
body and under extreme conditions may damage lung tissue 
and cause internal hemorrhage.

• When a person becomes thoroughly chilled, it takes several 
hours of warmth and rest to return to normal, regardless of 
supericial feelings of comfort. A person recovering from an 
emergency cold situation should not venture out into extreme 
cold too soon.

• Avoid tobacco or alcohol at high altitudes and under condi-
tions of frostbite danger.

• A person who is frostbitten or otherwise injured in the ield 
must remain calm. Panic or fear results in perspiration, which 
evaporates and causes further chilling.

• Tetanus immunity should be current.

those at risk would be helpful to assess risk for people planning 
to work or travel to high altitude or into extreme cold, as well 
as those who may be particularly valuable to military recruiting 
and planning. It would also be especially helpful when trying to 
advise persons who have sustained previous cold injury.

The RIF inger skin temperature response, determined in a 
simple laboratory test, may be related to the risk for cold injuries 
during operations in the ield.36 The reproducibility of the time 
course of CIVD suggests this methodology may be of value for 
further studies examining the mechanism of the response.139 
Kamikomaki88 proposed that a case of frostbite in a climber with 
ACE DD allele was caused by genetic propensity for vasoconstric-
tion. Perhaps we will see the evolution of testing for genetic 
predisposition to frostbite as a screening tool.

Thermography is an easy, noninvasive method for monitoring 
thermal changes after experimental frostbite, but its clinical value 
is as yet unknown.45,86,173 Laser Doppler techniques have been 
used to assess eficacy of HBOT of frostbite. The number of 
visible nutritive capillaries in frostbitten areas was shown to 
increase.50

PREVENTION
In 1950, Herzog and Lachenal made a successful lightweight bid 
without oxygen for the summit of Annapurna, the irst 8000-m 
(26,247-foot) peak to be climbed. Herzog77 lost his gloves near 
the summit, and the summit team spent a night in a crevasse. 
Both climbers suffered severe frostbite to their hands and feet. 
In a heroic retreat, Dr. Jacques Oudot irst gave intraarterial 
vasodilators and then performed ield amputations without 
anesthetic.

Eleven of the 210 deaths on Mt Everest between 1921 and 
2006 were attributable to hypothermia,51 and a signiicant pro-
portion of climbers attempting to climb to extreme altitude 
develop frostbite,56 suggesting that climbing above 8000 m 
(26,247 feet) carries signiicant risk for permanent cold injury (see 
Figure 9-7).

STRATEGY TO PREVENT FROSTBITE

Prevention of frostbite is one key to safe and successful travel 
and work in cold environments. Box 9-4 summarizes general 
prevention strategies. Sound pre-participation education, selec-
tion of proper clothing, optimal nutrition, and hydration are all 
advised. Washburn’s recommendations, originally published in 
1962, remain relevant203:
• Dress to maintain general body warmth. In cold, windy 

weather, the face, head, and neck must be protected, because 
enormous amounts of body heat can be lost through these 
parts.

• Eat plenty of appetizing food to produce maximal output of 
body heat. Diet in cold weather at low altitude should tend 

BOX 9-4 Strategies for Prevention of Frostbite

Good experience is the base of core survival skills.
• Wear protective clothing—layers, loose, heat insulating
• Avoid constriction of body parts with clothing
• Stay dry
• Wear wind protection
Hands:

• Wear mittens instead of gloves
• Use chemical hand warmers

Feet:
• Avoid tight-itting boots
• Wear suitably warm boots such as triple-layer extreme-

altitude boots
• Use electric-heated insoles
• Ensure adequate nutrition
• Maintain hydration
• Take aspirin (if not contraindicated)
• Use supplemental oxygen at extreme altitude
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climbers attempting 8000-m (26,247-foot) peaks. Consequently, 
there is considerable inancial incentive for developing state-of-
the-art equipment. Current 8000-m boots are rated down to −50° 
to −60° C (−58° to −76° F) (see Figure 9-35). As new technologies 
are developed, such as “intelligent fabrics” and temperature-
responsive ibers, numerous outdoor applications will likely 
occur. Newer insulating materials have already given rise to 
signiicantly better boots, gloves, and mittens (see Figures 9-33 
to 9-35). Climbing equipment has also improved. For example, 
newer step-in crampons greatly reduce the time involved in 
itting the crampons and the likelihood of having to adjust them 
while climbing, which substantially reduces the risk for cold 
exposure.

POSSIBLE FUTURE TREATMENTS
TIMING OF INTRAARTERIAL THROMBOLYSIS  
FOR FROSTBITE

Current opinion suggests that t-PA for acute frostbite may be 
beneicial and thus should be used if it can be started within 24 
hours of the initial injury. However, considerable evidence from 
the treatment of both acute coronary syndrome26 and acute 
stroke94 indicates a variable window of opportunity for successful 
t-PA treatment. The timing of intervention for frostbite is yet to 
be determined, but longer delays are likely to be associated with 

CHEMICAL OR OTHER WARMERS

The well-equipped sojourner at extreme altitude or in cold envi-
rons should have a wide selection of gloves and mittens, includ-
ing spares (Figure 9-33). In addition to protective clothing and 
insulation, external heat sources are advisable. A recent paper 
by Sands and co-workers172 assessed the eficacy of commercially 
available, disposable, chemical hand and foot warmers. They 
found variations between the devices, but a strong relationship 
between the mass of the devices and duration of the heat pro-
duction. Despite concerns about whether the chemical hand 
warmers function at the low levels of oxygen found at extreme 
altitude, anecdotally these warmers function well (Figure 9-34).81

Electric foot warmers are probably more useful than chemical 
foot warmers in extreme cold and at high altitude (Figure 9-35), 
where removing boots to insert warmers may be not only imprac-
tical but unwise. New lithium batteries opened on summit day 
are probably superior to rechargeable units. Chemical warmers 
also occupy a signiicant volume, resulting in pressure points that 
can either overheat and burn or lead to blistering.81

POTENTIAL FUTURE DEVELOPMENTS: 
PREVENTIVE STRATEGIES
Over the past decade there has been substantial improvement in 
available equipment; in part because of the increased number of 

FIGURE 9-33 Selection of gloves and mittens used on a frostbite-free 
summit day on Mt Everest. (Courtesy Christopher H.E. Imray, MD.)

FIGURE 9-34 Chemical hand warmers for use in extreme cold used 
on a frostbite-free summit day on Mt Everest. (Courtesy Christopher 
H.E. Imray, MD.)

FIGURE 9-35 Triple-layer, 8000-m mountaineering boots (A) rated to −55° C (−67° F) and electric boot 
warmers (B) used on a frostbite-free summit day on Mt Everest. (Courtesy Christopher H.E. Imray, MD.)

BA



TUMOR NECROSIS FACTOR-α

Evidence indicates that tumor necrosis factor (TNF)-α–induced 
reactive oxygen species have a role in endothelial dysfunction 
during reperfusion injury.58 Investigation into the effects of inhibi-
tion of phosphodiesterase type 4 and TNF-α on local and remote 
injuries after ischemia and reperfusion injury suggests that these 
processes may be modiied.184 This particular approach might 
offer improved outcome in early frostbite.

VACUUM-ASSISTED CLOSURE THERAPY

Vacuum-assisted closure therapy has been shown to be beneicial 
in accelerating wound healing in partial diabetic foot amputa-
tions.6 This therapy can be used in community and specialty 
hospitals, and in many tertiary care hospitals it is being admin-
istered through specialist tissue-viability nurses. One report has 
shown a good outcome with frostbite.152

FROSTBITE MANAGEMENT REGISTRY AND  
THE INTERNET

One of the persisting characteristics of frostbite research is the 
lack of good evidence to support newer treatments. An interna-
tional frostbite management registry would allow pooling of data, 
accelerating the learning process.

REFERENCES
Complete references used in this text are available 
online at expertconsult.inkling.com.

less beneit44 and thus to increase the need for secondary inter-
ventions, such as fasciotomies for reperfusion injuries, or subse-
quent amputations.81

ULTRASOUND-ACCELERATED THROMBOLYSIS

In vitro work has shown that ultrasound accelerates transport of 
recombinant t-PA into clots.55 Ultrasound is believed to reversibly 
loosen ibrin strands and reduce their diameter, exposing more 
individual strands, increasing thrombus permeability, and expos-
ing more plasminogen receptor sites for binding.20 More rapid 
and complete thrombolysis has been reported with the use of 
this technique than with standard catheter-directed thrombolysis. 
Results of one study suggest that percutaneous ultrasound-
accelerated thrombolysis is more effective at clearing clots than 
is catheter-directed thrombolysis in patients with acute massive 
pulmonary embolism.108

ANTIPLATELET AGENTS

There have been signiicant advances in the understanding, 
management, and outcomes of patients with acute coronary 
syndrome with the introduction of IV antiplatelet agents, such 
as glycoprotein IIb/IIIa inhibitors. Inhibiting platelet aggrega-
tion is a vital link in optimizing outcome.2 In a pilot study, out-
comes in unstable, symptomatic carotid endarterectomy patients 
appeared to improve after using a glycoprotein IIb/IIIa inhibi-
tor.196 There likely will be a role in frostbite treatment for the 
use of combination oral (aspirin and clopidogrel) and IV anti-
platelet agents to improve vessel patency after t-PA clearance of 
thrombus.
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Nonfreezing cold-induced injury (NFCI) is a clinical syndrome 
that results from the damage caused to tissues exposed to cold 
temperatures at or above freezing point (0° to 15° C [32° to 59° F). 
NFCI does not involve tissue freezing, which distinguishes it both 
clinically and pathologically from frostbite.45 The earliest descrip-
tions of this syndrome originated in the military. Baron Domi-
nique Jean Larrey, Napoleon’s chief surgeon, used the word 
“congelation” to describe the nonfreezing injuries together with 
frostbite casualties that occurred during the 1812 assault on 
Russia.115 Historically, infantry regiments have been decimated by 
cold and wet conditions, and many medical advances in under-
standing the pathophysiology and clinical course of NFCI have 
occurred after wars.1,44, However, the continuity of research tends 
to lag during the periods between major military campaigns.123 
Developments in the prevention of cold injury have lourished 
as new clothing and footwear are designed, but little progress 
has been made in the treatment of NFCI.

An increasing number of people are pursuing recreational 
activities in harsh environments, and as a consequence, civilian 
NFCIs are becoming more prevalent. However, because many 
physicians are unfamiliar with these injuries, they may go undi-
agnosed during assessment of the cold-exposed patient.123 This 
results in unnecessary hospital admissions and potentially harmful 
and expensive therapy.49 Proper education and awareness of the 

hazards innate to the cold environment should mean that NFCI 
is preventable in most circumstances.

This chapter explores the history, epidemiology, pathophysi-
ology, and current prevention and treatment of NFCI and spe-
ciically discusses pernio (chilblains), cryoglobulinemia, cold 
urticaria, and Raynaud’s phenomenon.

EPIDEMIOLOGY
Individuals with cold and wet extremities for extended periods 
are at risk for nonfreezing cold injuries. During the 1800s, NFCI 
was observed more frequently when the temperature hovered 
around the freezing point—when the ground was muddy rather 
than frozen.54,114 Standing or sitting for long periods, wearing 
constrictive footwear, malnutrition, fatigue, or the blunt trauma 
of marching on cold, wet feet all added to the severity of injury.115 
Original animal studies that modeled NFCI demonstrated that 
cold temperatures near the freezing point were more likely to 
cause injury when the extremities were wet than when they were 
dry.13,114 Ambient temperature and wind speed can both inluence 
cooling.39,140

In “shelter limb” (dependency without cold) and “paddy foot” 
(wet but not cold), there is an injury that has no apparent dis-
tinguishing differential features from NFCI. This would suggest 

CHAPTER 10 

Nonfreezing Cold-Induced Injuries
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a 4-year period, the reporting rate increased from 9 to 30 per 
1000 recruits, with the majority of cases (90%) reported during 
ield-based training. Independent factor analysis demonstrated 
that African Caribbean recruits were 13.2 times (95% CI, 9.5-18.4; 
p <0.01) more likely to report cold injury and 27.3 times (95% 
CI, 16.3-45.9; p <0.01) more likely to be medically discharged 
than were Caucasians.139

This increase in NFCI in the United Kingdom (UK) military 
might be caused by greater exposure, lower threshold to diag-
nose the condition, increased awareness, or recruiting a different 
and more sensitive population. Alternatively, the observed 
increase may be incorrect and caused by a type I error (poor 
speciicity of the tests used to diagnose NFCI or excessive cre-
dulity) or type II error (poor sensitivity of the tests used to 
diagnose NFCI). Also, other countries may be failing to diagnose 
and report the condition.64

CIVILIAN

The environmental conditions that can produce NFCI in military 
settings are also found in the context of wilderness medicine. 
Outdoor recreation may lead to cold, dehydrated, exhausted, and 
wet hikers exposed to the elements for an extended period. 
These individuals may be unwilling or unable to take the time 
and effort to care for their wet boots and socks, and they may 
be unaware of the risks inherent to the situation. Other civilian 
populations at risk for NFCI include homeless people,143 older 
adults,103 and alcoholic persons.123

Personal Factors

Proper protective equipment and appropriate use are important 
factors reducing the incidence of NFCI. Factors affecting the 
incidence of frostbite are closely related to those affecting NFCI. 
A surprisingly high incidence of frostbite has been reported in 
mountaineers. In one study the mean incidence was 366 per 1000 
population per year. Mild (grade 1) injury (83.0%) and involve-
ment of the hands (26.4%) and feet (24.1%) were most common. 
There was a signiicant correlation between lack of proper equip-
ment (odds ratio, 14.3) or guide (p <0.001) and the injury. Inap-
propriate clothing, lack or incorrect use of equipment, and lack 
of knowledge of how to deal with cold and severe weather were 
cited as the main reasons for the injury.58

Cold injury is uncommon in Antarctica. Despite this, NFCI 
warrants a continued high proile because under most circum-
stances, it may be regarded as an entirely preventable occur-
rence.19 Prolonged heavy-load carriage during a 109-day Arctic 
expedition may have impaired blood low or nerve conduction 
in the hands and inhibited cold acclimatization. The contrary was 
observed in the feet, where there was improvement in cold 
acclimatization despite developing moderate trench foot.97

Civilian Case Reports

Laden and colleagues78 reported that cold injury occurred to a 
diver’s hand after a 90-minute dive in 6° C (42.8° F) water. With 
the advent of “technical diving,” characterized by going deeper 
(often in cold water) for longer periods, and “adventure tourism,” 
it was suggested that this extremely painful condition would 
likely increase in prevalence.

Elderly patients typically present to the hospital after collapse 
and a period of immobilization on the loor. A case of bilateral 
trench foot in an immobile elderly patient has been reported.138

PHYSIOLOGY
SKIN: A THERMOREGULATORY ORGAN

Thermoregulation as a major function of human skin is achieved 
by large luxes in cutaneous blood low.80 The metabolic re-
quirements of skin are ixed and relatively modest. Large luc-
tuations in cutaneous blood low are primarily determined by  
the individual’s thermoregulatory needs. Arteriovenous anasto-
moses (AVAs) abound in the extremities. AVAs are coiled, mus-
cular-walled vessels approximately 35 µm in diameter and 
have minimal basal tone. They are under dual control: central 

that neither cold nor wet is a prerequisite required to develop 
the injury. It appears more likely that NFCI is a reperfusion  
injury that develops after a sustained period of peripheral 
vasoconstriction.123

Epidemiologic studies relating to NFCI can be challenging 
because the International Classification of Diseases (ICD-10) 
does not offer a “code” for NFCI. However “Immersion hand and 
foot” (T69.0), “Chilblains” (T69.1), “Other speciied effects of 
reduced temperature” (T69.8), and “Effect of reduced tempera-
ture unspeciied” (T69.9) are available.142 Frostbite has a separate 
and detailed ICD classiication.

MILITARY

In combat settings, there is rarely the time, equipment, or oppor-
tunity to apply appropriate remedies to NFCI. In the 1854 Crimean 
War, cold injury was documented more often among “the men in 
the trenches [who] were so restricted in their movements. . . . 
Frequently this position happened to be the bottom of a trench 
knee-deep in mud and water or half-illed with snow.”114 In 
November 1944, during World War II, American forces sustained 
11,000 cases of trench foot.136

Nonfreezing cold injury has continued to affect armed forces. 
A study of 3 Commando Brigade (UK) during the Falkland Islands 
conlict in 1982 reported that 64% of the brigade appeared to 
have NFCI, with the proportion being higher (76%) within infan-
try units.51 An evaluation of possible risk factors for NFCI during 
the conlict found that 1 year after exposure, there were no cases  
of cryoglobulinemia and no hematologic evidence to suggest  
that any of those who had developed cold injury had abnormal 
circulating proteins, plasma hyperviscosity, or indicators of 
alcohol abuse.26 NFCI has been reported during operations in 
Afghanistan.89

Cold injury is not unique to operational deployments. In the 
1990s, both the U.S. Army and the Israeli Defense Forces recorded 
that most NFCIs occurred during routine training exercises rather 
than during combat operations.33,86,93

ETHNICITY

Historically, the irst reports of increased susceptibility in certain 
ethnic groups (i.e., African Americans) to cold-weather injury 
(CWI) came from the American Civil War.109 Also, an increased 
incidence of CWI was noted among African Americans in the 
extremely cold winter conlict in the Ardennes in 1944 during 
World War II.136

A major retrospective study of 2143 U.S. Army hospital admis-
sions for CWI between 1980 and 1999 found the injury rate for 
men and women was similar, 13.9 and 13.3 per 100,000 soldiers, 
respectively.33 Increased rank and experience were associated 
with a decrease in CWI. There were 3.3 times more African 
Americans than Caucasians hospitalized (95% conidence interval 
[CI], 3.1-3.7), and infantry and gun crews appeared to be at 
greater risk. Also, the number of soldiers admitted to the hospital 
between 1980 and 1999 was greatly reduced, from greater than 
30 cases per 100,000 soldier-years to almost zero.

Young male African Caribbean natives in the British Army 
have a 30 times greater chance of developing peripheral cold 
injury and are more severely affected than their Caucasian coun-
terparts following similar climatic exposure, using similar clothing 
and equipment. Paciic Islanders are at a 2.6 times increased  
risk, while being a Gurkha appeared protective.18 Peripheral 
vascular responses to a local cold stress were studied in four 
groups of Indians: South Indians, North Indians, Gurkhas, and 
high-altitude natives (HANs) of 3500 m (11,483 feet). The heat 
output and cold-induced vasodilation were highest in HANs, with 
the lowest observed in South Indians.83

PREVALENCE

In most North Atlantic Treaty Organization (NATO) countries, the 
prevalence of NFCI appears to be static or decreasing among 
military personnel. In the British military, however, there appears 
to be a marked increase in the incidence of reported CWI. Over 
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cold-air exposure (r = 0.83; p <0.01), showing that a weak CIVD 
response in the hand is related to a weak response in the foot.131 
Felicijan and associates40 found evidence for signiicant enhance-
ment of the CIVD response after brief high-altitude acclimatiza-
tion; these changes were especially prominent in the feet of 
Alpinists compared with controls.

Temperatures of the extremities can drop surprisingly quickly 
in the ield. Toe temperature of 10 individuals was monitored in 
the ield in Arctic Norway (minimum air temperature, −27° C 
[−16.6° F). The lowest skin temperature recorded was 1.9° C 
(35.4° F). The mean estimated time for toe temperature to cool 
from 25° C (77° F) to 5° C (41° F) was 109 minutes (standard devia-
tion [SD], 10.2) at an ambient temperature of −21° C (−5.8° F). 
One person experienced a toe temperature below 5° C (41° F) for 
2.9 hours during a 27-hour period. Surprisingly, none of the 
participants demonstrated clinical signs of cold injury, but this 
does not mean that this exposure was without risk.127

The cutaneous microcirculation of skin was assessed in 
patients with sequelae from local cold injuries. All patients 
reported cold intolerance 3 to 4 years after the primary CWI, 
sustained during military service.7 Transcutaneous oxygen tension 
was decreased, but oxygen reappearance time, oxygen recovery 
index, postocclusive reactive hyperemia, and venoarterial relex 
were normal. No capillary nailfold abnormalities were found. 
Local cold injuries appear to cause disturbances in the CIVD and 
impair cold tolerance and may increase the risk for future cold 
injuries. Evidence suggests disturbances of relex mechanisms 
mediated by the central nervous system. Neurophysiologic factors 
seemed more important than ischemic mechanisms in the patho-
physiology of late sequelae with peripheral CWI.

PATHOPHYSIOLOGY
Continuous exposure to a cold, wet environment causes break-
down of skin, directly cools nerves in the area of exposure, and 
causes prolonged vasoconstriction. NFCI is primarily caused by 
prolonged vasoconstriction, which in turn causes direct injury to 
the vessels (and endothelium) that supply nerve, fat, and muscle 
cells.62,92,123 Pain, fear, constrictive footwear, and immobility inter-
act in maintaining vasoconstriction through a heightened sympa-
thetic nervous system response or by mechanically limiting blood 
low (Figure 10-1). The length or degree of exposure needed to 
evoke these changes and thus NFCI is unclear. Nevertheless, the 
level of risk appears to be inversely proportional to tissue tem-
perature and directly proportional to duration of insult.13,124 
Lengthy exposure to a temperature of about 10° C (50° F) will 
result in similar injury as a short exposure to a temperature of 
1° C (33.8° F). Repeated exposure is likely to cause a more sig-
niicant injury than a single exposure of longer duration.72

hypothalamic via the sympathetic nervous system and direct local 
control, dilating under warm conditions and constricting in reac-
tion to a cold stimulus. The two effects are additive. Cutaneous 
vessels are controlled by sympathetic adrenergic vasoconstrictor 
ibers, and vascular smooth muscles have both α- and β-
adrenergic receptors. When core temperature exceeds 37.5° C 
(99.5° F), the hypothalamus reduces vasoconstrictor drive to 
AVAs and vasodilation occurs. As a result, a low-resistance shunt 
in the dermal venous plexus opens, which in turn increases local 
heat loss. Under cold conditions, sympathetic tone increases, 
resulting in local arteriovenous vasoconstriction and reduced 
cutaneous blood low.

Under basal conditions, a 70-kg (154-lb) person has total 
cutaneous blood low of 200 to 500 mL/min. With external 
heating to maintain skin temperature at 41° C (105.8° F), this may 
increase to 7000 to 8000 mL/min, while cooling the skin to 14° C 
(57.2° F) may diminish it to 20 to 50 mL/min.

Cutaneous vascular tone is inversely related to ambient  
temperature. Cold-induced vasoconstriction is attenuated by α2-
adrenergic blockers and by sympathetic inhibition. Reduction in 
ambient temperature results in insertion of more α2-adrenergic 
receptors from the myocyte Golgi apparatus into the plasma 
membrane, raising the afinity for the sympathetic neurotransmit-
ter norepinephrine. At the same time, endothelial nitric oxide 
synthase (eNOS) activity declines, resulting in vasoconstriction of 
the AVAs. Core temperature has a strong inluence over cutane-
ous sympathetic vasomotor activity.

The vascular endothelium regulates local vascular tone by 
secreting vasoactive agents, including the vasoconstrictor endo-
thelin and the vasodilators nitric acid and prostacyclin. Endothe-
lin causes long-lasting vasoconstriction and is elevated in hypoxia, 
preeclampsia, and hemorrhagic stroke.

ORTHOSTASIS

Orthostasis (standing upright) or lowering a limb below heart 
level causes immediate reduction in local blood low; cutaneous 
perfusion is reduced by approximately two-thirds as a result of 
the poorly understood venoarteriolar response. It is thought that 
this response helps maintain central arterial pressure during 
standing and also reduces dependent edema formation. Long 
periods of sitting or standing tend to exacerbate this response.

COLD-INDUCED VASODILATION

When the hand or foot is cooled to 15° C (59° F), maximal vaso-
constriction and minimal blood low occur. If cooling continues 
to 10° C (50° F), vasoconstriction is interrupted by periods of 
vasodilation and an associated increase in blood and heat low. 
This cold-induced vasodilation (CIVD), or “hunting response,” 
occurs in 5- to 10-minute cycles to provide some protection from 
the cold. Prolonged repeated exposure to cold increases CIVD 
and offers some degree of acclimatization. Eskimos, Lapps, and 
Nordic ishermen have a strong CIVD response and short inter-
vals between dilations, which may contribute to maintenance of 
hand function in the cold environment.55 CIVD responses are 
more pronounced when the body core and skin temperatures 
are warm (hyperthermic state) and suppressed when they are 
cold (hypothermic state), when compared to normothermia.28,29,98 
Cheung and colleagues21 investigated if CIVD responses of one 
inger can predict the responses of other ingers, as well as 
whether the CIVD of ingers could predict CIVD responses of 
the feet and toes. They found that CIVD is highly variable across 
the ingers and is not a generalizable response across either digits 
or limbs. Paradoxical CIVD will normally prevent tissue damage, 
but in conditions such as Raynaud’s phenomenon, the vessels of 
the toes and ingers exhibit an exaggerated and sustained vaso-
constriction response, resulting in blanching numbness and par-
esthesias, and in severe cases can result in tissue loss.

Individuals with a weak CIVD response to experimental cold-
water immersion of the ingers in a laboratory setting have a 
higher risk for local cold injuries when exposed to cold in real 
life.30 A strong correlation exists between the mean temperature 
of the ingers during cold-water immersion and toes during 

FIGURE 10-1 Schematic of factors and mechanisms that contribute to 
nonfreezing cold injuries. 
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VASCULAR INJURY

Vasoconstriction is mediated by presynaptic vesicle release of 
norepinephrine and neuropeptide Y from sympathetic nerve 
ibers that interact postsynaptically on smooth muscle at α2c–
adrenergic receptors9,23 and Y1 receptors.118 Recent work dem-
onstrated that cold-induced vasoconstriction is mediated by rho 
kinase.126 The prolonged decrease in blood low caused by 
vasoconstriction causes direct injury to capillary endothelium. 
Studies indicate that the endothelial lining separates from under-
lying cells, leaving “gaps.”38 Leukocytes and platelets ill in 
these gaps and accumulate, further decreasing capillary blood 
low and leading to ischemia and eventually tissue hypoxia 
(Figure 10-6).

Microvascular thrombosis after reperfusion injury is believed 
to play a pivotal role following cold injury, with cold-damaged 
endothelial cells central to the process.91 Reperfusion results in 
formation of free radical species, leading to further endothelial 
damage and edema.71

Apparently, CIVD is a physiologic protective response attempt-
ing to prevent vascular injury and tissue ischemia. Unfortunately, 
this response is lost or impaired in certain situations, including 
(but not limited to) hypoxia,102 dehydration,28 sleep deprivation,50 
and hypothermia.28 There also appears to be a genetic compo-
nent, with African Caribbean persons possessing a blunted CIVD 
response.63 In sickle cell patients, there is net vasoconstriction, 
instead of the normal vasoconstriction response being overcome 
by activation of the alerting response–induced vasodilation.90

ANIMAL MODELS

Animal models have been developed to understand the underly-
ing pathophysiology of NFCI. Thomas and colleagues124 devel-
oped a rat model of NFCI by immersing the tail in 1° C (33.8° F) 
water for 6 to 9 hours and characterized the loss of CIVD as a 
prolonged decrease in tail blood low followed by increased 
blood low above baseline. This pattern is similar to that clinically 
observed in humans during the prehyperemic phase followed by 
the hyperemic phase.

Stephens and associates118 recently used the rat tail model in 
an attempt to elucidate possible mechanisms that cause vascular 
endothelial damage. Their preliminary data suggest that acute 
cold-water exposure causes loss of nitric oxide–dependent endo-
thelial function and possibly a change in smooth muscle contrac-
tility. Irwin,67 using a rabbit hind limb model, demonstrated that 

NERVE INJURY

Nerve cooling has been suggested as contributing to the etiology 
of NFCI. Large myelinated ibers (C ibers) are most susceptible 
to prolonged cold exposure.67,75,76,110 In severe NFCI, characteristic 
peripheral nerve damage and tissue necrosis occur.68 Clinical 
sensory tests indicate damage to both large- and small-diameter 
nerves. The prolonged cold injury affects blood vessels serving 
these large myelinated ibers, with subsequent ischemia causing 
a decrease of oxygen to the nerve, resulting in the appearance 
of a primary nervous system injury71,72 (Figures 10-2 to 10-5). 
In NFCI, nerve injury is ultimately likely to be multifactorial, 
consisting of both direct nerve iber damage and a vascular 
component.73

FIGURE 10-3 Sciatic nerve epineurial microvessels before, during, and following nerve cooling (1° to 5° C 
[33.8° to 41° F]). A, Normothermia. Arteriole (A), venule (V), and metarterioles (M) have a normal appear-
ance. B, One hour after the commencement of nerve cooling, the diameters of both the arteriole and venule 
are reduced by approximately 40%. Under a dissecting microscope, erythrocytes present a granular appear-
ance in both vessels (arrows). Note occlusive aggregations (open arrow) in metarteriole and the suggestion 
of leukocyte clumping in the venule (arrowhead). C, Two hours after nerve cooling, segmental occlusive 
aggregates are seen in the venule (arrows). The arterioles contain prominent rouleaux (open arrows). 
D, Three hours after nerve cooling, there is stasis of low in both vessels. An occlusive aggregate (arrow) 
is now seen in the arteriole, and those in the venule have extended (open arrows). E, After 1 hour of nerve 
rewarming (37.5° C [99.5° F]), the venule still exhibits multiple segmental occlusions (arrows). Erythrocyte 
granulations (open arrows) in the arteriole indicate poor reperfusion. Bars represent 100 mm. (From Jia J, 
Pollock M: The pathogenesis of non-freezing cold nerve injury: Observations in the rat, Brain 120:631, 1997.)
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FIGURE 10-2 Laser Doppler mean nerve blood low (NBF) in control 
and experimental animals at 10-minute intervals during nerve cooling 
and rewarming (up to 250 minutes) and at follow-up examination 
immediately before sacriice (at various times up to 5 days). Note that 
the NBF falls steeply over 20 minutes and reaches its nadir (25% of 
baseline) 180 minutes after the onset of cooling. NBF remains signii-
cantly reduced up to 5 days after cold injury. (Modiied from Jia J, 
Pollock M: The pathogenesis of non-freezing cold nerve injury: Obser-
vations in the rat, Brain 120:631, 1997.)
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acidophilic and hyalinized (Zenker’s hyaline degeneration). The 
myoplasm within muscle loses its cross-striation, and the healing 
muscle then appears to undergo ibrous tissue replacement.

One of the major pathologic processes in NFCI is progressive 
microvascular thrombosis following reperfusion of the ischemic 
limb, with cold-damaged endothelial cells playing a central role 

cold-water immersion damaged large myelinated ibers while 
sparing small myelinated and unmyelinated ibers.

Nonfreezing cold injuries affect many different types of tissue. 
Pathologic examination of specimens displays a variety of lesions 
to the skin, muscle, nerve, and bone.11,12,46 Muscles exhibit separa-
tion of the cells and damage of the muscle ibers, described as 

FIGURE 10-4 Electron micrographs of endoneurial vessels in cooled sciatic nerve. A, An empty capillary 
with a degenerating pericyte 1 hour after nerve rewarming. Bar represents 2 µm. B, Aggregating platelets 
(arrows) 24 hours after cooling. Bar represents 2 µm. C, Platelets, adherent to the endothelium of a venule, 
show varying degrees of degranulation without pseudopod formation, 48 hours after nerve cooling. Two 
red blood cells are trapped within this platelet thrombus. Bar represents 1 µm. D, A thrombus formed of 
platelets, red blood cells, and ibrin 5 days after nerve cooling. The blood vessel wall is necrotic. Bar rep-
resents 2 µm. (From Jia J, Pollock M: The pathogenesis of non-freezing cold nerve injury: Observations in 
the rat, Brain 120:631, 1997.)
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FIGURE 10-5 Electron micrographs of cooled sciatic nerve ibers. A, A rat sciatic nerve iber, 12 hours after 
nerve cooling, illustrating myelin unraveling and intramyelinic edema (arrow) . B, A rat sciatic nerve iber 2 
days after cooling, exhibiting a shrunken axon and marked periaxonal edema. Bars represent 1 µm. (From 
Jia J, Pollock M: The pathogenesis of non-freezing cold nerve injury: Observations in the rat, Brain 120:631, 
1997.)
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FIGURE 10-6 Proposed hypothesis for the etiology of nonfreezing 
cold-induced injury (NFCI). α2c, Norepinephrine (NE) α-adrenergic 
receptor; Y1, neuropeptide Y (NPY) receptor; DAG, diacylglycerol; 
IP3, inositol triphosphate; Ca2+, calcium. 
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FIGURE 10-7 Prehyperemic phase of immersion foot. These feet are 
still mostly numb and very cold to the touch. (British Crown Copyright/
MOD.)

in the outcome.91 Reperfusion of previously ischemic tissues 
causes free radical formation, leading to further endothelial 
damage and subsequent edema. With restoration of blood low, 
there is reintroduction of oxygen species within cells that further 
damages cellular proteins, DNA, and the plasma membrane. Free 
radical species may act indirectly in oxidation-reduction (redox) 
signaling to turn on apoptosis. Leukocytes may build up in small 
capillaries, obstructing them and leading to more ischemia.72

In an in vivo rabbit hind limb model subjected to 16 hours 
of cold-water immersion (1° to 2° C [33.8° to 35.6° F]), there was 
reduction in the number of myelinated nerve ibers of all sizes, 
most marked in large-diameter ibers, a feature consistent with 
ischemic neuropathy and reperfusion injury.68 Unmyelinated 
ibers showed only minor damage. The resulting evidence sug-
gests that both these mechanisms may contribute to the nerve 
injury. There is further extensive supporting evidence to establish 
that NFCI is associated with histologic and clinical evidence of 
nerve damage.34,37,72,96

Das and co-workers31 demonstrated that quinacrine, an anti-
oxidant, decreased damage to cell membrane phospholipids on 
their rewarming and reperfusion, although more recent studies 
have shown no beneit from antioxidant use.121 Most importantly, 
both these studies used models that assumed that cold-induced 
nerve injury, rather than capillary or endothelial damage, is the 
primary etiologic cause of NFCI.

RISK FACTORS
The risk factors associated with NFCI include the following (this 
is not meant to be an exhaustive list)18,51,85,104,107,122,144:
• Inadequate clothing
• Immobility
• Smoking

• Dehydration
• Altitude (hypoxia)
• Poor calorie intake
• Sleep deprivation and fatigue
• Hypothermia
• Damp environments/wet clothing
• Increasing age
• African Caribbean ethnicity
• Previous NFCI

CLINICAL PRESENTATION
Nonfreezing cold-induced injury should be considered a syn-
drome, and presentation is variable. NFCI is insidious in onset, 
often with few objective clinical signs at presentation, and one 
must take into account the history and environment. After initial 
exposure, there are three stages of progression: prehyperemic, 
hyperemic, and posthyperemic. These phases often overlap, and 
the time course of each varies.

PREHYPEREMIC PHASE

During the prehyperemic phase, the affected limb both during 
and immediately after cold exposure appears blanched, yellowish 
white, or mottled but seldom blistered130 (Figure 10-7). Whayne 
and DeBakey136 state that the degree of edema during this 
prehyperemic stage is less severe if the feet are intermittently 
rewarmed during the course of exposure. Whereas muscle 
cramps are common, pain is rare.54,115 The most important diag-
nostic criterion is loss of a sensory modality, most often complete 
local anesthesia, which is distinct from premonitory feelings of 
extreme cold in the affected periphery. This almost invariably 
occurs in the foot, although hands can also be affected. With 
further exposure, the cold sensation leads to complete anesthesia 
with loss of proprioception, resulting in numbness and gait dis-
turbances. This sensation has been described as “walking on air” 
or “walking on cotton-wool.”130 Capillary reill is sluggish, and 
pedal arterial pulses are usually absent, except using Doppler 
examination.88 Intense vasoconstriction is the predominant fea-
ture of this stage.57

HYPEREMIC PHASE

Within several hours after rewarming, the extremities become 
hot, erythematous, painful, and swollen (Figures 10-8 to 10-11), 
with full bounding pulses.135 Impairment of the microcirculation 
is evidenced by delayed capillary reill123 (Figure 10-12) and 
petechial hemorrhages.56 Sensation returns irst to proximal 
regions and then extends distally, rapidly progressing to severe, 
burning, or throbbing pain, and reaching maximal intensity in 24 
to 36 hours.128,130 Affected areas have marked hyperalgesia to light 
touch. This pain is aggravated by heat and dependent positioning 
and often worsens at night, when even the pressure of sheets 
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FIGURE 10-9 Hyperemic phase of immersion foot in mild nonfreezing 
cold injury. Recruit of the British Royal Marines just returned from a 
ield exercise feeling well. While showering, his feet rapidly became 
swollen, red, and painful. (British Crown Copyright/MOD.)

FIGURE 10-10 Hyperemic phase of immersion foot. The characteristic 
redness of the stage is absent due to the pigmented skin, but the feet 
are swollen and painful. (British Crown Copyright/MOD.)

FIGURE 10-11 Hyperemic phase in moderately severe nonfreezing 
cold injury. Swelling, redness, and persistent pain in the feet of an 
infantry soldier from the Falklands War. (British Crown Copyright/
MOD.)

FIGURE 10-12 Hyperemic phase in mild nonfreezing cold injury. There 
is delayed capillary reill in the dorsum of the foot. The examiner’s two 
ingers resting on the skin for 10 seconds was suficient to blanch the 
capillaries. When the pressure was removed, the blanched patches 
disappeared very slowly, relecting impaired microcirculation. (British 
Crown Copyright/MOD.)may be unbearable.57 After 7 to 10 days, the nature of the pain 

changes to “shooting or stabbing.”128 The sensory deicits usually 
diminish, but paresthesias continue, and anesthesia may be 
extensive on the toes and plantar surfaces.137 Vibratory sensation 
is reduced or lost, whereas proprioception is usually retained. 
Anhidrosis coincides with the extent of sensory loss.123

Vascular injury is evident in vessel reactivity. Skin tempera-
ture gradients are absent, with digits often as warm as or 
warmer than the groin or axillae. When the affected limbs are 
lowered, blood pools, turning the extremity a deep purple-red 

FIGURE 10-13 Severe nonfreezing cold injury. This Argentinian soldier 
had been unable to care for his feet for many weeks. (British Crown 
Copyright/MOD.)

FIGURE 10-8 Hyperemic phase of nonfreezing cold injury. This person 
spent 18 hours in winter bailing out a boat that threatened to capsize 
in Prince William Sound, Alaska. (Courtesy James O’Malley, MD.)

color, whereas blanching occurs when the limb is raised. Tense 
edema becomes marked during this stage. Blisters containing 
serous or hemorrhagic luid may form, indicating more severe 
injury.123 The supericial epidermis becomes thick, indurated, 
and desquamated. Eschars form (Figures 10-13 and 10-14) and 
eventually slough, leaving a pink dermis (Figure 10-15). In more 
severe cases, the skin may become gangrenous (Figure 10-16); 
this is rare, and with appropriate care the gangrene is usually 
minimal.3,135,136

Muscles may show weakness with impaired electrical 
responses, slowing of plantar deep tendon relexes, and intrinsic 
muscle atrophy.128,130 In milder cases, this stage peaks at 24 hours; 
in more severe cases, the hyperemic phase may take 6 to 10 
weeks to resolve.123
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FIGURE 10-14 Severe nonfreezing cold injury in an Argentinian mine 
worker who wore his boots for 47 straight days during the Falklands 
War. (Courtesy M. P. Hamlet.)

FIGURE 10-15 Severe nonfreezing cold injury in a British sailor during 
World War II. (Courtesy M. P. Hamlet.)

FIGURE 10-16 The Argentinian mine worker seen in Figure 10-14, 
several weeks later. (Courtesy M. P. Hamlet.)

FIGURE 10-17 Patient 24 months after nonfreezing cold injury. Ampu-
tation of third, fourth, and ifth toes on the left foot. (Courtesy 
Christopher H.E. Imray, MD.)

FIGURE 10-18 Same patient as in Figure 10-17, 24 months after NFCI, 
with chronic discharging sinuses from osteomyelitis of irst metatarsal. 
(Courtesy Christopher H.E. Imray, MD.)

response. Extremities become cold sensitive, remaining so for 
hours after exposure despite normal warming processes.

After 6 to 10 weeks, patients often complain of spontaneous 
hyperhidrosis, and sweat rashes are common in areas with heavy 
perspiration.128 On a warm day, socks are quickly soaked; 
extremities may sweat excessively, even when cold. Hyperhidro-
sis predisposes to chronic paronychial infections. Sweating may 
be more pronounced at the margins of anhidrotic and analgesic 
areas.130

During this posthyperemic phase, the paresthesias and 
extreme pains consistent with the hyperemic phase have usually 
resolved, replaced by dull aches and anesthesias that may persist 
for months to years.136 Recurrent edema of the feet, return of 
paresthesias, and further blistering are common, especially after 
long walks. Intrinsic muscle and ligament atrophy tends to 
resolve,130 but in severe cases, ibrous scarring may lead to rigidity 
and permanent contracture of the toes.137 Decalciication of bones 
as seen in osteoporosis is frequently observed, but this tends to 
reverse.129 Immobility and pain in severe cases may lead to pro-
longed convalescence of 6 months or more.137

In the most severe cases, gangrene can develop, and ablative 
surgery in the form of amputation of digits or occasionally major 
lower-limb amputation becomes necessary. The neuropathic 
tissue is susceptible to local trauma, ulceration, and eventually 
local osteomyelitis and sinus development64 (Figures 10-17 to 
10-19). Partial foot amputations result in signiicant alterations in 
the functional biomechanics of the foot. Since this is often associ-
ated with alterations in the sensory nerve supply to the feet, 
disabling problems can persist64 (Figure 10-20).

POSTHYPEREMIC PHASE

The posthyperemic phase lacks obvious physical signs. In mild 
cases, this phase may be absent;130 in other patients, it may last 
weeks, months, or years after the hyperemic phase has sub-
sided.88,128 The extremities transition from consistent warmth 
to coolness, with affected areas having an abnormal cooling 
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peripheral circulation and the apparent noradrenergic sensitiza-
tion,45 it was thought that vasodilators or α-adrenergic blocking 
drugs might be beneicial. To date, however, no evidence sup-
ports this approach.

Painful rewarming and persistent pain are features of NFCI, 
so it is important to attempt to alleviate pain at an early stage. 
Simple analgesics may be of beneit. In a pilot study, Thomas 
and Oakley123 used quinine salts (200 to 300 mg, given at night), 
which appeared more successful than regular analgesics, although 
others since then have not supported their use. Since 1982, the 
standard treatment in the UK armed forces, irst proposed by 
Riddell,106 has been amitriptyline hydrochloride, in doses of 50 
or 100 mg at night. Incremental increases in dosage may be 
required with both drugs if “breakthrough” pain occurs after 
initial relief.43 In centers receiving major trauma or burn patients, 
it is becoming increasingly standard practice to start a drug for 
neuropathy treatment early in the patient’s care, to help minimize 
chronic neuropathic pain.5,84 Although no speciic trials have 
studied this in NFCI, it is advisable to consider starting a neu-
ropathy agent as early as possible.

OCCUPATIONAL MEDICINE

Depending on the patient’s profession, occupational medicine 
review may be required. This will be the case if patients work 
in environments that put them at risk of repeated NFCI.

TREATMENT
HYPOTHERMIA

The treatment required for the general effects of cold is different 
from that needed for localized NFCI. Core temperature must be 
raised while the extremities are kept cool.135-137 Injured feet 
should be elevated and exposed to steady, cool air from a fan. 
Extremity cooling lowers the metabolic requirements to a point 
where vascular oxygen supply can sustain tissue demand. Con-
tinuous cooling brings rapid improvement in pain, edema, and 
vesiculation.135,137 Local cooling should be continued until pain is 
relieved, circulation has recovered, and hyperemia subsides.137 
The affected extremities should never be rubbed, which may 
compound the injury.2

REWARMING

Treatment is limited to symptomatic relief and reversing ischemia 
while minimizing disease progression. Rewarming injured tissues 
increases metabolic demand of damaged cutaneous cells to a 
greater extent than the supply capability of the injured subcuta-
neous blood vessels.140 Tissue anoxia and endothelial cell injury, 
coupled with relex vasodilation, lead to luid transudation, 
increasing edema, skin necrosis, and worsening pain.135,137 Rapid 
rewarming should be avoided.

SYMPATHECTOMY

Recovery during the posthyperemic phase may be hastened with 
physiotherapy and exercise to rehabilitate atrophied intrinsic 
muscles.136,137 Lumbar sympathectomy has been theorized to 
reduce disabling contracture by decreasing vascular tone, increas-
ing circulation, and hastening collagen and ibrous tissue absorp-
tion. In severe cases of NFCI exhibiting atrophic rigid feet, small 
case studies have shown symptomatic improvement after sym-
pathectomy,137 but other authors believe there is little therapeutic 
advantage to the procedure.135

TISSUE-FREEZING COMPLICATIONS

Frostbite and NFCI injuries do not necessarily occur in isolation, 
so when assessing an individual, both diagnoses need to be 
considered as possibilities. After exposure to severe cold, careful 
appraisal of the injury is required if optimal treatment is to be 
given.

DRUGS

The diagnosis of an NFCI is often dificult or delayed. In view 
of involvement of the α-adrenergic receptors in control of the 

FIGURE 10-19 Magnetic resonance imaging scan of the patient in 
Figures 10-17 and 10-18, 24 months after nonfreezing cold injury, with 
chronic discharging sinuses from osteomyelitis of the irst metatarsal 
head. (Courtesy Christopher H.E. Imray, MD.)

FIGURE 10-20 A guillotine transmetatarsal amputation of left foot was 
undertaken 6 months after severe nonfreezing cold injury. The patient 
was treated with delayed primary split-skin grafting. This photo was 
taken 12 months after the original injury. The graft has taken but is 
now ulcerated as a result of the shear forces generated by walking on 
the insensate tissue. (Courtesy Christopher H.E. Imray, MD.)
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although used extensively by the UK military, IR thermography 
is not widely used elsewhere or conclusively validated.65,130 There 
appears to be signiicant variability in the response of some 
individuals to the current IR thermography test. As a result, inter-
est is focusing on the use of gentle exercise before the cold 
sensitivity test, as well as laser Doppler lowmetry to improve 
the assessment used to classify NFCI.36 Careful experimental 
design to validate any potential new tests against suitable controls 
both before and after exposure will be required.

PREVENTION
The simplest way to prevent NFCI is to avoid prolonged exposure 
to cold, wet environments. This can be dificult to implement 
because of varying conditions and individual susceptibility. In 
military conlicts, completing the assigned mission is most impor-
tant and may require performing in a cold, wet environment for 
sustained periods in a cramped, immobile position. During 
mountain rescues, individuals may be so focused on helping to 
save others that they do not take adequate care of themselves.

Prevention can be achieved by encouraging people to remain 
active and increase blood low to the feet, rotating personnel out 
of cold-wet environments on a regular basis, keeping feet dry by 
early changing of wet socks, maintaining body core temperature 
by limiting sweat accumulation into clothing and dressing in 
layers, and educating personnel about the early signs and symp-
toms of NFCI. Changing socks two or three times throughout the 
day is mandatory in cold, wet environments. Military sources 
suggest that optimal care entails air drying feet for at least 8 hours 
of every 24 hours.17,143 Vapor-barrier boots do not allow sweat 
from the foot to evaporate, and in some situations, this increases 
maceration.4 Boots should be taken off each day, wiped out, and 
dried. Footwear should not constrict blood low; sizing is impor-
tant, as is educating the user not to tie shoelaces too tightly. To 
achieve an adequate level of self-care, education must impart a 
sense of individual responsibility, while expedition leaders still 
monitor and ensure that standards are maintained.

Prophylactic treatment with silicone preparations has proved 
effective in clinical studies.48 The protective effect is thought 
to result from prevention of hyperhydration of the stratum 
corneum.17,35 However, stickiness, adherence of sand and grit to 
the foot, and product bulkiness made it marginally acceptable to 
infantrymen in combat situations.48 In small clinical trials, silicone 
ointment applied only to the sole of the foot instead of to the 
entire foot (thus reducing surface area exposed to dirt retention, 
amount of material transported by the soldier, and dollar cost) 
was suficient to prevent NFCI.35

Because of the apparent increasing incidence of NFCI in  
the British military, a number of additional preventive steps  
have been taken, including improved education of personnel 
about prevention measures, equipment, and early recognition 
(Figure 10-22).

The severity of the injuries affecting the military appears to 
be relatively mild compared with civilian NFCI injuries (see 
Figures 10-17 to 10-19) and military historical controls (see 
Figures 10-13 to 10-16). This raises the question as to whether 
there is (1) a continuous spectrum of disease, (2) a bimodal 

ASSESSING INJURY SEVERITY
Following the initial injury, increased sensitivity to cold develops. 
There are often surprisingly few objective clinical signs. A careful 
history of appropriate cold-weather exposure, clear history of the 
typical rewarming symptoms and signs, detailed examination, 
and special investigations all build a picture consistent with NFCI. 
Corroborative evidence from medical records is vital.

SPECIAL INVESTIGATIONS

Infrared (IR) thermography can be used to assess the individual’s 
response to a standardized cold stress and may be helpful in 
conirming the diagnosis, assessing injury severity, and monitor-
ing recovery (or otherwise) from NFCI (Figure 10-21). However, 

FIGURE 10-21 Infrared thermography in the assessment of the con-
sequences of nonfreezing cold injury (NFCI). The upper sequence of 
three images was taken from an uninjured, asymptomatic control; the 
lower sequence from a patient who had sustained NFCI and was sub-
sequently complaining of sensitivity to the cold. In both control and 
patient, the irst (left) image was taken after resting in an ambient air 
temperature of 30° C (86° F). The second (center) image was taken 
immediately after the foot had been immersed in water at 15° C (59° F) 
for 2 minutes. The inal (right) image was taken 5 minutes after removal 
from the water, again in 30° C (86° F) air. The upper series shows feet 
that were warm at rest, which rewarmed briskly after mild cold stress, 
recovering almost completely within 5 minutes after removal from the 
water. The lower series shows a severe degree of cold sensitization; 
the feet were much colder than the surrounding air at rest, and once 
cooled, took a long time to rewarm, remaining much cooler than the 
control foot at 5 minutes after immersion. The scale at far right indi-
cates the color-temperature relationship. (British Crown Copyright/
MOD. Reproduced with the permission of Her Britannic Majesty’s 
Stationery Ofice. From Thomas J, Oakley H. Nonfreezing cold injury. 
In Pandolf KB, Burr RE, editors: Textbook of military medicine: Medical 
aspects of harsh environments. Vol 1. Washington, DC, 2002, Ofice 
of the Surgeon General, Borden Institute, pp 467-490.)

20.9° C

36.0° C

36

34

32

30

28

26

24

FIGURE 10-22 British Army information “credit card.” 
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winter horseback riding, and hiking.101 Pernio can be caused by 
brief cold exposure (30 minutes), often appearing several hours 
after exposure, with the skin lesions fully developed within 12 
to 24 hours.99 Characteristic locations for these lesions are the 
feet, hands, legs, and thighs. Single or multiple, erythematous, 
purplish, edematous lesions form, with vesicles in severe cases. 
Symptoms include intense pruritus, burning, or pain, often wors-
ened by subsequent warmth. The lesions of acute pernio are 
self-limited and usually resolve within a few days to 3 weeks,100 
occasionally leaving residual hyperpigmentation.25 Although the 
healing process appears to occur as the plaques resolve, pain 
often persists. Subsequent mild cold exposure may trigger par-
esthesias, edema, and skin scaling.57

Chronic perniosis usually progresses over several winters after 
repeated episodes of acute pernio, rarely progressing from the 
initial injury to chronic irreversible skin changes within a single 
season.81 Repeated episodic seasonal lesions may become edem-
atous, with permanent discoloration and subcutaneous nodule 
formation. The nodules are irm and painful, ultimately rupturing, 
which provides pain relief and leaves a shallow ulcer with pig-
mented atrophic skin. These ulcers may grow larger and coalesce, 
remaining open, which leads to permanently swollen extremities, 
scaly pigmented skin, and unremitting pain aggravated by light 
pressure.

Pernio is thought to be caused by prolonged cold-induced 
vasoconstriction with subsequent hypoxemia and vessel wall 
inlammation.49,69 Subcutaneous arterial vasoconstriction is docu-
mented by both pathologic81 and arteriographic studies.116 Histo-
logic examinations show lymphocytic vasculitis and papillary 
dermal edema with pervasive inlammatory changes.49,69,81 The 
differential diagnosis includes lupus erythematosus, Raynaud’s 
phenomenon, polycythemia vera, atheromatous embolization, 
erythema nodosum, and livedo vasculitis with ulcerations.

Treatment of pernio is accomplished by drying and gently 
massaging the affected skin. Active warming above 30° C (86° F) 
signiicantly worsens the pain and should be avoided.57 Although 
therapeutic regimens in the literature include nicotinic acid,53 
ultraviolet irradiation,61 thymoxamine,70 intravenous calcium com-
bined with intramuscular vitamin K,42 corticosteroids,47 and sym-
pathectomy in severe cases,81 few have proved to be either 
effective or universally accepted. Nifedipine (20 mg three times 
daily) has been effective for treatment of severe perniosis. 
Patients treated had a signiicantly reduced time for clearance of 
lesions, decreased pain and irritation of existing lesions, and less 
development of new pernio.49,108

Preventing pernio is relatively simple. Recommended prophy-
lactic measures include minimizing cold exposure with suitable 
clothing when outdoors and maintaining adequate warm tem-
peratures indoors.

RAYNAUD’S PHENOMENON
This eponymous phenomenon was irst identiied by Maurice 
Raynaud in 1862, who described “local asphyxia of the extremi-
ties.” Raynaud’s phenomenon is a paroxysmal vasospastic and 
subsequently vasodilatory arteriolar response to temperate or 
occasionally emotional stressors. This can include changes in 
temperatures, not only cold exposure,52 and is essentially arterial 
hyperresponsiveness and vasoconstriction in susceptible indi-
viduals.59 The classic observed color change, common in digits, 
is white (following the initial vasospastic response) to blue  
(indicating hypoxia) and inally to red, with subsequent vasodila-
tion on rewarming. The inal stage is often associated with 
burning pain.

Broadly, Raynaud’s can be divided into primary and second-
ary. Raynaud’s phenomenon is the primary form, typically affect-
ing women in their 20s to 30s, with no obvious underlying cause. 
Raynaud’s syndrome, or secondary Raynaud’s, is when the phe-
nomenon has an underlying cause, sometimes presenting as  
the irst sign of a systemic condition, such as systemic sclerosis.52 
The vascular defect in primary Raynaud’s is thought to be primar-
ily functional with a hyperresponsiveness causing symptoms, 
whereas secondary Raynaud’s often has underlying vascular and 
microvascular abnormalities.59

distribution of the disease with milder and more severe forms of 
NFCI, or whether (3) the commonly presenting form now seen 
is the same disease process investigated in the past. Part of the 
problem may lie in the UK military’s decision to use IR thermog-
raphy as one of the bases on which the diagnosis, severity, and 
progression of NFCI are determined.

One approach to the high levels of NFCI noted would be to 
consider screening potential recruits. This requires a test with 
high sensitivity and speciicity. However, individual variation in 
the control of peripheral blood low is so great that none of the 
assessments currently available meets these requirements.15,28,30,123

Reducing the incidence of cold injury in military training 
requires striking a delicate balance between training realism and 
safety. While training in demanding environments runs real risks 
of injuring personnel, the beneits to them in the development 
of ield-craft skills are vital if they are to avoid NFCI.123

MORE SEVERE INJURIES
Nonfreezing cold injury can vary in severity from mild to severe. 
In severe cases, cold sensitization is so serious that individuals 
are unable to work outside. Edema and hyperhidrosis often 
occur, making the individual susceptible to fungal infections. 
Chronic pain resembling causalgia or relex sympathetic dystro-
phy may occur. The profound sensory loss may lead to minor 
or major lower-limb amputation. Ongoing care within a specialist 
foot clinic using custom-made shoes and insoles appears to 
improve functional outcome. Multidisciplinary team approaches, 
such as healing of the ulcerated neuropathic foot using patella 
tendon–bearing orthoses, have been described.77 NFCI pain is 
often so severe as to require tricyclic antidepressants, which 
should be instituted at an early stage.66,123 Failure to do so 
increases the risk of developing severe chronic pain resistant to 
all subsequent treatment modalities. Early involvement of pain 
specialists is important.

TRENCH FOOT (IMMERSION FOOT)
Trench foot and immersion foot are clinically and pathologically 
indistinguishable but have different etiologies. The term trench 
foot originated during the trench warfare of World War I,136 when 
soldiers wore wet boots and socks for prolonged periods.8 
Immersion foot was irst medically documented during World 
War II among shipwreck survivors whose feet had been continu-
ously immersed in cold water.27 Both injuries occur when tissue 
is exposed to cold and wet conditions at temperatures ranging 
from 0° to 15° C (32° to 59° F). Colder temperatures decrease the 
time required to induce NFCI.13,115 Severe nerve damage from 
immersion foot has been seen after exposure periods of 14 to 
22 hours.128,130 Immersion foot injury may extend proximally and 
involve the knees, thighs, and buttocks, depending on the depth 
of immersion.137

PERNIO (CHILBLAINS)
Pernio (perniones) or chilblains are localized, inlammatory, 
bluish red lesions caused by an abnormal reaction to a cold, 
damp environment. This mild form of cold injury is prevalent in 
the temperate climates of northwestern Europe81 and is found 
worldwide throughout temperate and northern zones.49,87,88,99 
Pernio is less common in very cold climates, where well-heated 
houses and adequate warm clothing are common.100

In a recent study of 111 patients, 67 (60.4%) were males and 
44 (39.6%) females; 89 (80.2%), 90 (81.1%), and 90 (81.1%) 
patients had onset in relation with lower temperature (<10° C 
[50° F]), relatively low atmospheric pressure (<1500 kPa), and 
higher relative humidity (>60%), respectively. Susceptibility to 
chilblains appeared to increase when ambient temperature was 
less than 10° C (50° F) and relative humidity was more than 60%.105

Acute pernio has a seasonal incidence, with reversible symp-
toms more common in cold weather. The acute form is seen 
primarily in schoolchildren and young adults younger than 20, 
with the highest incidence in adolescent females.81 It can occur 
in mildly cold settings such as logging, kayaking, snowmaking,57 
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tive dihydropyridine for treatment and prophylaxis, and meta-
anaylsis has shown signiicant improvement (weighted mean 
difference, −5; 95% CI, −9 to −0.99) for all calcium channel block-
ers and higher for nifedipine alone.125 Nifedipine is currently the 
only medication licensed for use in the UK.52 Side effects such 
as lushing and pedal edema can lead to poor compliance. No 
drugs are licensed by the Food and Drug Administration (FDA) 
for use in the United States. Others drugs being studied are 
luoxetine and topical nitrates. Ginkgo biloba has shown improve-
ment over placebo, with few side effects.52

CRYOGLOBULINEMIA
Cryoglobulins are cold-precipitable serum immunoglobulins.120 
Cryoimmunoglobulins were irst reported in a patient with mul-
tiple myeloma144 and subsequently recognized to occur in a 
diverse group of hematologic malignancies, acute and chronic 
infections, and collagen vascular diseases.117,132 Cryoglobulins are 
classiied as three types. Type I cryoglobulins (10% to 15% of 
total) are composed of a monoclonal immunoglobulin, primarily 
IgG. Type II cryoglobulins (50% to 60%) are polyclonal, most 
frequently IgG and IgM. The IgM fraction usually has rheumatoid 
factor activity. Type III cryoglobulins (25% to 30%) are also com-
posed of polyclonal IgG and IgM fractions.

In general, the higher the protein concentration, the higher is 
the temperature at which precipitation begins. Of clinical rele-
vance is the composition of the cryoprecipitate. For example, IgM 
is intrinsically more viscous than IgG, and patients with monoclo-
nal cryo-IgM have ampliied hyperviscosity. Because extremity 
temperatures can reach 30° C (86° F), in vivo cryoprecipitation 
may directly contribute to impaired capillary blood low.57

Many clinical conditions are associated with cryoglobuline-
mia.120 Infections (viral, bacterial, fungal, parasitic), hematologic 
diseases (chronic lymphocytic leukemia, multiple myeloma), and 
autoimmune diseases (rheumatoid arthritis, pulmonary ibrosis, 
inlammatory bowel disease) are all associated with cryoglobuli-
nemia. Hepatitis C virus (HCV) is considered a principal trigger 
of cryoglobulinemia. Serum cryoglobulin values do not usually 
correlate with clinical severity or disease prognosis,120 but may 
serve as a marker of the disease.

Cryoglobulinemia is characterized by a clinical triad of 
purpura, weakness, and arthralgias. A large clinical trial showed 
that two-thirds of patients diagnosed with cryoglobulinemia ini-
tially presented with symptoms of skin lesions or Raynaud’s 
disease–like vasomotor attacks. Mucosal bleeding, visual distur-
bances, and abdominal pain were less common. Cold sensitivity 
was apparent in less than half of these patients.16 Symptoms 
associated with cryoglobulins include typical Raynaud’s phenom-
enon, dependent purpura, cutaneous vasculitis with ulceration, 
retinal hemorrhages, coagulopathies, glomerulonephritis, renal 
failure, and cerebral thrombosis.

Treatment of cryoglobulinemia should be directed at the 
severity of symptoms and the disease causing the cryoglobuline-
mia. Because HCV is implicated in many cases of type II and III 
cryoglobulinemia, targeting HCV is the treatment of choice to 
eliminate cryoglobulinemia. Interferon, prednisone, and ribavirin 
have all been used to treat HCV and associated cryoglobulinemia. 
For non–HCV-associated cryoglobulinemia patients with mild to 
moderate symptoms (purpura, arthralgia, sensory neuropathy), 
immunosuppression with steroids and analgesics is the treatment 
of choice.120 A low-antigen content diet (rice, fresh vegetables, 
fruit, tea) has been shown to improve purpura.41 With severe 
manifestations of disease, such as renal failure, neurologic impair-
ment, disabling paresthesias, or myalgias, plasmapheresis may  
be helpful in reducing the cryoimmunoglobulin concentration 
below a critical point to alleviate symptoms.16 Plasmapheresis is 
used in conjunction with steroids or other drugs, since discon-
tinuing plasmapheresis treatment usually causes reappearance of 
cryoglobulinemia.120

COLD URTICARIA
Cold urticaria is characterized by development of localized or 
generalized wheals and itching after skin exposure (air, liquid, 

Primary Raynaud’s is unlikely to cause digital ischemia and 
usually has normal nailfold capillaries and erythrocyte sedimenta-
tion rate (ESR). By deinition, it does not progress to irreversible 
tissue damage,60 although the symptoms can be painful and 
distressing. In contrast, general secondary Raynaud’s is more 
likely to present in older age groups (>30), and individuals are 
more likely to develop tissue damage.52

PREVALENCE

Prevalence varies with geography and gender. Surveys showed 
15% of patients reporting Raynaud’s phenomenon,113 although 
prevalence varies depending on the deinition of the disease. 
Higher altitude is thought to increase prevalence.82 It is two to 
nine times more common in women.32 Although not fully under-
stood, a relationship to hormonal factors is believed to exist, 
particularly in view of the gender predominance. Digital vascular 
reactivity in the preovulation period similar to that seen with 
Raynaud’s suggests a role for estrogen.79 Use of a vibratory tool 
and a genetic component have also been implicated.60

PATHOGENESIS

The pathogenesis differs between primary and secondary Rayn-
aud’s and has not been fully elucidated. Intravascular factors 
related to underlying conditions, such as increased viscosity in 
Waldenström’s macroglobulinemia or platelet activation, are seen 
in secondary Raynaud’s syndrome.52 Structural abnormalties in 
the vasculature do not occur in primary Raynaud’s phenomenon, 
although some seemingly primary Raynaud’s cases have later 
been revealed to be secondary, with subsequent tissue damage. 
Interestingly, Raynaud’s phenomenon preferentially affects the 
digits, with the thumb less affected,22 possibly because of its 
shorter length.60

As mentioned earlier, α2-adrenergic receptors attenuate cold-
induced vasoconstriction, as illustrated by the use of intraarterial 
administration of α1- and α2-agonists and antagonists and effects 
on inger blood low.24 Thus, it is thought that abnormalities in 
this control is responsible for Raynaud’s phenomenon.60 This 
condition primarily affecting extremities can therefore by partly 
explained by the increase in α2-receptor responsiveness in distal 
arteries.24

Control of vasoconstriction and vasodilation is complex. It is 
not known in Raynaud’s phenomenon whether the production 
of vasodilators is reduced or their effects on receptors are 
impaired.60 However, further work is directed at the use of exog-
enous nitric oxide (NO), which can be given topically to increase 
digital microvascular blood low.6 A more detailed discussion can 
be found in a recent review.60

DIAGNOSIS

Primary Raynaud’s phenomenon does not usually require further 
investigation, although if one suspects secondary Raynaud’s syn-
drome, perhaps because of the appearance of digital ulcers, 
advice should be sought regarding further investigation.52

MANAGEMENT

Symptoms can be distressing and painful. Various strategies 
involve initially reducing exposure to sudden temperature 
changes by using gloves and hand warmers, and keeping hands 
warm. Smoking cessation is important because smoking decreases 
inger systolic pressures.59 Although a large study did not ind an 
association between Raynaud’s phenomenon and cigarette con-
sumption, smoking may impair delay physiologic improvement 
and increase severity of symptoms.20

Mild cold injury can result in a sensitization process that may 
resemble secondary Raynaud’s disease, in particular cumulative 
cold injuries. Avoidance of further cold injuries until not sensi-
tized is recommended.

Recent recommendations include exercising regularly and 
reducing stress.119 Pharmacologic management has traditionally 
involved calcium channel blockers, particularly noncardioselec-



with purpura and vasculitis on skin biopsy. This disorder is 
associated with an underlying disorder such as cryoglobulinemia, 
cold agglutinins, paroxysmal hemoglobinuria, or connective 
tissue disease.133 In addition, a rare autosomal dominant familial 
form has its onset in infancy and is associated with arthralgias 
and leukocytosis.134

The cause of cold urticaria is unknown. Cold urticaria has 
been associated with viral or bacterial infections,111,112 as well as 
infections of the upper respiratory tract, teeth, and urogenital 
tract. It has been reported to involve release of histamine,74 leu-
kotrienes, and other mast cell mediators,112 possibly mediated by 
IgE and IgM. Support for an IgE-mediated mechanism comes 
from successful treatment14 using an anti-IgE agent (omalizumab). 
The diagnosis of cold urticaria is made through the ice cube test 
in the majority of patients,94 where a hive is induced by holding 
an ice cube to skin for 3 to 5 minutes. If the results are equivo-
cal, a cold-water immersion test of submerging a forearm for 5 
to 15 minutes in water at 0° to 8° C (32° to 46.4° F) establishes 
the diagnosis.

Treating cold urticaria with antihistamines is the most effective 
option. To reduce symptoms suficiently requires dosing up to 
four times the recommended dose.95,111,112 In addition, other thera-
pies include leukotriene antagonists, cyclosporine, corticoste-
roids, and anti-IgE.112 Individuals with severe reactions should 
have an emergency kit containing corticosteroids, antihistamines, 
and epinephrine. Based on the inding that infectious disease 
may be a trigger for cold urticaria, treatment with antibiotics may 
also be warranted.112
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object) to cold111 (Figure 10-23). It most frequently affects young 
adults, although primary cold urticaria can occur at any age. 
Women are twice as likely to be affected.112 The incidence rate 
is about 0.05% of the population.

Symptoms are usually limited to cold-exposed skin areas.111 
Local symptoms include redness, itching, wheals, or edema of 
exposed skin. The wheals last approximately 30 minutes. Sys-
temic reactions include fatigue, headache, dyspnea, and hypoten-
sion. Swimming in cold water is the most common trigger of 
severe reactions. This may lead to hypotension, fainting, shock, 
and possibly death.10,56 Suffocation may also occur after consum-
ing cold drinks because of pharyngeal angioedema.111

Secondary urticaria occurs in 5% of patients with cold urti-
caria.56 The wheals are more persistent and may be associated 

FIGURE 10-23 Cold urticaria. The hive occurred within minutes of 
holding an ice cube against the skin. (From Habif TP: Clinical dermatol-
ogy, ed 4, Philadelphia, 2004, Mosby.)
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As with much of wilderness medicine, polar medicine is largely 
derived from its setting. Polar, however, can be deined in several 
different ways. Geographically, the Arctic and Antarctic circles, 
at latitudes 66 degrees, 33 minutes north and south, delimit areas 
in which the sun does not rise or set on at least 1 day of the 
year, and determine the North Polar region (“The Arctic”) and 
South Polar region (“The Antarctic”). A deinition based on tem-
perature is the 10° isotherm, which joins those areas in which 
the average temperature in the warmest month of the year is 
10° C (50° F); this correlates roughly with the tree line.

For medical purposes, the deinition of polar is more complex. 
Although climate and geography are clearly important, the salient 
features of polar medicine are logistic and experiential. Unlike 
high-altitude medicine or hyperbaric medicine, for example, 
polar medicine is not uniied by an underlying pathophysiology. 
High-altitude medicine is a medical ield because of the environ-
ment’s effect on the human organism, but polar medicine is 
largely medical practice within a particular environmental setting.

Medical practice in isolated settings is paradigmatic of wilder-
ness medicine; the patient population is essentially, if not literally, 
a small demographic island. A broad deinition of polar medicine, 
therefore, could be “the practice of medicine in isolated settings 

within an extreme cold environment, distinguished by a scarce 
population, limited resources, and challenging logistics.” It is the 
cold, remoteness, hostility, and unforgiving nature of the environ-
ment in which humans struggle to survive, let alone work, that 
make medicine in polar areas, and in particular Antarctica, so 
challenging.69

The environment itself deines polar medicine in another 
sense. So harsh are the poles that the simplest of mistakes can 
lead to harm. The average temperature at the South Pole in winter 
is −60° C (−76° F). At this temperature, exposed skin freezes within 
minutes. Prevention is everything, and thus polar medicine can be 
seen as example of preventive medicine in practice.

THE DISTINCTION BETWEEN ARCTIC 
AND ANTARCTIC MEDICINE
Although the polar regions share the predominant attributes of 
cold, dark, isolation, and severe weather, they display many 
important contrasts. The Arctic has been described as a frozen 
sea nearly surrounded by land, whereas Antarctica is a land and 
ice mass circumscribed by ocean. The moderating effect of the 
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enlarged by several remarkable expeditions, and recent stunning 
photographic and video images have added to the popularity of 
the polar regions. This was fueled by worldwide interest in the 
celebrations of 2012 and 2013 marking the centenary of Amund-
sen and Scott’s arrival at the South Pole. Despite or because of 
the forbidding environment, tourism of various sorts is increas-
ing.81 The Arctic is a trendy destination. An estimated 1.5 million 
tourists visit the Arctic each year, up from 1 million in the prior 
decade.127 In 1980, it was estimated that a total of 31,000 paying 
tourists, adventurers, or guests of national scientiic expeditions 
had ever visited Antarctica, but its increasing lure has led to 
explosive growth. According to International Association of Ant-
arctica Tour Operators (IAATO) statistics, 37,405 tourist, staff, and 
crew visited Antarctica by air or ship in 2013-2014. Since 1989, 
tourists have visited approximately 200 sites, including 20 research 
stations in the Antarctic Peninsula region, the most common site 
for tourists. About 50 of these sites have received more than 100 
visitors in any one season, and about the same number have 
been visited only once. Most visits are to one of 35 sites. Fewer 
than 10 sites receive around 10,000 visitors each season. The 
British Antarctic Survey (BAS) monitors Port Lockroy and main-
tains an ongoing program on the effects the 10,000 visitors per 
year have on wildlife and ecology of the area.53,81

Concerns about the dramatic increase in tourism and its effect 
on the ecosystem have led to a movement to limit the total 
number of tourist visits per year. The World Wildlife Fund and 
the United Nations have proposed guidelines to developing 
ecofriendly tourism in the Arctic. The guidelines cover its impact 
on the environment as well as on local populations. In April 2009 
the consultative countries of the Antarctic Treaty endorsed a 
proposal to limit the size of cruise ships and the number of tour-
ists who can go ashore at any one time and eventually make it 
binding to all parties.127

This increasing number of visitors and expeditioners has cre-
ated interest in polar medicine, in particular as it relates to land-
based and extreme expeditions. Wilderness medicine courses 
speciic to polar medicine are now offered. Tourist vessels gener-
ally carry a physician and sometimes a nurse. The occasional 
expeditioner who needs rescue or assistance from a scientiic 
station uses scarce resources.26,81 One peculiar phenomenon is 
that when patients and medical/rescue/evacuation resources are 
from different countries, a complex lurry of high-level diplomatic 
interchange must often occur before help can be rendered.

Perhaps the most notable tourist fatalities were associated with 
the ill-fated skydiving venture at the South Pole, which resulted 
in the deaths of three of the four participants,48 and the Air New 
Zealand Flight 901, a scheduled sightseeing DC10 that in 1979 
crashed into Mt Erebus with death of all 257 people aboard.87

Hazards are inherent in any expedition and may well be the 
attraction for some participants. To be allowed to participate in 
risky activities, some tourists may fail to declare serious medical 
problems that later precipitate emergency medical evacuation. 
Thus, one real concern is increased risk taking and the conse-
quences, or the dilemma between what is reasonable and what 
is foolhardy. From a medical perspective, making a risk assess-
ment is multifactorial and differs for people, places, and goals. 
Hazards of an evacuation need to be assessed for both the patient 
and rescuers. Setting guidelines and anticipating needs in pre-
event preparation are the keys to successful evacuation.49 Because 
of the occasional tourist in need of expeditious medical evacua-
tion, IAATO and other governmental groups have suggested 
requiring insurance to defray the costs associated with these 
evacuations. An increasing number of travel companies now 
insist on such insurance. A dedicated medical evacuation from 
continental Antarctica will cost upward of $250,000. There is also 
discussion of the ethical versus medicolegal implications of 
whether to render aid. The overriding issue should be care of 
the patient. In practice, there is a great deal of mutual assistance 
between companies and governments when life is at risk.

GEOPOLITICAL CONCERNS

The interests of governments in polar regions have not lagged 
behind those of tourists. Political and territorial concerns have 

surrounding North Polar waters contrasts with the cooling effect 
of altitude on the Antarctic plateau, which lies at approximately 
2835 m (9301 feet) and accounts for the approximately 40° C 
(72° F) difference in wintertime low temperatures between the 
two polar regions. On a plot of temperature versus humidity, the 
polar plateau is more similar to Mars than to the rest of the earth. 
The lora and fauna are unique to each area. The Arctic has an 
abundance of land- and sea-based animals as well as migratory 
birds and plant life. On the other hand, the Antarctic has no 
permanent land-based animals, although there are migratory 
birds, as well as a rich marine life and limited plant life.

The differences in population patterns mark an important 
north-south disjunction in polar studies in general and in polar 
medicine in particular. The northern polar regions above 66 
degrees latitude comprise a frozen sea that is surrounded by eight 
countries, each with its unique set of populations and medical 
care services. The countries of the Arctic are Canada, Finland, 
Greenland (Denmark), Iceland, Norway, Russia, Sweden, and  
the United States. Together, they make up approximately 8%  
of the earth’s surface. Human population is scattered throughout 
the Arctic, with several relatively large urban areas, but for the 
most part, the Arctic is sparsely populated, totaling less than 1% 
of the world’s population.128 The overall estimated population 
of the Arctic as deined by the Antarctic Monitoring and Assess-
ment Programme (AMAP) is approximately 4 million; indigenous 
peoples make up 10% of that population, and they constitute the 
majority of the total population in Greenland and in sparsely 
settled areas of northern Alaska and Canada.51,65 Within the Arctic 
there are eight major indigenous peoples and more than 30 
minority groups. Some of these peoples have separate govern-
ments, languages, and socioeconomic possibilities.

There are no indigenous peoples in Antarctica, which is regu-
lated by the Antarctic Treaty, with 12 original and currently a 
total of 49 signatory countries, although only 28 contribute to the 
decision-making process.5 This complex treaty helps delineate 
the relationships of the countries that are active in Antarctica and 
how the continent is to be best preserved and used for peaceful 
purposes. Seven countries claim territorial rights, which are held 
in abeyance while the treaty remains in force.5 Of the 79 stations 
in Antarctica, 39 are operated year-round.25 The total population 
living in Antarctica, all seasonal, now exceeds 4400 persons in 
the summer and well over 1100 in the winter.20

In the Arctic, there are two distinct but interacting popula-
tions, the indigenous Arctic inhabitants and visitors and immi-
grants. These populations have distinct but overlapping spectra 
of medical problems. Many of the medical problems among the 
Inuit, Sami, Chukchi, Nenet, and other northern groups are those 
of populations making the often Faustian demographic and cul-
tural transition to a Western industrialized society. Thus, medical 
practice among these groups is similar to that among many other 
displaced indigenous populations. In some senses, the current 
illnesses and health risks of the indigenous Arctic populations 
are the results of contamination from distant sources and contact 
with other cultures.15 In contrast, all medical problems in Antarc-
tica occur in visitors, whether these visitors are staying for days 
or a year or more. Until the 1980s, the vast majority of these 
visitors, whether tourists, expeditioners, or scientists, were young 
and it, and the medical problems they encountered relected 
this. They were usually related to the environment or to trauma. 
The Antarctic visitor demographic has changed remarkably since 
then. Not only is there a steadily increasing number of older 
visitors with age-related medical problems, but now younger 
expeditioners and adventure sports participants visit on guided, 
commercial trips. They generally have little, if any, polar experi-
ence and are increasingly from countries with no tradition of 
polar life. This lack of experience renders them much more 
susceptible to environmental risks.

IMPORTANCE OF POLAR MEDICINE
INCREASES IN TOURISM AND EXPEDITIONS

The combined geographic polar regions cover about one-sixth 
of the earth’s surface. Their territory in the imagination has been 
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half-life of radioactive fallout deposits,120,129 and increased chemi-
cal contamination, particularly in animals high on the food chain, 
with persistent organic compounds, heavy metals, and other 
contaminants affecting the environment and food supply.71,129 
Widening of the Antarctic ozone hole (discovered by BAS scien-
tists in 1985) carries implications of increased ultraviolet (UV) 
radiation. As occupational and environmental health issues draw 
more attention, this aspect of polar medicine assumes greater 
importance.30,31

BRIEF HISTORY OF HUMAN 
HABITATION IN POLAR REGIONS
A perspective on the contrasts between Arctic and Antarctic 
medicine may be sharpened by a brief summary of human habi-
tation in polar areas. Humans are known to have inhabited Arctic 
regions for at least 4500 years. Anthropologists have uncovered 
evidence for several waves of population migration from Siberia 
through northern Canada to Greenland. Each of these migrations 
was probably linked to climatic conditions, and each resulted in 
a distinct set of cultures. The general pattern was of a nomadic 
life with population densities of approximately one person per 
400 km2 (154.4 square miles).55,123 In more recent times, this long-
established and remarkable adaptation to a hostile environment 
has been disturbed. The pace of cultural change increased dra-
matically during the second half of the 19th century, when the 
whaling industry moved into Hudson Bay, leading to sustained 
contact between Europeans and the Inuit. In the early part of 
the 20th century, religious missions, trading company posts, 
government stations, church missions, and eventually medical 
clinics and schools began to encourage permanent settlements, 
roughly quadrupling the population density.55 In some areas, 
such as Eurasia, large industrial and mining cities arose. This 
change in population distribution has at times led to conlict 
between indigenous and European cultures, and it has had sig-
niicant environmental and medical consequences.130

The known history of human exploration of Antarctica, unlike 
that of the Arctic, is quite recent. Recorded sightings of the con-
tinent date only to around 1800, and “winter-over” sojourns did 
not occur for another century. Waves of settlement also occurred 
in Antarctica: sealing in the early 19th century, whaling in the 
early 20th century, and scientiic exploration since the mid-20th 
century.123 The heroic era of Antarctic exploration occupied the 
early years of the 20th century, with exploits such as the highly 
publicized race for the South Pole between Roald Amundsen and 
Robert Scott in 1911; the extraordinary survival of the crew of 
the 1914 Endurance expedition, led by Ernest Shackleton;64 and 
the heroic survival of Douglas Mawson, an Australian geologist 
who wintered alone after other expedition members perished.75 
Perhaps because of these and other dramatic events, and the 
absence of an indigenous population and a scarcity of easily 
exploited resources, human activities in the Antarctic have 
retained a somewhat more expeditionary lavor than in the Arctic. 
This has helped shape the contrasts in medical practice between 
the northern and southern polar regions.

ARCTIC MEDICAL PROBLEMS
EFFECTS OF CULTURAL AND  
DEMOGRAPHIC TRANSITION

The Arctic is not a homogeneous region. Although the population 
is only approximately 4 million, it is very diverse, with few fea-
tures in common except the latitude of residence and hours of 
daylight. Medical problems among indigenous populations in the 
Arctic, approximately 10% of the total population, are character-
istic of displaced aboriginal people elsewhere in the world. The 
wide-ranging interrelated factors include demographics, socio-
economic and physical environments, personal health practices, 
and availability of good-quality and culturally appropriate health 
care services.13,56 Although increased contact with industrialized 
cultures has brought beneits, it has also brought many problems. 
Some of the beneits include greatly improved life expectancy, 

been important in both polar regions. With increasing exploration 
of mineral and oil reserves and ishing potential, migrating humans 
will continue to bring medical problems with them. Although the 
Antarctic Treaty of 1959 prohibits territorial or commercial claims, 
seven nations have made sectoral claims on the continent. Some 
of these claims overlap and in the future may lead to a less-than-
peaceful resolution. In early 2010, however, Australia failed to 
pursue Japan legally for ramming and sinking an antiwhaling boat 
in Antarctic waters supposedly governed by Australia. The most 
common reason given was that Australia feared that the Interna-
tional Court of Justice would nullify all territorial claims to and 
national governance over parts of the continent.

In 2007, the Russian minisubmarines Mir-1 and Mir-2 
descended to 4300 m (14,108 feet) in the Arctic Ocean and 
placed a Russian lag on the seabed under the North Pole. The 
Russians were hoping that soil samples would prove that its 
Siberian ridge was directly connected to the Lomonsov Ridge, an 
underwater crest 1996 km (1240 miles) long running across the 
Arctic, and would lend credence to their territorial claim.

Concern about the environmental impact of increasing human 
activity in polar regions seems to be tempering the pace of 
development. As national resources diminish, however, the Ant-
arctic may come under increasing pressure to open up to extrac-
tion industries, similar to the situation in the Arctic.

INCREASES IN RESEARCH ACTIVITIES

Scientiic research has been a part of polar exploration through-
out this century. There are scientiic and medical journals devoted 
to the polar regions, and thousands of articles are indexed each 
year in the Antarctic Bibliography (http://www.coldregions.org/
antinfo.htm). The International Journal of Circumpolar Health 
(http://ijch.i/Issues.htm) is a richer source for health issues in 
polar regions. Antarctic research continues to expand. All the 
continent’s permanent stations are primarily there to support 
research. The largest study is the IceCube project at the South 
Pole station, which uses a series of downward-looking detectors 
spread over a square kilometer to look for traces of the notori-
ously elusive neutrinos. Neutrinos are produced when neutrons 
transform into protons during nuclear reactions. The detectors 
do not detect the neutrinos themselves, but rather the blue light 
emitted by the breakdown particle (a “muon”) produced when 
a neutrino collides with an ice molecule. The source of these 
neutrinos coming up through the ice to the detectors may be 
black holes, gamma ray bursts, or supernova remnants and other 
extragalactic events. The muon preserves the direction of the 
original neutrino and thus points back toward its cosmic source. 
The IceCube project is at the forefront of astronomy and particle 
physics research. In 2014, a report on 3 years of analysis dem-
onstrated a total of 37 high-energy neutrino strikes. The largest 
of these, detected on December 4, 2012, is nicknamed “Big Bird” 
and is the highest-energy neutrino interaction ever observed.1 
The South Pole also hosts two large telescopes.

Another huge project involving many countries at multiple 
sites across the Antarctic continent is ice-core drilling, designed 
to catalog climate change over tens of thousands of years. Other 
scientiic endeavors include marine biology and ocean dynamics 
research; atmospheric and climatologic research, including air 
cleanliness monitoring and ice sheet movements; medical re-
search (primarily at Japanese and Chinese stations)84; biologic 
research (ecosystems, penguins, seals, bacteria, lichen); seismic 
monitoring; aerial and sea loor mapping with unmanned vehi-
cles in the harsh environment; paleontology; meteorite searches; 
and demonstrations of alternative power in extreme circum-
stances (e.g., wind generators at New Zealand’s Scott Base).

Some observers have discerned a north-south split, perceiving 
research in Antarctica as having more of a political motivation 
and that in the Arctic as being more practical. For both scientiic 
and political reasons, an important part of scientiic research in 
polar regions concerns environmental issues. The remoteness of 
these regions enhances their value as benchmarks for studies of 
pollution. Indeed, several worrisome facts have been revealed 
about the contamination of formerly pristine wilderness, such as 
widespread radioactive contamination, the prolonged effective 
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the endocrine-disrupting effects of PCBs may have changed the 
normal ratio of male-to-female births from 1.05 to 1.02 in the 
past 30 years.13 It has been documented that the concentrations 
of PCBs in breast milk are seven times higher in the Arctic than 
in Quebec.118 As previously noted, fallout from radioactive testing 
has caused river pollution, and other environmental degradations 
have affected the food chain, with an increase in certain cancers 
noted in both animals and humans.137 Fear of the effect of pol-
lutants has caused many to abandon or signiicantly limit their 
consumption of traditional foods (e.g., marine mammals, ish, 
terrestrial mammals, birds). Unfortunately, this can have negative 
nutritional effects, such as obesity, diabetes, and increased car-
diovascular disease, and in some cases relative malnutrition.41 
Tragically, POPs, even in low concentrations, have been shown 
to cause increased risk for diabetes, so both consumption of 
traditional foods and changes in diet to processed foods have 
contributed to the increased rate of diabetes in these regions.51 
In some areas, consumption of traditional marine foods has led 
to blood levels of mercury exceeding current recommendations. 
Local health departments have to weigh overall nutritional ben-
eits of traditional land and marine food sources against the 
potential long-term risks of neuropsychological and other poten-
tial health problems, particularly in newborns and infants.71

Fortunately, new trends show human exposure to pollutants 
in the Arctic is decreasing. For example, the number of Arctic 
childbearing-age women with excessive levels of PCBs, mercury, 
and lead is decreasing. This is believed to be a result of dietary 
changes and increased awareness of the problem. However, new 
research is demonstrating many additional chemicals, some 
newly developed, that have the potential to collect in the Arctic 
food chain, so ongoing research, identiication of these chemi-
cals, and their regulation are essential to continue improving the 
health of indigenous peoples.51

Nontoxicologic factors also make important contributions to 
Arctic morbidity and mortality. Accidents are more prevalent in 
the Arctic. In younger (up to age 35) Inuit groups, injuries 
account for approximately one-third of all deaths.17 Although it 
has continued to decline since the early 1990s, it is striking that 
Alaska’s occupational mortality is just over twice that of the U.S. 
national average mortality per 100,000 workers. However, this is 
greatly improved from ive times the national average in the 
1990s.89 With establishment of the Alaska surveillance system in 
1991, work-related deaths have decreased by approximately 65%, 
including a signiicant reduction in commercial ishing deaths and 
a sharp decline in helicopter logging–related deaths.24 These data 
relect in part the inherently hazardous working conditions and 
occupations and possible demographic biases of a young popula-
tion. Other factors, however, may play a role. Because aircraft 
are a predominant mode of transportation in polar regions, it is 
not surprising that Alaska accounted for greater than one-third 
of all air crashes in the United States and 20% of the fatalities 
from 1990 to 2008.88 Nonscheduled or commuter plane (<30 
seats) lights, commonly used in isolated areas, pose a risk for 
fatal crash six times that of scheduled airline lights, a igure not 
surprising given the often extremely challenging lying conditions 
(terrain, weather, and isolated landing sites with limited naviga-
tional aids and operator error). In recent years, the pilot occu-
pational fatality rate has fallen from 298 to 148 per 100,000 (less 
than twice the rate for all U.S. pilots), thought to result largely 
from increased awareness and proactive intervention in the 
industry, such as the implementation of automated remote 
weather stations, Global Positioning System (GPS), and terrain 
avoidance hardware and software.88 Overall, the mortality rate 
for Alaska natives is 939 per 100,000 per year, compared with 
the overall U.S. rate of 698.9 per 100,000 per year.51

PSYCHOSOCIAL HEALTH PROBLEMS

With social disruption and increased environmental and occupa-
tional health risks, psychological problems in the Arctic have 
achieved greater visibility in recent years. For a variety of reasons, 
stress seems to be higher in winter. One survey of over 7000 
adults living north of the Arctic Circle found a prevalence of 
midwinter mental distress of 14% in men and 19% in women.43 

largely because of a decrease in morbidity and mortality from 
infectious diseases and diseases of childhood (prevented by vac-
cines). Nevertheless, in indigenous Arctic peoples of the United 
States, Canada, and Greenland, infant mortality is higher and life 
expectancy is lower compared with Arctic dwellers in Nordic 
countries.101 For many years, health care has lagged behind 
national norms in the Canadian Arctic, with infant mortality 2 to 
3.5 times the national average.118 Age-adjusted death rates are 
also telling, with 8.4 per 1000 Northern Canadian people, com-
pared with 5.8 per 1000 for the Canadian national average; 14.3 
per 1000 in Greenland; and up to 29.2 per 1000 in parts of Russia. 
Other striking statistics reveal a suicide rate in Nunavik six times 
that of the southern provinces of Canada,63,124 and an uninten-
tional accidental death rate three to four times higher than the 
national average. Tuberculosis has decreased but is still unac-
ceptably prevalent at 47 per 100,000 persons. Diabetes mellitus 
has increased to 5% of the population of 30- to 39-year-olds, 
compared with 1% in the general Canadian population. In a 
population in whom dental caries were previously almost 
unknown, the need for restorative dental work is up to 60%. 
Widely prevalent alcoholism and tobacco use greatly contribute 
to these problems.11,45,118

As the Arctic environment and indigenous Arctic populations 
make the cultural and demographic transitions to a Western 
industrialized way of life, the spectrum of medical problems  
has shifted. Changing social patterns have resulted in disturbing 
trends: increasing numbers of young adolescent mothers, rising 
prevalence of gonorrhea and syphilis among Greenlanders, and 
concerns about other transmissible diseases, such as viral hepa-
titis and acquired immunodeiciency syndrome (AIDS).80,134 The 
unwanted pregnancy/birth rate ratio in Greenland is approxi-
mately 1 : 1. Changes from the traditional diet and lifestyle have 
led to increased obesity, diabetes, cardiovascular disease, and 
mental health problems, including depression, binge drinking, 
alcoholism, and higher suicide rate.13,118,124

ENVIRONMENTAL AND OCCUPATIONAL  
HEALTH PROBLEMS

Transboundary pollutants, primarily from Eurasia and the North 
American continent, have made deep and lasting changes.11 The 
Arctic, once viewed as pristine, is now considered a pollutant 
sink. Even so, promising new data relect that strict environ-
mental control (e.g., bans/restrictions on uses and emissions of 
persistent organic pollutants [POPs]) is working.51 The nuclear 
accident at Chernobyl in April 1986 led to cesium-134 and 
cesium-137 levels in reindeer meat 50 to 100 times those consid-
ered safe, forcing destruction of the Sami reindeer herds. During 
that same time, lake ishing and berry picking were curtailed 
because of contamination.40,130 Fortunately, research 20 years after 
this accident demonstrates thriving lora and fauna even in the 
most contaminated areas, demonstrating a rebounding environ-
ment. Nevertheless, the young people exposed to the nuclear 
accident have shown an impressive increase in thyroid cancers, 
and those exposed to the highest doses of radiation show an 
increase in leukemias, solid cancers, and circulatory system dis-
eases.119 Industrial emissions from neighboring regions, including 
an estimated 100 million tons of sulfur dioxide, have led to the 
“Arctic haze” phenomenon, a gradual whitening of the histori-
cally deep-blue Arctic sky.40

Environmental impacts have had direct health conse-
quences.11,45 During the last 500 years, industrial pollution has 
led to a sevenfold increase in lead levels in human tissues in the 
Arctic.40 Another survey found blood mercury levels above the 
normative limit in more than 10% of Sami reindeer herders in 
northern Finland. In North Greenland, a study revealed that in 
84% of human mothers, blood mercury levels were above the 
World Health Organization provisional limit.42 Oceans, rivers, and 
lakes reveal contamination and concentration of heavy metals in 
ish.130 Further contamination of the food chain with long-lasting 
POPs, including polychlorinated biphenyls (PCBs) and many 
organic pesticides, is increasingly identiied.31 Long-term conse-
quences of environmental pollutants on the health of the Arctic 
dwellers continue to be studied.30 Recent work suggests that 
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There is increasing acknowledgment that isolated Inuit com-
munities offer rich grounds for research. For example, a 2014 
study from Greenland demonstrated that bacille Calmette-Guérin 
(BCG) vaccination signiicantly lowered the incidence of Myco-
bacterium tuberculosis infection and tuberculosis in Greenlandic 
children and young adults. This study was possible because the 
BCG vaccination, introduced there in 1955, was temporarily 
halted from 1991 to 1996 because of nationwide policy changes.78

ANTARCTIC MEDICAL PRACTICE
Medical practice, problems, and their study in the Antarctic are 
somewhat different from those in the Arctic. Extreme isolation 
makes Antarctic medicine unique. Because of the remoteness, it 
may not be possible to medically evacuate (medevac) a patient 
for weeks or even months. It might be easier to medevac from 
the International Space Station than from some of the more 
remote Antarctic stations.36 In general, the population residing at 
national Antarctic programs is adult, relatively young, and physi-
cally and mentally healthy. As previously, noted, however, the 
number of tourists of all ages visiting the Antarctic has increased 
dramatically, bringing with them a broad range of acute and 
chronic medical conditions.

NATIONAL ANTARCTIC PROGRAMS

There are approximately 30 summer-only and 42 year-round 
national Antarctic program bases spread around the Peninsula 
and continent. The newest of these is the Chilean summer-only 
base, Glacier Union.

Winter-over personnel, including those spending a year or 
more at a time in Antarctica, are required to pass medical screen-
ing that varies in intensity with the various national programs. 
Most stations only house adults. There are two exceptions: Chile 
and Argentina have families living at their principal bases, Villa 
las Estrellas and Esperanza on King George Island. To date, 11 
children have been born there. Some believe that the decision 
to house families here was politically driven to reinforce their 
respective sovereignty claims. All stations have some form of 
medical care, usually a station physician. The more temporary 
camps have varied medical support, ranging from irst-aid wilder-
ness responders to paramedics or midlevel providers with limited 
medical supplies. In general, the permanent year-round bases 
have more sophisticated facilities, with radiographic, laboratory, 
surgical, and dental provisions and a reasonably well-stocked 
pharmacy for expected emergencies. There is at least one physi-
cian and sometimes nurses and ancillary medical personnel.

MEDICAL STATIONS IN ANTARCTICA

Medical facilities in the Antarctic polar regions can be conve-
niently divided into permanent and expeditionary facilities. As a 
result of community expectations and long-term commitment to 
research in Antarctica, a notable shift from an expeditionary to 
an operational attitude has occurred in many of the Antarctic 
programs. Figures 11-1 to 11-3 show the expeditionary facilities 
at Union Glacier ield camp. This unit can be lown in and out 
of Antarctica by cargo plane.

What type of physician is needed? To paraphrase Grant,36 the 
physician cannot be too specialized in approach; broad knowl-
edge and a wide range of practical skills are necessary to provide 
good Antarctic medical care. Specialization in emergency medi-
cine or the equivalent seems to be a suitable choice, especially 
to deal with emergencies. Bases usually have no room for anes-
thetists, surgeons, dermatologists, or psychiatrists; one person 
covers these roles. However, huge advances in satellite and video 
teleconferencing (VTC) enable polar physicians to access advice, 
counsel, and guidance. For a signiicant proportion of the Ant-
arctic population, it is still extremely dificult and costly to evacu-
ate patients.36

The following is a description of the personnel and facilities 
in the U.S. Antarctic Program; other nations maintain similar 
facilities. McMurdo Station (MCM) (Figures 11-4 to 11-8) has the 
largest population: about 200 in the winter and 1200 in the 

Most other studies suggest that this igure may be low. One study 
among Inuit found that 22%, or one in ive, experience depression 
during the winter months, and 7% appeared to have seasonal 
affective disorder.39 Cultural stress, erosion of traditional lifestyles, 
and substance abuse are all contributory factors.13 Studies inves-
tigating scientiic staff at Arctic research stations are relatively 
uncommon but show patterns of sleep disturbances, depression, 
and alcohol use reminiscent of those in Antarctic stations.

The double apparent risk factors of high latitude and dis-
placed indigenous populations have made alcohol abuse and 
concomitant violence a serious problem in the Arctic. In Green-
land, one in three Inuit dies a violent death, and about 25,000 
adults consume 28 million cans of beer a year, one of the highest 
per capita consumptions of alcohol in the world. Prevalence of 
“binge drinking” among Arctic peoples ranges from 12% to 39%, 
with male greater than female rates. Fetal alcohol syndrome is 
13% higher in Alaska than in the continental United States.13 One 
study compared alcohol consumption by the Greenland Inuit 
with nonindigenous local inhabitants and found that alcohol 
consumption was less among the Inuit. However, other studies 
found the reverse.63

Accidents are the leading cause of death in the Arctic, and 
one-third of these are estimated to be alcohol related. In the 
Canadian Arctic, alcohol consumption is 1.5 times the national 
average, and Inuit and Indians 15 to 24 years old have a suicide 
rate up to 11 times the national average. In some communities, 
for boys and men ages 15 to 29, suicides are the most common 
form of injury leading to death. It should be no surprise that life 
expectancy is lower, and infection rates for many diseases (e.g., 
tuberculosis, meningitis, syphilis) higher than in neighboring 
countries. Inuit communities have signiicantly lower incomes, 
and their housing is crowded and of poor quality. Traditional 
hunting and ishing no longer provide suficient food or income 
to support many families. The association between poor health 
and social deprivation is well established.63,86

CURRENT AND FUTURE TRENDS

In summary, indigenous populations of the Arctic show lower 
life expectancy, higher rates of infectious diseases, higher infant 
mortality, and higher rates of injuries and suicides compared with 
norms in their respective countries.51 Fortunately, there are 
encouraging signs related to Arctic health care. The incidence of 
low birth weight, 5.5% in the central Canadian Arctic, has 
decreased, although it is still higher than that among non-Arctic 
dwellers.13 Tuberculosis, which incapacitated up to 20% of the 
Canadian Inuit by 1950, has largely been brought under control, 
although the rate of occurrence is still as much as 10 times the 
national average.17 In Greenland, there has been signiicant 
reduction in perinatal deaths. Having been 40 per 1000 births  
in 1975, it decreased to 25 per 1000 in 1995 and 15 per 1000 in 
2009.16 This is as a result of national guidelines, improved train-
ing, and introduction of ultrasound screening. High-risk pregnan-
cies are identiied as early as possible, with childbirth planned 
to occur in the main hospital in Nuuk, West Greenland. Despite 
these improvements, perinatal mortality is still signiicantly higher 
than for the rest of the developed world. This is the inevitable 
consequence of life in the polar regions. With long transfer-to- 
hospital distances, weather-dependent logistics, and limited 
medical resources, a sudden unexpected premature birth or 
obstetric complication is at high risk for a poor outcome. Trends 
in environmental and occupational health problems show 
increased monitoring, intervention, and improvement. Unfortu-
nately, the age-adjusted incidence of diabetes mellitus is dramati-
cally rising among First Nations populations.28

An important development in recent years has been the insti-
tution of trauma registries to track and target signiicant causes 
of morbidity and mortality. Recent research emphasizes that 
injury prevention is not solely a function of safer design of equip-
ment but also a complex interplay of environment, activity, and 
people, notably including personal risk-taking behavior. If current 
trends continue toward greater economic independence and 
education of Arctic peoples, such potentially modiiable adverse 
health behaviors may recede in importance in coming years.61,62
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FIGURE 11-5 McMurdo Station medical facility—pharmacy. (Courtesy 
Kenneth V. Iserson.)

FIGURE 11-3 Medical facility, Antarctic Logistics and Expeditions 
Field Camp, Union Glacier. (Courtesy Martin Rhodes.)

FIGURE 11-6 McMurdo Station medical facility—reception area. 
(Courtesy Kenneth V. Iserson.)

FIGURE 11-4 McMurdo Station medical facility—main area. (Courtesy 
Kenneth V. Iserson.)

FIGURE 11-1 Medical facility, Antarctic Logistics and Expeditions 
Field Camp, Union Glacier. (Courtesy Martin Rhodes.)

FIGURE 11-2 Medical facility, Antarctic Logistics and Expeditions 
Field Camp, Union Glacier. (Courtesy Martin Rhodes.)
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All permanent U.S. medical facilities have digital radiograph 
and ultrasound capabilities, laboratory equipment for blood 
chemistries and cardiac enzymes, and the capability to perform 
immunologic testing for β-hemolytic Streptococcus, infectious 
mononucleosis, and inluenza A, as well as common resuscitative 
equipment, including Life Pak 12 and Zoll monitor/deibrillators, 
portable ventilators, and crash carts similar to those in most 
emergency departments.

The pharmacies are well stocked and cover a broad range of 
potential medical problems. There is no blood storage, but in 
the event of signiicant bleeding, a “walking blood bank” (walk-
in donor system) is activated. To facilitate this process, all winter-
over and most summer personnel are blood-typed and screened 
for hepatitis B and C and human immunodeiciency virus (HIV). 
After a series of acute cholelithiasis cases, South Pole winter-over 
personnel are now screened with ultrasound for gallbladder 
disease. The Australian physician undergoes prophylactic appen-
dectomy. Otherwise, the experience has been that early antibiotic 
therapy can abort an acute appendicitis attack, allowing the 
appendix to be removed electively at a later time.

The South Pole does not have 24-hour satellite coverage, but 
year-round stations have facilities for telemedicine, including live 
camera, still photos, fax, and digital radiography for transmission 
and consultation via satellite and the Internet. VTC, used for 
many years in Antarctica by multiple programs,36 came of age at 
the South Pole in 2002 with a midwinter repair of a patellar 
tendon rupture. The tendon was surgically reattached by the base 
physician under the direction of consultants at major medical 
centers via live video and voice connection. Various physicians 
at Antarctic stations are also able to consult with colleagues via 
VTC, such as with the South Pole medical staff’s successful man-
agement of a severely hypotensive tourist in 2009 with VTC input 
from MCM clinicians. In addition, telemedicine has been used 
for diagnosis and consultation in the treatment of a wide variety 
of ailments, including acute cholecystitis, ophthalmologic lesions, 
pancreatitis, pericarditis, fracture treatment, psychological consul-
tations, radiologic reports, and many other situations. Telemedi-
cine has improved the quality and availability of sophisticated 
care in these and other remote, hostile environments.

Medevacs are frequently dangerous and costly. Summer is the 
only season during which some stations can be reached for an 
evacuation. Winter evacuations are infrequent, very dangerous, 
and costly. Logistically, it may be 2 or more weeks before a 
rescue can take place, and for some stations, it may not even be 

FIGURE 11-7 McMurdo Station medical facility—side view. (Courtesy 
Kenneth V. Iserson.)

FIGURE 11-8 McMurdo Station medical facility sign. (Courtesy 
Kenneth V. Iserson.)

summer. Whereas the winter MCM and South Pole populations 
are isolated, their summer populations constantly have an inlux 
of rotating personnel that bring new diseases. In the summer 
season, the medical component is staffed with two physicians, a 
physician’s assistant or nurse practitioner, an Air Force light 
surgeon, a dentist, a radiologic technologist, a laboratory techni-
cian, and a physical therapist. In the winter, the staff is composed 
of one physician, a physician’s assistant, and a physical therapist. 
All are cross-trained on site. (Other large national stations provide 
necessary additional training in advance.) In addition, MCM has 
a full ire department with paramedics who respond to emergen-
cies on station. The South Pole population peaks at 250-plus in 
summers and reaches a nadir of about 50 in the winter. There 
is one physician, a physician’s assistant or nurse practitioner, and 
a volunteer trauma team trained on station. Palmer Station is the 
smallest, with a population of 45 in the summer and a low of 10 
to 20 persons in the winter. There is one physician, and volun-
teers are trained on site to provide assistance. How well these 
volunteers can function was demonstrated in 2009 when the sta-
tion’s physician developed a peritonsillar abscess. She had one 
of the station emergency medical technicians needle-drain and 
then incise it under topical and local anesthesia. She then used 
VTC and an intraoral camera to consult with an otolaryngologist 
based in the United States. She improved within a few days.29

The Australian stations have one physician. Before deploy-
ment, there is a 2-week training course for two of the crew in 
operating-theater nursing skills and for two persons in anesthesia 
assisting. The predeployment training has proved valuable, as 
was clearly demonstrated in the case of a scientist who fell into 
a crevasse and suffered serious injuries, including internal bleed-
ing, that required on-site surgery (Figure 11-9).106

FIGURE 11-9 Trauma and rescue teams are frequently composed of 
volunteers and at least one experienced, trained individual. This 
rescuer is practicing for possible extrication of a victim from a crevasse. 
(Courtesy Betty Carlisle.)
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completely clothed, from a 93.3° C (200° F) sauna to the Pole 
outside at an ambient temperature of −73.3° C (−100° F) or lower. 
Similarly, the quintessential polar irst-aid story involves creative 
solutions to the problem of inding warm luids,3 but it would 
be reckless to forget the ever-present danger of such a hostile 
environment. Windchill typically drops the effective temperature 
on exposed skin far below −73° C. It has been estimated that 
under the most severe winter conditions, an inactive person in 
full polar clothing could undergo a life-threatening drop in core 
temperature in only 20 minutes. Airplane refueling crews and 
others working with liquids at polar ambient temperatures are 
constantly reminded that even a small splash can mean instant 
frostbite.34

Rescue and treatment are complicated by the additional  
need for both victim and rescuer to avoid hypothermia and 
frostbite.55,57 Disorientation and confusion from hypothermia, 

possible. A historic medical evacuation from the South Pole was 
undertaken in winter 2001 with the irst successful landing of a 
twin Otter aircraft in full darkness at a temperature of −68.9° C 
(−92° F) (Figure 11-10). This event, while fraught with danger, 
has opened new possibilities and has been repeated.18,21

To increase further the ability to provide medical assistance, 
even during the winter months, the U.S. Air Force recently 
proved their capability of landing C-17 aircraft at MCM using 
night-vision goggles and made successful air drops of critical 
equipment at the South Pole. Certainly, however, prevention 
through careful screening of candidates and increased use of 
telemedicine as a way to avoid medevacs still remains the ulti-
mate goal.

To reduce the number of medical crises and need for urgent 
medical evacuations, all participants must pass a “physical quali-
ication test.” Medical clearance criteria are used as a screening 
tool. To establish appropriate guidelines, evidence-based criteria 
from the medical literature, historical data of the U.S. Antarctic 
Program, and guidelines from other programs, such as the 
National Aeronautics and Space Administration (NASA), the 
Peace Corps, and the U.S. Navy, that have activities in remote 
areas were used. What appears to be lacking is screening for 
body mass index and alcoholism. However, up to 30% of all 
medical evacuations (both emergent and urgent) have been for 
trauma; that is, they were not related to the evaluation criteria. 
Of emergent and urgent evacuations, 10% were for gastrointes-
tinal (GI) and 8% for cardiovascular reasons (Figure 11-11). 
Considering only truly emergent medical evacuations, 28% were 
for cardiovascular and 28% were for GI reasons. Figure 11-12 is 
a chart showing the number of medevacs from MCM and the 
South Pole station.

SOMATIC HEALTH PROBLEMS

Many of the primarily somatic health problems in Antarctica 
relate to cold, altitude, and trauma and are thoroughly covered 
in the chapters on these topics. In a midwinter setting where a 
tossed mug of coffee freezes before the liquid hits the ground, 
the dangers of frostbite are clear. Anyone gasping for breath after 
climbing the six lights of stairs with 92 steps from the tunnel to 
the living area of the South Pole’s elevated station, or who has 
lost 5 kg (11 lb) in the irst 2 weeks merely from resting tachy-
cardia and tachypnea, can appreciate the physiologic stresses of 
rapid ascent to an equivalent of 3200 m (10,499 feet). Likewise, 
the dangers of UV exposure at altitude with an ozone hole and 
snow surface relectance of 80% to 90% can become painfully 
evident to the unwary visitor.22,117

Cold-Related Problems

Cold is a dominant factor in polar medicine. It can be a source 
of humor, such as the infamous “300 Degree Club” at the South 
Pole. Membership requires sprinting, while somewhat less than 

FIGURE 11-10 Historic midwinter rescue at the South Pole. Twin Otter 
aircraft lown by pilots from Canadian Kenn Borek Air Service. 

FIGURE 11-11 Evacuations for medical reasons, with percentages of 
5-year totals (1998-2003). (From Mahar H [Safety and Health Oficer, 
OPP/NSF]: Medical clearance criteria: Revalidation study. Personal 
communication, 2003.)
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illness with the least possible adverse outcomes over the season 
was to administer acetazolamide (Diamox), 250 mg twice per 
day, starting 24 hours before altitude exposure. Participants vol-
untarily took this medication for an additional 3 days of exposure. 
If the individual still had symptoms, such as observed periodic 
breathing or headache, the dose would be increased to three 
times a day. Dexamethasone (Decadron), 4 mg twice a day 
beginning the day of ascent, was used as an alternative for 
persons who had experienced serious side effects or allergic 
reactions, who had an allergy to sulfa-containing medications, or 
who had no notice before having to ascend to high altitude. This 
was also continued for 3 days at altitude. After 3 days at altitude, 
the body’s own compensatory mechanisms have had time to 
adjust to the new environment, and the medication is no longer 
needed.

Because medication use was voluntary, complications seen 
from not taking it included high-altitude pulmonary edema 
requiring use of a Gamow bag before urgent evacuation, relative 
hypoxemia, and decreased work tolerance. Complications from 
taking acetazolamide included dehydration and electrolyte abnor-
malities in patients who were already ill or had severe underlying 
diseases.54 See Chapters 2 and 3 for current recommendations for 
prophylaxis and treatment of high-altitude–related illnesses.

Nutritional Studies

Nutrition occupies a key niche throughout the history of polar 
expeditions. Early expeditions in both polar regions provided 
several examples of nutritional illnesses, including scurvy and 
possible hypervitaminosis A and lead poisoning. More sophisti-
cated nutritional analyses have been possible during recent expe-
ditions,117,121 and advances continue to be made in development 
of lightweight but nutritionally dense rations. When participants 
in endurance events are well trained, it is possible to compete 
without loss of lean body mass.73 Although many prolonged, 
unsupported expeditions include an element of malnutrition or 
even starvation, protein synthesis is still active.121,122

During a Canadian-Soviet transpolar ski trek, participants 
skiing approximately 20 km/day (12.4 miles/day) at a speed of 
about 3.5 km/hr (2.2 miles/hr) while carrying 37- to 45-kg (81.6- 
to 99.2-lb) packs showed increased strength, decreased body fat, 
and increased high-density lipoprotein cholesterol. A paradoxical 
drop in aerobic power was noticed, perhaps because of intensive 
pretraining and conditioning, as well as increased eficiency of 
skiing as the trip progressed. More recently, in a nonsupported, 
two-man, 86-day trans-Greenland trip, well-trained and experi-
enced skiers eating an adequate caloric diet had little if any 
signiicant impairment. Their average energy intake in rugged 
terrain was 28 to 34 kilojoules (kJ) per day (6688 to 8121 calories/
day) and in level terrain 14 to 16 kJ/day (3344 to 3822 cal/day).34 
Although applicability of these igures to more sedentary polar 

clumsiness from bulky clothing, and degraded performance char-
acteristics of equipment and intravenous (IV) luids can compli-
cate otherwise straightforward procedures. A recent case report 
describes almost immediate freezing of luid in IV lines and shat-
tering of the plastic IV tubing despite vigorous attempts to warm 
them.57 Simple devices commonly used in warmer settings, such 
as air splints and pneumatic antishock garments, would be simi-
larly unusable. In more sophisticated equipment, batteries rapidly 
fail, unwinterized mechanical moving parts seize up, and metal 
objects become dangerous sources of frostbite.

Clothing, not normally considered a medical topic, assumes 
special importance in the polar environment76,104 (Figure 11-13). 
Although the clothing used for many polar research programs in 
the summer seems adequate, a strong argument can be made for 
specialized winter gear, possibly adapted from the space program, 
that would allow relatively delicate manipulation of scientiic 
equipment while offering protection from the cold. In fact, at 
temperatures below those of most military speciications, material 
properties of equipment, including plastic electrical insulation, 
create unexpected hazards, such as splitting of insulation and 
other plastics, and extreme rigidity of cables and hoses such that 
they cannot be used. Fortunately, the importance of ergonomic 
issues in the design of machinery and clothing for polar condi-
tions is receiving increased attention.47,132 There is new research 
on use of personal heaters, which are particularly effective for 
extreme cold and for sedentary work in the cold.110 Phase-change 
material can store latent heat and then release it during periods 
of low activity.104 These newer materials will allow thinner gloves 
with high thermal protection to be worn for work in the cold 
that requires dexterity, and they will be particularly effective for 
persons whose efforts alternate between heavy work that can 
produce sweating and light work with associated cooling (Figure 
11-14). In addition, as phase-change material clothing becomes 
readily available, clothing will be lighter and less bulky, particu-
larly advantageous when doing intricate work in the cold as well 
as alternating active with sedentary work in the cold.

Altitude Illnesses

Altitude illness can be a major issue at many Antarctic stations, 
camps, and research locations, including the South Pole, Vostok, 
and Mt Erebus. A literature-based approach to preventing altitude 

FIGURE 11-13 Clothing is an important topic in polar medicine. 
A researcher prepares to leave the station for an extended time at 
−56.7° C (−70° F). The total weight of his clothes is 11.5 kg (25.4 lb). 
Notice the multiple layers for each area of the body. (Courtesy Stephen 
Warren.)

FIGURE 11-14 Frostbite on thigh with eschar. Newer phase-change 
materials would have prevented this injury. This skier across Antarctica 
suffered frostbite when he removed one layer of insulating clothing to 
avoid sweating on a calm sunny day. When a wind came up, it caused 
frostbite through the wind pants and light insulation. (Courtesy Borge 
Ousland.)
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chronobiotic and is used as a supplement to treat circadian 
rhythm disorders.6,113 Of the various studies using melatonin to 
treat sleep disorders, including delayed sleep phase and for 
night-shift workers, most have only small numbers of partici-
pants. Although the initial studies are promising, more research 
needs to be done. It appears that exogenous melatonin can be 
used effectively for most persons. The short-term side effects 
(headache, nausea, drowsiness) are few. There are no long-term 
studies. Use of blue-enriched white light in the workplace 
improved alertness, performance, and sleep quality, as well as 
daily resetting of the melatonin cycle.32,79,113

Other endocrine luctuations also appear to be correlated with 
the length of the day.127 Some endocrine studies have examined 
the effects of prolonged residence in polar regions with a longer-
than-diurnal time constant. Twenty-four-hour urinary excretion 
of catecholamines increases in the cold, but social stresses appear 
to overwhelm climatic determinants of catecholamine metabo-
lism, correlating with increases in diastolic blood pressure and 
pulse during the year.44 A more consistent pattern of elevated 
thyroid-stimulating hormone (TSH), decreased free thyroid hor-
mones, and increased triiodothyronine (T3) clearance after several 
months has been demonstrated. It has been suggested that rapid 
clearance of T3 is caused by the cold. A pattern of increased 
pituitary release of TSH in response to IV thyrotropin-releasing 
hormone and increased serum clearance of orally administered 
T3 has been identiied and dubbed the “polar T3 syndrome.”27 
The full clinical signiicance of these indings remains unclear, 
but the T3 may well be related to the winter-over syndrome (see 
later).91,99 Several studies that used thyroxine (T4) supplementa-
tion noted improvement in midwinter cognitive function, mood, 
and vigor.106,109,131

Environmental Health Issues

Because of Antarctica’s isolation, it seems a particularly disturbing 
site for litter and pollution. As in the Arctic, events such as the 
early problems with a nuclear reactor at MCM (since removed) 
and the 1989 oil spill from the Bahia Paraiso near Palmer Station, 
as well as studies by groups such as Greenpeace, have focused 
attention on environmental health risks in the Antarctic.82,129 Envi-
ronmental inspections at a broad range of Antarctic stations have 
raised concern about toxic efluents and heavy-metal residues, 
as well as radioisotopes used for research. To address these 
issues, a number of countries have begun to implement more 
responsible waste management and water-monitoring policies 
and are taking corrective actions. Most have active recycling 
programs in place, and many cleanups are in progress or have 
been completed. Currently, most stations, including all U.S. sta-
tions, discharge raw sewage. Proposals are in place to ind a way 
to ameliorate the contamination from raw sewage that is dis-
charged into the sea and into large bubble holes in the ice for 
the inland stations. The BAS Rothera Station installed a sewage 
treatment plant, with signiicant improvement in the near-shore 
marine environment.50,52,77

Occupational Health and Injury Prevention

Rigorous studies of risk are important for injury prevention. Un-
fortunately, they are complex and often bedeviled by challenges, 
including controversial data, multiple variables, and biases. For 
example, for purposes of occupational epidemiology, it may 
ultimately prove useful to stratify the Antarctic sojourner popula-
tion into groups such as sport expeditions, military, commercial, 
and scientiic, but the health behaviors of these groups overlap, 
and few studies have gone beyond aggregate descriptive statis-
tics. There is no current system for archiving these data, except 
by individual programs or organizations; therefore much of the 
data is not available for review. There were plans to address this 
issue at the Council of Managers of National Antarctic Programs 
(COMNAP) at the planning meeting for the International Polar 
Year of 2007-2008.10 Unfortunately, because of funding issues, 
this has not been done.37

Even from these broad statistics, some igures emerge that 
may be useful cognitive anchors. There were 16 fatalities from 
1947 to 1999 in the Australian Antarctic Program, but only one 
fatality in the past decade. Among 3500 scientists and support 

sojourners is probably limited, work is being done to alter the 
diets of more sedentary expeditions to improve the lipid proile 
of participants.74 Better availability of common foods and fresh 
fruits and vegetables during the summer and frozen foods in the 
winter at the permanent stations allow participants to choose a 
healthier diet. However, frequent fried and high-fat food intake 
leads to elevation of lipid proiles and the associated increase in 
cardiovascular risks. Some studies have demonstrated that it is 
possible to make simple and acceptable changes in food prepara-
tion that have a signiicant impact on lowering cardiovascular 
risk factors of winter-over personnel.7,74

An area that has received increased attention involves  
the possibility that the prolonged low dose of sunlight may  
have long-term effects on bone metabolism and immune and 
cardiovascular systems. One study showed a decrease in the 
25-hydroxy metabolite of vitamin D (25OHD) as UV radiation 
ceased. However, the active metabolite 1,25-dihydroxyvitamin  
D (1,25[OH]2D) did not show such variation.105 A few studies 
have demonstrated signiicant decreases in serum vitamin D as 
measured by 1,25(OH)2D and associated increases in serum 
osteocalcin during the dark period, possibly indicating bone 
remodeling.138 Another study, in which low doses of vitamin D 
were given, showed increased bone mass in lumbar vertebrae 
and leg bones, but no bone mass increase in the pelvis or upper 
extremities. This was thought to be the result of vigorous activity 
over the winter. The study also showed a decrease in serum 
calcium and 25OHD levels during the winter.90 A study was 
undertaken in the 2003-2004 Antarctic summer and followed 53 
Australian expeditioners for 2 years. It showed that they became 
vitamin D deicient after just a few months; after 12 months, this 
began to result in loss of bone density. Further study is planned 
to identify the minimal dose of supplementation needed to 
prevent deiciency and whether these expeditioners have greater 
risk for developing osteoporosis later in life.58 Because many 
participants return for successive winters, further studies are 
needed to delineate possible long-term effects of bone mass after 
redeployment.

Infection and Epidemiology

With particular reference to the space station analogy, a number 
of studies have taken advantage of the physical isolation of Ant-
arctic stations as a natural laboratory for infectious disease epi-
demiology. Because microorganisms are believed not to survive 
the extreme cold long enough to be carried in by winds, mid-
winter respiratory tract infection outbreaks in the absence of 
outside contacts have suggested that such organisms could persist 
in clothing or other fomites.102

Despite a widely reported leukopenia, decrease in cell-
mediated immunity, and decreases in salivary IgA and IgM during 
the isolation of wintering over, it is not clear whether persons 
emerging from Antarctic stations are more susceptible to infec-
tion,33 or whether the changes in immunity are related to the 
stress associated with a winter-over.

Circadian Rhythms, Endocrine Studies, and Sleep Research

Pioneering studies of Natani and colleagues83 on sleep electro-
encephalograms at the old South Pole station demonstrated clear 
patterns of sleep disturbances and “free cycling” of the sleep–
activity cycle. Some of these indings have been extended in 
more recent studies. For example, among four subjects at a small 
winter-over camp, summer sleep cycles synchronized within the 
group and with clock time. During 126 days of sunless winter, 
rhythms free-cycled in all four people and then resynchronized 
with reappearance of the sun.60 The degree of synchrony versus 
free cycling appears to depend on a number of factors, notably 
zeitgeber strength (an environmental agent or event that provides 
the cue for setting or resetting a biologic clock, i.e., activities, 
social contacts, and the most important zeitgeber in nature, 
light).35 Studies in Indian stations also conirm continuing sleep 
pattern changes.14

A number of studies have examined the effect of prolonged 
polar residence on diurnal variations in the level of melatonin. 
Its important role in free radical scavenging and sleep regulation 
is beginning to be elucidated.59 Melatonin has been studied as a 
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National Programs’ Responsibilities for Tourist Safety

As transportation increasingly opens up previously inaccessible 
areas, this image attracts growing tourist trafic and, with it, 
heated debate from both legal and environmental viewpoints.116 
The essential medicolegal issue is the extent of governmental 
organizations’ responsibility for medical care of participants in 
nongovernmental activities, whether scientiic, political, or com-
mercial. Although this discussion started much earlier, it is 
ongoing.81 When a tourist group requires aid beyond its own 
capabilities, whose responsibility is it? To what extent should a 
research station with limited medical supplies be required to 
divert some of those supplies to an individual who presumably 
bears responsibility for planning his or her own medical cover-
age? By default, stations provide what assistance they can, 
although they often try to bill tourist companies and their insur-
ance agencies for costs involved in patient treatment or transport. 
The Antarctic Treaty Consultative Meeting XXXI provided attend-
ees with a list of guidelines recommended before trips to Ant-
arctica, including travel insurance, contingency plans, and other 
necessary equipment.4

Air Safety

As in the Arctic, reliance on aircraft for transportation has high-
lighted the critical importance of air safety. The worst Antarctic 
air accident was the crash of an Air New Zealand tourist “light-
seeing” DC-10 on Mt Erebus in November 1979.87 This accident 
killed all 257 people aboard and temporarily ended such lights, 
although IAATO records indicate that overlights are now hap-
pening with new guidelines in place. There have been 35 air-
related fatalities in the U.S. Antarctic Program since 1946 from 
crashes related to either ixed-wing or rotor aircraft.72,116 A ski-
equipped LC-130 Hercules crashed at the remote D-59 camp in 
1971 (Figure 11-15). Fortunately, none of the 10 crew members 
aboard was injured. During a salvage operation in 1987, however, 
another LC-130 bringing supplies to D-59 crashed nearby, killing 
two and injuring nine. More recently, a helicopter crash occurred 
in the dry valleys; both the pilot and passenger were seriously 
injured. After a weather delay, they were extricated and evacu-
ated to New Zealand for deinitive care.19,85 With better weather 
prediction and increased safety standards, the accident proile is 
improving. However, in 2010, there was a fatal helicopter crash 
near the Dumont d’Urville station that killed four persons. In 
January 2013, a Kenn Borek Air DHC-6 Twin Otter crashed near 
the summit of Mt Elizabeth in the Queen Alexandra range on a 
light from the South Pole to the Italian base at Terra Nova Bay. 
All three crew members perished.

personnel (2000 person-years), there were four medical deaths, 
two myocardial infarctions, one case of appendicitis, one perfo-
rated gastric ulcer, and one cerebral hemorrhage. The remainder 
of the events were accidents involving falls, head injuries, hypo-
thermia, drowning, crush injury, and burns.68,70

There have been 60 deaths in the U.S. Antarctic Program since 
1946.2 These can be ranked by cause: aviation, 61%; vehicles, 
11%; ships, 7%; recreational, 7%; station/industrial, 5%; ield 
activities, 5%; and other, 4%.72 Although it is dificult to adhere 
to standard occupational safety practices when in a remote loca-
tion, new guidelines and serious efforts in some of the programs 
have led to improved worker and participant safety.

A review of data for the Australian National Antarctic Research 
Expedition (ANARE) 2002-2003 season listed the following 
reasons for medical consultation: medical (e.g., upper respiratory, 
GI), 39%; injuries (sprains, strains, dermatologic, lacerations, frac-
tures), 27%; follow-up visits, 24%; and preventive (immuniza-
tions, midyear examinations, wellness programs), 10%.19 For the 
2004-2005 season, Antarctica New Zealand (ANZ) reported mus-
culoskeletal, 42%; medical (e.g., upper respiratory infections, GI), 
22%; other injuries, 20%; dermatologic, 15%; and preventive, 
dental, and other, 8%.103 Usually, most visits are related to injuries, 
and the next most frequent medical clinic visits are attributable 
to upper respiratory infections. Environmental problems include 
dry skin and issures, particularly on ingertips as a result of cold 
and very dry conditions. Cyanoacrylate glue hastens healing of 
disabling ingertip and heel issures.8 Cold-induced urticaria, 
frostnip, and frostbite are frequently underreported, except for 
moderate to severe cases. Small nasal bleeds occur frequently, 
but they rarely require treatment beyond instruction to use pet-
rolatum or antibiotic/antiseptic ointment once or twice daily to 
protect the delicate nasal epithelium, which easily becomes dehy-
drated or can sustain frostnip. Although the bulk of care is limited 
to routine visits, the pathologic conditions encountered even 
among this carefully screened population have included myocar-
dial infarctions, massive GI bleeds, unreported Crohn’s disease, 
bowel obstructions, acute cholelithiasis with pancreatitis, pulmo-
nary emboli, massive head injuries, fractures, crush injuries, 
newly diagnosed schizophrenia, and cancer.

Fire Safety

In light of the extreme cold, it is somewhat counterintuitive that 
ire is a major concern and signiicant danger at all Antarctic 
stations. This surprising assessment rests on a number of factors. 
Cold temperatures severely limit the utility of water for ire  
suppression. Fireighting equipment may become inoperative  
in extreme cold, and frequent high winds can fan ires. The 
extremely low absolute humidity in many polar regions results 
in an even lower relative humidity when outside air is warmed 
in station dwellings. This in turn leads to increased static electric-
ity and dryness of combustibles, already at risk from frequent 
use of space heaters. In addition, alternative food, shelter, and 
fuel are limited.

Elaborate predeployment training, frequent on-site drills, and 
keen awareness of potential ire hazards have correlated with a 
satisfactory ire safety record to date, but this good fortune cannot 
be taken for granted. One of the most life-threatening events was 
the explosion and ire at Vostok in 1982, leaving the station 
essentially without power or adequate heat. Only one person 
died, but there were several injuries, and the winter crew had to 
endure 8 months without a power plant to supply heat.107 In 2001 
the BAS Rothera Station lost its new Bonner Lab building when 
an electrical short started a ire. No one was injured, but with 
50- to 70-knot winds, little could be done to save the station.12 
Although ire-suppression systems are built into the newer build-
ings, a historic A-frame building at New Zealand’s Scott Base 
burned down in May 2009 and, much more seriously, a two-story 
building at Russia’s Progress Station burned down in October 
2008, killing one person and seriously injuring two others. 
Because the building contained their radio equipment, they could 
not contact the outside world for 4 days after the event. Fatal 
ires continue; in 2012, two staff members died in a ire at Brazil’s 
Comandante Ferraz base on King George Island. In Antarctica, 
ire is an ever-present threat.

FIGURE 11-15 LC-130 Hercules partially stuck in a hidden crevasse, 
demonstrating the inherent hazards of working in Antarctica. (Courtesy 
National Science Foundation photo archive.)
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mission or even those primarily motivated to earn money. In 
general, older individuals who are somewhat introverted are able 
to set work goals and work toward them, and persons who have 
broadly deined hobby interests seem to cope better with the 
social isolation and dynamics of wintering over. One study found 
that members with low social coherence reported signiicantly 
more depression, anxiety, and anger than did individuals belong-
ing to expeditions with high social cohesion.92,134

SMALL-GROUP DYNAMICS

In addition to external climate and internal motivational factors, 
stress can arise from interpersonal interactions. Although there 
are many exceptions, participants in the Antarctic program often 
speak of a tendency for personnel to form cliques or microcul-
tures. People may cluster according to ordinary personal chem-
istry, along lines of OAE (Old Antarctic Explorer) versus novice, 
winter-over versus summer status, or according to scientiic, civil-
ian, or military afiliation. With time, such social clusters can be 
a source of support or of friction. In an attempt to unify the core 
group, winter-overs participate in a mini–Outward Bound type 
of group bonding experience before deployment.

Social isolation is an important factor in polar communities, 
although this isolation has been lessened by modern communica-
tions and transportation. A number of studies have drawn paral-
lels between group processes in polar stations and those in other 
isolated and conined environments, such as submarines or in 
space. As space travel becomes a reality, studies on group selec-
tion, leadership style, and interaction between the isolated group 
and headquarters take on urgency.36,66,97,135 Collaborative efforts 
are being made between many stations and space agencies, in 
particular the European Space Agency (ESA) and the NASA 
program.112

Cross-cultural and cross-gender issues by research groups are 
currently being studied at the international station, Concordia, 
particularly as an analog for long-distance space missions. 
Whereas in some areas cross-gender differences increase dificul-
ties, in others they are beneicial. Further studies on rigorous 
selection criteria and training before deployment will avoid the 
problems that have occurred with sexual harassment. It is thought 
that the positive effect of better communication, less rude behav-
ior, and increased supportive environment outweigh the negative 
effect. Other stations have already gone through this process.66,112

Winter-Over Syndrome

Stressors such as those mentioned previously can result in what 
has been termed the winter-over syndrome. The historically oft-
mentioned “Big Eye” or “20-foot stare in a 10-foot room” seems 
to be less common now, perhaps because the stations are 
increasingly comfortable and have stimulating environments. 
However, the constellation of depression, hostility, sleep distur-
bances, and impaired cognition still seems to be both common 
and underreported.98,99,109 The winter-over syndrome is not a 
static condition but a time- and individual-dependent process. At 
the South Pole research station, for example, winter-over staff 
characteristically report a recognizable pattern of luctuating 
activity and mood. There is often a mixture of relief, pride, and 
fearful anticipation as the last LC-130 light departs in mid-
February, followed by a period of frenetic activity to beat inven-
tory deadlines, ile resupply orders, launch projects, and prepare 
the station for winter. As work and recreation routines develop, 
mood generally drops with the setting sun. A rise in mood occurs 
toward sunrise but is followed with anticipation, increase in 
anxiety, and stress as the arrival of the irst return light draws 
near. Studies at the Australian stations of Mawson and Macquarie 
Island suggest that the inlux of new staff at station opening may 
actually be associated with increased depression.

Seasonal Affective Disorder

A probable contributor to and confounder of the winter-over 
syndrome is the apparently fairly consistent exacerbation of stress 
and depression under conditions of winter or night, leading to 
seasonal affective disorder (SAD). Subsyndromal SAD (S-SAD) 
may be a better deinition of what is experienced by many who 

PSYCHOSOCIAL HEALTH PROBLEMS

As the U.S. Polar Manual explained in 1965, “No psychiatric case 
ever got better in the cold.”46 For many, polar living arrangements 
and psychosocial issues may be more important than the strictly 
medical or environmental factors. Psychiatric problems are men-
tioned even in reports of early expeditions, and almost any 
participant in expeditions will recognize Thor Heyerdahl’s obser-
vation: “The most insidious danger on any expedition where men 
have to rub shoulders for weeks is a mental sickness that might 
be called ‘expedition fever’—a psychological condition that 
makes even the most peaceful person irritable, angry, furious, 
absolutely desperate because his perceptive capacity gradually 
shrinks until he sees only his companions’ faults while their good 
qualities are no longer recorded by his grey matter.”126

Most psychological problems, primarily sleep disturbances, 
are minor and temporary. Many disturbances are more related to 
the social environment than to the physical environment.93,112 
Appropriate lighting or changes in photo periodicity (the dura-
tion of daylight and darkness in a 24-hour period) help improve 
mood and sleep.95,133 In addition to appropriate exercise facilities, 
opportunities for quality mental stimulation and frequent contact 
with friends and family via the Internet and telephone can help 
maintain stability. Except for insomnia, which may be endemic, 
the incidence of psychiatric problems is lower than expected in 
the overall population.

Not all psychiatric events are benign. One author witnessed 
an acute psychosis in a worker who was threatening to set ire 
to the base and kill a colleague with a shovel, apparently the 
result of the stress of a dysfunctional work relationship.

Many nations use formal and informal psychological screen-
ing, especially for participants planning to winter-over in Antarc-
tica. How well the screens function is debatable. A British study 
showed that an extensive psychological screening examination 
weeded out many participants with problems with “defensive-
hostility” and “emotion-focused coping.” Simple interviews did 
not identify these problems.38

Alcohol Abuse

Adjustment to psychosocial stresses in polar communities depends 
on a complex array of sociocultural factors. One coping mecha-
nism is alcohol use. As in many isolated communities at high 
latitudes, alcohol use can disrupt or lubricate social interactions. 
In the U.S. Antarctic Program, summer support-staff members 
have been terminated for alcohol abuse, and both summer and 
winter-over staff are occasionally prohibited from purchasing 
alcohol. In some cases, interventions with group support are 
effective. At many Antarctic stations, alcohol is easily available 
and may be subsidized. In some stations, rations can be excessive 
or nonexistent. Observations are that at least 50% of recreational 
injuries are alcohol related. Recommendations have called for 
routine monitoring of alcohol levels of anyone involved in an 
accident,116 or even prohibition of alcohol at Antarctic stations. 
However, as with prohibition in other countries, this might create 
more problems than it might solve. Judicious use of monitoring 
can help identify persons who may need intervention before an 
accident happens.

Psychoneuroimmunology

Psychological stress at research stations may arise from several 
sources. One is the environment itself; environmental severity 
has been found to be an independent predictor of hostility and 
anxiety after wintering over.94 Perhaps more important is the 
perception of the environment. Newcomers to the South Pole 
station are usually observed wearing a full 12-kg (26.5-lb) polar 
outit at −20° C (−4° F) for several weeks after arrival. By midwin-
ter, the same individuals think little of walking short distances in 
only workout shorts and a T-shirt at −60° (−76° F).

Stress can also result from disjunction between a person’s 
original motivation for joining the program and the realities of 
life in the station, that is, the sociocultural environment. This may 
be the greatest determinant of dificulties.94 Studies suggest that 
people who go to Antarctic stations to seek thrills or to challenge 
themselves often have more dificulty sustaining their motivation 
and performance than those who go to accomplish a scientiic 
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Tourist visitors can be broadly divided into two groups, “sight-
seeing” and “expedition/adventure sport.” Ship-based sightseers 
make up approximately 98% of the visitor total. A very small 
number travel to the continent itself, to visit, for example, the 
South Pole or emperor penguin colonies. There is little if any 
medical screening of ship-based tourists, and persons of all ages 
may travel. The inancial expense of these cruises means that 
there is bias toward the older traveler who has accumulated 
wealth and has the time to spend it. A recent paper showed that 
more than half the respondents on an Antarctic cruise ship were 
older than 50, and 25% were over 60.136

Medical facilities on board ship vary widely, as do the experi-
ence and competence of accompanying medical professionals. 
The American College of Emergency Physicians published com-
prehensive guidelines to enhance medical care on board cruise 
ships, including speciic requirements for physicians, such as  
3 years of postgraduate/postregistration experience in general 
and emergency medicine. These are only guidelines and not 
requirements.3a

The medical problems encountered mirror those found in an 
urban setting, with additional risks of trauma (usually minor) 
from, for example, falls in the unfamiliar environment.

The expedition/adventure sport group is primarily involved 
in ski or mountaineering expeditions, with most professionally 
guided. These visitors are generally a itter and younger popula-
tion. In line with adventure sports worldwide, age and (lack of) 
experience are bars to participation. Other visitors are involved 
in sailing, kayaking, and scuba-diving trips. Some expeditions 
deploy motorized vehicles. At Union Glacier in 2014, there were 
two marathon and two ultramarathon running events.

MEDICAL PROBLEMS

Many medical problems of activity in the extreme cold, including 
frostbite and hypothermia, are discussed elsewhere (see Chapters 
6 through 10). Clinical entities particularly associated with polar 
ski expeditions include polar thigh, skier’s thumb, and kite  
skier’s toe.

Polar Thigh

The clinical picture of polar thigh in both genders is an erythema-
tous and frequently urticarial rash, predominantly on the anterior 
thigh, although it can also be seen on the sides (particularly 
medial) and back (Figures 11-16 and 11-17). If inadequately 
treated, and if behavioral modiications and clothing adjustments 
are not made, the rash progresses to frank ulceration. Despite 
appearances, infection is rarely demonstrated when microbio-
logic samples are taken. The exact etiology is not known. We 
believe that although cold may play a part, the main etiologic 
factor is mechanical abrasion. The action of skiing drives the leg 
into extension at the hip, and clothing is stretched over the leg. 
The thighs also generate a great deal of heat when exercising. 
Abrasion to the medial aspect is exacerbated in persons  
with bulkier thighs. This causation theory is supported by the 

winter-over in the dark latitudes.96 Further studies indicate that 
S-SAD may be part of the T3 syndrome.99 Correlations with mela-
tonin levels have been shown to be associated with the frequent 
sleep disturbances at higher latitudes, both with advanced or 
delayed phases and with increased latency.6,133 In some studies, 
melatonin’s chronobiotic properties are used to resynchronize 
the individual’s sleep.6 Other studies have demonstrated the 
effectiveness of light therapy in helping resynchronize the 
body.133 SAD may be no more prevalent in Antarctica than at 
lower latitudes; some of the depressive symptoms may well be 
the result of social isolation or related to seasonal changes.100

Beneicial Effects of Isolation

An interesting point is that isolation may have positive as well 
as negative effects.100 Isolation is not synonymous with loneliness 
and depression, as Amundsen reported from his sojourn at Fram-
heim. In fact, a subset of “professional isolates” may actually 
prefer polar stations to “normal” society.125 In some cases, reentry 
and adaptation to the rest of the world can take up to 6 months. 
The positive effect of isolation may be relected in a 1992 study 
of somatic complaints that compared U.S. Navy volunteers who 
qualiied for winter duty in Antarctica and wintered-over, with 
those who were physically qualiied but were assigned elsewhere 
because of the limited number of winter assignments. Those who 
spent the winter in Antarctica had fewer illnesses and hospitaliza-
tions after the winter-over period. These volunteers were fol-
lowed an average of 5.4 years after the winter period. It was also 
noted that the complex psychophysiologic symptoms experi-
enced during the winter-over period were probably adaptive 
coping mechanisms. Coping led to a process of negotiation 
leading to compromise, which frequently led to inding new 
strategies or resources that could be used for subsequent stress-
ful experiences. Newer studies conirm the salutogenic effect of 
completing a long-term contract in an isolated environment.92,100

Screening and Selection

Based on the preceding indings, several attempts have been 
made to reine the selection and screening processes for success-
ful polar and space sojourners. It is not surprising that previous 
successful polar experience seems to be among the best predic-
tors of subsequent high performance. Biographic data, peer 
ratings, psychometric testing, and interviews all seem helpful in 
selection, although each has weaknesses and inconsistencies. 
Recent studies have suggested that team climate signiicantly 
related to the perception of good leadership.115 More research 
needs to be done to explore the characteristics and behaviors 
that constitute effective leadership, in order to guide selection of 
crew and leader.15,115 Early studies led to the tripartite “ability, 
stability, compatibility” criteria for successful participation in the 
Antarctic programs.38 This simple but useful scheme recognizes 
that technical skill, emotional equilibrium, and interpersonal 
skills all play important roles in an individual’s performance and 
internal satisfaction. It would be desirable to improve measure-
ment and predictive usefulness of these factors; such studies 
remain at the active frontier of Antarctic research.38

TOURISTS

The vast majority of tourists visit the Antarctic on ships around 
the Peninsula. The International Association of Antarctic Tour 
Operators has more than 100 members from 19 countries. A 
wealth of information, guidance, and statistics about Antarctic 
tourism is found on their website (www.iaato.org). Landing tour-
ists come on vessels carrying 6 to 500 passengers. There are some 
larger ships (500 to 3000 passengers) that offer “cruise-by” sight-
seeing trips without landing. Visits usually take place at ice-free 
coastal areas in the austral summer from November to March. 
Landings of short duration (usually 1 to 3 hours) are made by 
inlatable boat (Zodiac) and occasionally by helicopter. There are 
currently three operators offering land-based trips. IAATO igures 
show that in 2013-2014 there were 37,405 tourists by sea and 
land.53 This is actually a reduction from the peak igure of 47,225 
in 2007-2008 and results from the restrictions now placed on 
larger vessels, although the igure is rising annually. FIGURE 11-16 Polar thigh. (Courtesy Ian Davis.)
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thumb was exposed to the cold and wind at the top of the ski-
pole, away from the shared heat of the other digits enclosed in 
a mitten. Skier’s thumb is not seen in persons who use “Pogies,” 
which are neoprene and Velcro gloves (inspired by the handlebar 
mitts used by motorcycle and snowmobile drivers) ixed to the 
ski pole that protect the whole hand (Figure 11-20).

Kite Skier’s Toe

This condition is frostbite of the downwind hallux in kite skiers, 
as described in a 2013 case report114 (Figure 11-21).

OVERVIEW AND FUTURE 
DEVELOPMENTS
A point made early in this chapter is the challenge inherent  
in meaningfully synthesizing Arctic and Antarctic medicine. 

observation that “polar thigh” is also seen where pulk (sledge) 
pulling harnesses rub, and because it is not seen in the upper 
arm, which is exposed to the same temperature and winds and 
is likely to have the same clothing layers as the thighs. It is also 
neither seen in experienced skiers and guides nor reported in 
the diaries of early explorers, who were meticulous in recording 
details of their journey. These groups will have made suitable 
adjustments to their clothing.

Polar thigh can be prevented by wearing long, silk shorts (or 
cut-off pajamas) and ensuring liberal use of an emollient or Aloe 
vera gel. In the early stages of the rash, there is usually good 
response to a topical corticosteroid cream (e.g., betamethasone 
valerate 0.025% or 0.05%) combined with an emollient or Aloe 
vera. If the skin breaks down, topical corticosteroids should not 
be applied to ulcerated areas, which should be covered with a 
hydrocolloid dressing. Granulex is ideal (www.convatec.com). 
Antibiotics are not routinely indicated. The key to management 
is scrupulous wound care and dressing changes. Once out of the 
ield, a plastic surgery or burn unit may well be the appropriate 
setting for severe cases (Figure 11-18).

Skier’s Thumb

Skier’s thumb does not refer to the ruptured ulnar collateral liga-
ment seen in skiers who fall while holding a skipole, but rather 
refers to frostbite of the terminal phalanx of the thumb (Figure 
11-19). This was often seen in returning expeditioners whose 

FIGURE 11-17 Polar thigh. 

FIGURE 11-18 Severe polar thigh. 

FIGURE 11-19 Skier’s thumb. 

FIGURE 11-20 Pogies. 
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robust to travel well. Novel constraints and the inherently unpre-
dictable nature of a hostile environment further stretch the usual, 
already tentative rules and thresholds of medical decision making. 
Perhaps to a greater extent than in most settings, prevention and 
preparation are paramount in polar medicine. As might be imag-
ined, cold and its effects on both humans and equipment exac-
erbate the risks from even minor mishaps, altitude impairs tissue 
oxygenation and wound healing, and bulky clothing restricts 
dexterity and vision. Isolation from medical facilities exerts a 
multiplier effect on these risks. Patient extrication and resuscita-
tion that would be routine in most urban or suburban settings 
present overwhelming challenges in polar settings.106

With lives at stake, arguments have been made for planning 
for worst-case scenarios rather than only for likely situations.116 
On the other hand, a realistic balance point on the cost-versus-
utility curve, based on estimated risks, must be set for each situ-
ation. Given existing iscal and logistic constraints, preventive 
measures should take priority over higher-cost options.9

A recurrent medical issue in polar stations involves con-
tingency planning and the optimal level of inventory. This ques-
tion applies equally to drugs, equipment, training, and personnel 
and is faced immediately by any incoming physician. “Just  
in time” principles of inventory management are unlikely to be 
appropriate.9,116

Combined improvements in communications systems, the 
Internet, and the powerful tool of telemedicine with its many 
modalities have transformed what was once an extremely iso-
lated practice of medicine. The advantages of rapid access to 
organized databases and remote consultations for radiology and 
other specialties via video are realities. Telemedicine is in place 
and functioning in many northern Arctic regions. The Australian, 
British, Italian, and U.S. Antarctic Programs and many others have 
been using it successfully for a number of years.36,59,67,108 Physi-
ologic, psychological, and occupational health data can be moni-
tored or retrieved, ultimately linking geography and information 
low and allowing almost real-time consultation and guidance 
from multiple specialists. These promising tools are real solutions 
to the problems of isolation faced by earlier physicians.

USE OF FROZEN MEDICATIONS

Although the medical literature is relatively sparse on the use of 
frozen drugs, there is a useful consensus document from the 
Union of International Alpine Associations (UIAA).23 Notable 
points are that glass ampoules may have microscopic cracks 
when frozen, and that drugs (e.g., insulin) that contain protein 
or any emulsion should not be used once frozen. They will 
degrade, and the products could cause a pulmonary embolus. 
Morphine is a useful drug not covered in this guidance, although 
it has been used to good effect in our experience after multiple 
freeze-thaw cycles. A BAS study found that most medications 
remained stable, even after multiple freeze-thaw cycles.107a The 
exception was hydrocortisone cream, although the investigator 
also recommended against subjecting eye medications to tem-
perature extremes. Medical devices, such as IV cannulas, worked 
normally after rewarming, as did all forms of tape and dressings. 
Frozen IV luids expanded when frozen, may perforate the bags, 
and thus leak when rewarmed.
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Relection on some of the issues raised previously suggests 
several common areas of linkage and directions for future work.

ISSUES OF METHODOLOGY AND  
MEDICAL EPISTEMOLOGY

The state of knowledge about the human factors involved in 
living in the Antarctic is still rudimentary, although renewed 
interest by NASA and ESA in Antarctica as a space analog has 
led to increased research funding and should lead to better 
information. Studies in polar settings are often handicapped by 
extremely dificult research conditions and may never achieve 
the statistical power and validity expected of counterparts in 
more forgiving climes. Common methodologic problems most 
notably include small sample sizes, unknown effect sizes, mea-
surement of proxy variables, and multiple confounders.

FOURTH WORLD MEDICAL DECISION MAKING

Polar medical lore is replete with stories like that of Leonid 
Rogozov, the physician of the sixth Soviet Antarctic Expedition 
at Novolazarevskaya Station, who performed an appendectomy 
on himself in April 1961 with assistance from the station mechanic 
(Figure 11-22).111 Although the basic principles of emergency 
medicine, epidemiology, occupational health, psychology, and 
other disciplines still apply in polar settings, the spectrum of 
health problems and some important aspects of their manage-
ment are undoubtedly skewed. However, with newer and 
improved technical communication modalities and transporta-
tion, delivery of advanced care in the polar latitudes has improved, 
and many lessons learned in Antarctica are applicable to space 
exploration and settlement.

Fourth World medicine requires distillation of medical practice 
into a compact yet comprehensive package that is suficiently 

FIGURE 11-21 Kite skier’s toe. 

FIGURE 11-22 Leonid Rogozov. 
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Heat illnesses exist along a continuum, transitioning from heat 
exhaustion to heat injury and the life-threatening condition of 
heatstroke. Environmental heat exposure is one of the most 
deadly natural hazards in the United States, with about 200 heat-
stroke deaths per year. The majority of heatstroke deaths are 
observed in the very young and elderly populations during 
annual heat waves, whereas it, young athletes typically succumb 
to heatstroke during strenuous exertion in hot or temperate 
environments. Multiorgan system failure is the ultimate cause of 
heatstroke death as a result of complex interplay among the 
physiologic and environmental factors that compromise an indi-
vidual’s ability to respond adequately to heat stress. The patho-
physiology of heatstroke is thought to be caused by a systemic 
inlammatory response to endotoxin leakage across ischemic, 
damaged gut membranes, although our understanding of the 
mechanisms causing morbidity and mortality remains limited.

This chapter provides an overview of the pathophysiologic 
responses observed in patients and experimental animal models 
at the time of heatstroke collapse and during long-term recovery. 
A brief discussion is provided on current clinical heatstroke treat-
ments as well as promising avenues of research that may aid in 
the development of more effective interventions and treatments 
to prevent this debilitating illness.

HEAT STRESS AND 
THERMOREGULATION
FOUR AVENUES OF HEAT EXCHANGE

Mammals and other homeotherms are capable of maintaining 
body temperature within a fairly narrow range, approximately 
35° to 41° C (95° to 105.8° F), despite large luctuations in envi-
ronmental temperature. Environmental variables that have the 
largest impact on heat exchange are temperature; humidity;  
radiation from the air, water, or land; and air or water motion.98 
To maintain stable body temperature, organisms rely on four 
avenues of heat exchange: conduction, convection, radiation, 
and evaporation.

Dry heat exchange is achieved by conduction, convection, 
and radiation. Effectiveness of these mechanisms depends on 
differences between the skin and environmental temperature. 
Dry heat loss occurs when skin temperature exceeds that of the 
environment, and dry heat gain occurs when environmental 
temperature exceeds that of the body. Conduction occurs when 
the body surface is in direct contact with a solid object and 
depends on thermal conductivity of the object and the amount 
of surface area in contact with the object. Conduction is typically 
an ineffective mechanism of heat exchange because of behavioral 
adjustments that minimize contact with an object. For example, 
wearing shoes is an effective behavioral adjustment that mini-
mizes conduction of heat from a hot or cold surface (e.g., desert 
sand to the foot). Within the body, conductive heat transfer 

occurs between tissues in direct contact with one another but is 
limited by poor conductivity of the tissues. For example, subcu-
taneous fat has approximately 60% lower conductivity than the 
dermis and impedes conductive heat loss.329 Convection is a 
mechanism of dry heat transfer that occurs as air or water moves 
over the skin surface. The windchill index is an example of the 
convective cooling effect of wind velocity. The rate of convective 
heat transfer depends on the temperature gradient between the 
body and environment, thermal currents, bodily movements, and 
body surface area exposed to the environment, which can vary 
dramatically with different clothing ensembles. Within the body, 
convective heat transfer occurs between blood vessels and tissues 
and is most eficient at the capillary beds, which are thin-walled 
and provide a large surface area for heat exchange. Radiative 
heat transfer is electromagnetic energy exchanged between the 
body and surrounding objects and occurs independently of air 
velocity or temperature. Radiation is effective even when air 
temperature is below that of the body. All objects within our 
environment absorb and emit thermal radiation, but clothing can 
reduce radiant heat impinging on the skin from various environ-
mental sources.

Evaporation represents a major avenue of heat loss when 
environmental temperature is equal to or above skin temperature 
or when body temperature is increased by vigorous physical 
activity. In humans, evaporative cooling is achieved as sweat is 
vaporized and removes heat from the skin surface, with approxi-
mately 580 kilocalories (kcal) of heat lost for each liter (L) of 
evaporated sweat.104 The most important environmental variables 
affecting evaporative cooling are ambient humidity and wind 
velocity. Sweat is converted to water vapor and readily evapo-
rates from the skin in dry air with wind, whereas the conversion 
of sweat to water vapor is limited in still or moist air. If sweat 
accumulates and fails to evaporate, sweat secretion is inhibited 
and the cooling beneit is negated. Small mammals, such as 
rodents, do not possess sweat glands but achieve evaporative 
cooling by grooming nonfurred and highly vascularized skin 
surfaces, such as the ears, paw pads, and tail, with saliva that 
evaporates in a manner similar to that of sweat in humans.114,295

BODY TEMPERATURE CONTROL

Regulation of a relatively constant internal temperature is critical 
for normal physiologic functioning of tissues and cells. For 
example, membrane luidity, electrical conductance, and enzyme 
functions are most eficient within a narrow temperature range. 
By convention, thermal physiologists describe body temperature 
control with a two-compartment model that consists of an inter-
nal core (viscera and brain) and an outer shell (subcutaneous fat 
and skin) (Figure 12-1).81

The skin is the inal barrier between the body and the envi-
ronment and functions as a conductive pathway for heat transfer, 
while also serving as the primary site to sense changes in envi-
ronmental temperature. Skin temperature may luctuate because 
of changes in environmental temperature, relative humidity, wind 
velocity, and radiation. Heat transfer mechanisms are evoked in 
response to changes in body heat storage (S), which depends 
on metabolic rate, work, and the four avenues of heat exchange, 
as follows:

S M W E C K R= − − − − −( ) ( ) ( ) ( ) ( )

*The opinions or assertions in this chapter are the primary views of the 
authors and are not to be construed as oficial or relecting the views of 
the U.S. Army or Department of Defense. Any citations or trade names 
do not constitute an oficial endorsement of approval of the products or 
services or these organizations.
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risk for thermal injury. This is illustrated by older adults who 
refuse to use air-conditioning systems or leave their residences 
during heat waves, and highly motivated athletes and military 
personnel who voluntarily dehydrate and sustain a high rate of 
work in hot weather.

Regulation of body temperature is best conceptualized as a 
negative feedback system consisting of sensors, integrators, and 
effectors. In vertebrates, neurons in the skin, spinal cord, and 
abdomen sense thermal stimuli and convert those signals to 
action potentials that are transmitted by afferent sensory neurons 
to the preoptic area of the anterior hypothalamus (POAH). The 
POAH is considered the main central nervous system (CNS) site 
for thermoregulatory control because it receives and integrates 
synaptic afferent inputs and evokes corrective autonomic and 
behavioral thermoeffector responses for body temperature  
regulation.38 This negative feedback loop is diagrammed in 
Figure 12-2.

The concept of a temperature set point was developed as a 
theoretical framework to examine regulated and unregulated 
changes in body temperature.28 The temperature set point is 
analogous to a thermostat that controls a mechanical heating 
device; under homeostatic conditions, body temperature is 
approximately equal and oscillates around the temperature set 
point. Environmental perturbations, such as heat and exercise, 
cause body temperature to deviate from the set-point tempera-
ture as heat gain and/or production exceeds heat loss and the 
organism becomes hyperthermic (S >0). During prolonged cold 
exposure, heat loss exceeds heat gain and/or production and the 
organism becomes hypothermic (S <0) (Figure 12-3).

where M is metabolic rate, W is work, and E, C, K, and R are 
evaporative, convective, conductive, and radiant heat transfer, 
respectively.141 The impact of the four avenues of heat exchange 
on total body storage depends on a variety of organismal (e.g., 
age, gender, adiposity), environmental (e.g., humidity, wind 
velocity), and occupational (e.g., protective clothing, work inten-
sity) variables. Under conditions in which heat production and/
or heat gain exceeds heat loss, such as during exercise or heat 
exposure, positive heat storage occurs (S >0) and body tempera-
ture increases. When heat loss exceeds heat production and/or 
heat gain, such as during prolonged cold exposure, negative heat 
storage occurs (S <0) and body temperature decreases.98

Endothermic animals use both autonomic and behavioral  
thermoeffector mechanisms to regulate body temperature.  
Autonomic thermoeffector responses are often referred to as 
“involuntary” and include sweating, vasodilation, vasoconstric-
tion, piloerection (furred mammals), shivering, and nonshivering 
thermogenesis (brown fat heat production). Behavioral thermo-
effector mechanisms are considered “voluntary” and include 
clothing changes, use of heat or air-conditioning systems, hud-
dling or use of blankets, fan cooling, and seeking of shade or 
shelter. Rather than working independently of one another, auto-
nomic and behavioral thermoeffector mechanisms typically func-
tion in concert to maintain temperature control. For example, 
evaporative cooling in rodents requires autonomic stimulation of  
salivation and behavioral spreading of saliva onto nonfurred 
surfaces.114,295 Many large species in the wild use natural water 
sources to facilitate cooling. Elephants spray water onto their skin 
surface, and hippopotami and other species are often observed 
near or in watering holes. Water is a more effective medium to 
facilitate convective heat transfer because of its high heat transfer 
coeficient, approximately 25 times greater than air,308 even if the 
water temperature is tepid. However, voluntary suppression of 
behavioral mechanisms of cooling in humans can increase the 

FIGURE 12-1 Distribution of temperatures within the human body into 
core and shell during exposure to cold and warm environments. The 
temperatures of the surface and thickness of the shell depend on the 
environmental temperature: the shell is thicker in the cold and thinner 
in the heat. (From Elizondo RS: Human adaptation to hot environ-
ments. In Rhoades RA, Planger RG, editors: Human physiology, ed 3, 
Philadelphia, 1996, Saunders. Reprinted with permission of Brooks/
Cole, a division of Thomson Learning.)
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FIGURE 12-2 Diagrammatic representation of the negative feedback 
pathway regulating core temperature in homeotherms. Climatic heat 
stress and exercise (metabolic work) cause heat gain/heat production 
to exceed heat loss (ΔS >0) and increase body temperature above 
baseline. Increase in total body heat storage is sensed by thermal 
receptors in the skin, spinal cord, and abdomen, which transmit action 
potentials via sensory afferent nerves to the preoptic area of the ante-
rior hypothalamus (POAH). The POAH receives and integrates synaptic 
afferent inputs and evokes corrective behavioral (e.g., fanning, removal 
of clothing) and autonomic (e.g., vasodilation, sweating) thermoeffec-
tor responses to decrease total body heat storage and return body 
temperature to baseline. Solid line indicates stimulatory pathway; 
dashed line indicates inhibitory pathway. 
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Regulated increases and decreases in the temperature set 
point are referred to as fever and regulated hypothermia (also 
called anapyrexia), respectively, and are protective immune 
responses to infection, inlammation, or trauma. Fever is deined 
as a regulated increase in the temperature set point and is actively 
established and defended by heat-producing (e.g., shivering and 
nonshivering thermogenesis) and heat-conserving (e.g., periph-
eral vasoconstriction, huddling to reduce exposed body surface 
area) thermoeffectors (Figure 12-3).141 An individual is considered 
normothermic (S = 0) once fever is established and body tem-
perature oscillates around the new, elevated temperature set 
point. The highly regulated nature of fever was irst suggested 
by Liebermeister in the 1800s when it was observed that individu-
als actively reestablished an increase in body temperature after 
experimental warming or cooling.185,287 Fever is a protective 
immune response used by invertebrates, ish, amphibians, rep-
tiles, and mammals to survive infection or injury.163 The protective 
effects of fever are mediated by increased mobility and activity 
of white blood cells,215,308 increased production of interferon (IFN; 
antiviral and antibacterial agent) antibodies,75 and reduced plasma 
iron concentrations; all these effects inhibit the growth of patho-
gens.98,160 In mammals, inhibition of fever with nonsteroidal anti-
inlammatory drugs (NSAIDs; e.g., aspirin) increases mortality 
from bacterial and viral infections, emphasizing the importance 
of fever as an immune response.134,310

FIGURE 12-3 Theoretical concept of core temperature (Tc) changes 
mediated by a change in the temperature set point (Tset). Hyperthermia 
represents an increase in Tc in the absence of a change in Tset. In 
response to climatic heat stress, exercise, or the combination of these 
factors, heat gain (HG) and/or heat production (HP) exceed heat loss 
(HL) and Tc rises above Tset as the organism becomes hyperthermic. In 
response to removal from the heat, cooling, or cessation of exercise, 
HL exceeds HG/HP and Tc returns to baseline. Fever is deined as a 
regulated increase in body temperature that is actively established and 
defended by behavioral and autonomic thermoeffector responses that 
increase heat conservation (HC) and/or HG, and decrease HL, to 
increase Tc to a new elevated level. The rising phase of fever is associ-
ated with shivering (increases HP) and the donning of blankets 
(increases HC). The individual feels “cold” until a new elevated level of 
Tc is attained. Note that while fever is maintained, Tc oscillates around 
Tset and the individual is considered normothermic with HP = HL. Once 
fever breaks, HL exceeds HC/HP as the individual sweats, removes 
clothing, and so forth, to return Tc to the baseline level. 
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Infection, inflammation
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HP = HL HP = HL
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Many species exploit regulated hypothermia as a means of 
surviving severe environmental insults. Regulated hypothermia is 
elicited in response to a decrease in the temperature set point 
and is actively established and defended by behavioral and auto-
nomic heat loss mechanisms.137 The Q10 effect states that each 
10° C (18° F) change in body temperature is associated with a 
twofold to threefold change in enzymatic reaction rates. Based 
on this relationship, a regulated decrease in body temperature is 
thought to protect against injury and inlammation by reducing 
production of reactive oxygen species that compromise tissue 
function under conditions of low oxygen supply. In bumblebees, 
infected worker bees spend signiicantly more time in cooler 
temperatures outside the nest than healthy worker bees; this 
cold-seeking behavior is associated with increased survival from 
parasitic infection.128 Mice inoculated with inluenza virus also 
show cold-seeking behavior and develop regulated hypothermia, 
which is associated with improved infection outcome.162 Other 
environmental insults that induce regulated hypothermia in small 
rodents include hypoglycemia,43,109 hypoxia,199,255 hemorrhage,129 
dehydration,138 infection,162,181,260 and heatstroke.180

Mechanisms of Heat Dissipation during Thermal Stress

Cardiovascular mechanisms have evolved to shunt warm blood 
from the body core to the skin surface to facilitate an increase 
in heat loss during thermal stress. Arteriovenous anastomoses 
(AVAs) are collateral connections between adjacent blood vessels 
that increase the volume of blood delivered to a particular tissue. 
Mean skin blood low can vary approximately 10-fold in humans, 
depending on the thermal environment. The hands and feet are 
concentrated with AVAs that serve as effective areas for dry heat 
loss. The nonfurred surfaces of small rodents, such as the ears, 
tail, and paw pads, also have an abundance of AVAs and a large 
surface area to facilitate convective heat transfer.101 During exer-
cise heat stress, increased blood low to the skin surface is 
accompanied by sweat secretion. The density, secretion rate, and 
activation threshold of regional sweat glands determine the 
volume of sweat loss at a body site. In humans, the back and 
chest have the highest sweat rates for a given body temperature 
change, whereas only about 25% of total sweat is produced by 
the lower limbs.218 Additional factors affecting sweat rate include 
clothing characteristics, environmental conditions, and rate of 
metabolic heat production. Panting is an effective method of 
evaporative heat dissipation in animals, such as birds, dogs, 
sheep, and rabbits, and occurs at a resonant ventilation frequency 
that requires minimal energy expenditure.116,261 Humans and 
rodents do not pant, but breathing frequency and minute volume 
increase during severe heat exposure to facilitate evaporative 
cooling from the respiratory surfaces. In humans, the contribution 
of respiratory evaporative cooling is small compared with skin 
evaporative cooling (Figure 12-4).

DEHYDRATION AND ELECTROLYTE IMBALANCE

Water requirements during heat exposure are primarily deter-
mined by a person’s sweat losses. Water depletion dehydration 
develops when the rate of water replacement is not adequate, 
which can result from a mismatch between luid intake and 
sweat loss, lack of water availability, or use of diuretic medica-
tions. Sweat rates may range from 0.3 to about 3 L/hr during 
athletic or occupational activities, depending on the environmen-
tal conditions and type, duration, and intensity of work.57,150 If 
high sweat rates are maintained without adequate replenishment 
of lost water, this can cause electrolyte imbalances that impede 
the eficiency of autonomic mechanisms of thermoregulatory 
control. For example, hyperosmolarity alters heat responsiveness 
of warm-sensitive neurons in the POAH and limits the effective-
ness of evaporative heat loss.303,304,335 Severe hypernatremic 
dehydration is associated with brain edema, intracranial hemor-
rhage, hemorrhagic infarcts, and permanent brain damage 
(Figure 12-5).214

Severe reductions in electrolytes can have a profound impact 
on heatstroke outcome. Symptomatic hyponatremia (decreased 
serum sodium concentration) is a relatively rare condition but 
has been observed during marathon running and military training 
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FIGURE 12-4 Infrared images of various surface regions; the brighter 
the color, the warmer the surface temperature. A, Female runner after 
45 minutes of exercise in a 23° C (73.4° F) environment. Note that the 
palms of the hands and the face are substantially warmer than the rest 
of the body surface. B, Two polar bears. Note that only the snout, 
eyes, ears, and footpads are noticeably different from the surround-
ings. C, Sled dog relaxing shortly after completing the 17.7-km (11-
mile) ceremonial starting leg of the 2005 Iditarod Trail Sled Dog Race. 
The course of the Iditarod is greater than 1850.7 km (1150 miles) from 
Anchorage to Nome, Alaska. Ambient conditions were 0° C (32° F), 
with a lightly overcast sky and no wind. The infrared shot shows that 
the dog’s entire snout is white, meaning it is the hottest part of the 
body surface. The armpits and ears also are warmer. This may explain 
why dogs roll around in the snow, face irst, on a warm day. (A and B 
from Grahn D, Heller HC: The physiology of mammalian temperature 
homeostasis, Trauma Care 14:52, 2004, with permission; C courtesy D. 
Grahn; photo by Matthew Grahn.)

A

B

C

due to overconsumption of hypotonic luids without adequate 
replacement of sodium losses.214,227 Hyponatremia is associated 
with intracellular swelling that can lead to CNS dysfunction. 
Hypokalemia (decreased serum potassium concentration) may 
be caused by overproduction of aldosterone, excessive sweating, 
or respiratory alkalosis. Any cause of overproduction of urine 
(polyuria) potentially causes urinary potassium loss. Potassium is 
a potent vasodilator of blood vessels to the skeletal and cardiac 
muscles. Excessive loss of this electrolyte can have detrimental 
effects, such as decreased sweat volume, cardiovascular instabil-
ity, and reductions in muscle blood low that predispose to 
skeletal muscle injury (i.e., rhabdomyolysis).164,278

HEAT ILLNESSES
Heat illnesses are best viewed as existing along a continuum 
transitioning from the mild condition of heat exhaustion to heat 
injury and the life-threatening condition of heatstroke (Table 
12-1). Heat cramps are often mistaken as a form of heat illness 
because they occur during or in response to physical activity in 
warm environments. However, the muscle soreness associated 
with heat cramps is transient and rapidly resolves with no per-
manent disability, so this condition is not regarded as a true heat 
illness. Cramps may be recurrent but are typically conined to 
the skeletal muscles that are involved in vigorous exercise in the 
heat. Skeletal muscle spasms in the extremities may be sporadic 
but are painful and develop most frequently in persons who are 
not acclimatized to physical exertion. However, heat cramps may 
also occur in it athletes who are salt depleted. Although their 
cause is not fully understood, heat cramps are thought to occur 
in response to increased intracellular calcium release that stimu-
lates actin-myosin ilaments and muscle contraction. Current 
treatments include rest and replacement of electrolytes with luids 
or salted food. Salt tablets should be avoided because they can 
cause gastrointestinal irritation and may stimulate excess potas-
sium loss in the distal tubules of the kidneys.

Heat exhaustion is characterized by elevation in body tem-
perature and the potential for collapse because of an inability to 
maintain adequate cardiac output.333 The signs and symptoms of 
heat exhaustion include fatigue, dizziness, headache, nausea, 
vomiting, malaise, hypotension, and tachycardia with possible 
collapse. Heat exhaustion can occur with or without exercise in 
hot environments and may progress to a moderately severe con-
dition without associated organ damage. Heat exhaustion is often 
observed in older adults as a result of medications (e.g., diuret-
ics), inadequate water intake that leads to dehydration, or pre-
existing cardiovascular insuficiency that predisposes to collapse. 
Treatment should consist of placing the individual in a recumbent 
position in a cool environment to normalize blood pressure. Oral 
luid ingestion with electrolytes is often adequate for recovery, 
whereas intravenous (IV) luid administration may be warranted 
in severely dehydrated individuals.

Heat injury is a more recent classiication of heat illness char-
acterized by an elevation in body temperature in the presence 
of organ (e.g., kidney, liver) or tissue (e.g., gut, skeletal muscle) 
dysfunction that resolves with proper treatment.333 Heat injury 
may be dificult to distinguish from heat exhaustion during the 
early time course of heat exposure and can progress to heatstroke 
if not properly diagnosed and treated. A lack of mental status 
changes distinguishes heat injury from heatstroke. Rapid cooling 
is the most effective treatment because the reduction in body 
temperature mitigates organ injury, although it does not prevent 
dysfunction in all victims.

Heatstroke is clinically recognized by a triad of symptoms that 
include (1) a severe elevation in body temperature (typically, but 
not always, >40° C [104° F]); (2) CNS dysfunction that may include 
combativeness, delirium, seizures, and coma; and (3) a history 
of exposure to hot and humid weather or vigorous physical exer-
tion.333 The onset of heatstroke may be gradual (over hours or 
sometimes days) with nonspeciic symptoms that are similar to 
heat exhaustion (e.g., weakness, dizziness, nausea, headache) 
but may also occur rapidly with no warning signs. CNS dysfunc-
tion is the hallmark clinical sign of heatstroke that requires 
immediate medical intervention to prevent permanent neurologic 
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TABLE 12-1 Heat Illness Symptoms and Management

Condition Symptoms Management

Heat cramps Brief, painful skeletal muscle spasms Rest; replacement of electrolytes; avoid salt tablets.
Heat rash (miliaria rubra) Blocked eccrine sweat glands Cool, dry affected skin area; topical corticosteroids, aspirin
Heat exhaustion Mild to moderate illness with inability to sustain 

cardiac output; moderate (>38.5° C [101.3° F]) 
to high (>40° C [104° F]) body temperature; 
often accompanied by dehydration

Move supine individual to cool, shaded environment, and 
elevate legs; loosen or remove clothing, and actively 
cool skin; administer oral luids.

Heatstroke Profound CNS abnormalities (agitation, delirium, 
stupor, coma) with severe hyperthermia (>40° C 
[104° F])

Ensure an open airway, and move to a cool environment. 
Immediately cool to <39° C (102.2° F) using ice packs, 
water bath, wetting with water and continuous fanning; 
IV luid administration; reestablish normal CNS function; 
avoid antipyretics or drugs with liver toxicity.

Data from Bouchama A, Knochel JP: Heat stroke. N Engl J Med 346:1978, 2002; and Winkenwerder W, Sawka MN: Disorders due to heat and cold. In Goldman L, 
Ausiello DA, Arend W, et al, editors: Cecil textbook of medicine, ed 23, Philadelphia, 2007, Saunders, pp 763-767.
CNS, Central nervous system; IV, intravenous.

FIGURE 12-5 Effect of reduced plasma volume or increased osmolality on the sweat rates of six individuals. 
(Modiied from Sawka MN, Young AJ, Francesconi RP, et al: Thermoregulatory and blood responses during 
exercise at graded hypohydration levels, J Appl Physiol 59:1394, 1985.)
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damage. However, CNS dysfunction is not the sole determinant 
of heatstroke severity; injury to the gut, kidney, lung, spleen, 
liver, and skeletal muscle (speciic to exertion) often occurs 
within days or weeks of clinical presentation.

Heatstroke may be classiied as “classic” or “exertional” 
depending on the etiology of the condition. Classic heatstroke is 
observed in very young or elderly persons who are often immu-
nocompromised before heat exposure and experience high mor-
tality during annual summer heat waves. Classic heatstroke 
occurs at rest during exposure to high environmental tempera-
ture, with patients often presenting with hot, dry skin caused by 
failure of the normal sweating response (e.g., anhydrosis). Up to 
60% of patients with classic heatstroke are hospitalized or found 
dead within 1 day of the reported onset of illness, underlying 
the life-threatening nature of this condition.145 Several intrinsic 
factors may predispose infants to heatstroke death, including 

increased surface area–to–body mass ratio (accelerates heat 
gain), limited effective mechanisms of thermoregulation (e.g., 
suppressed behavioral adjustments), increased risk for dehydra-
tion (e.g., lack of water availability), and preexisting respiratory 
infections. On the other hand, older individuals have preexisting 
conditions, such as mental illness, prescription drug use (e.g., 
diuretics, anticholinergics), or infections, that predispose to 
passive heatstroke10,69,315 (Box 12-1).

Exertional heatstroke (EHS) occurs primarily in young, physi-
cally it individuals who collapse during exercise from heat 
stress.333 Physical effort unmatched to physical itness is a signii-
cant risk factor for EHS.256 Anhydrosis is an uncommon inding 
in these patients; rather, continuation of sweating after cessation 
of exercise facilitates spontaneously cooling of EHS patients after 
collapse. Behavioral inluences may increase the risk for EHS; 
highly motivated individuals may ignore the physiologic signs of 
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HEATSTROKE EPIDEMIOLOGY AND 
RISK FACTORS
The ability to perform strenuous work in a hot environment is 
inversely related to the heat stress level, which can be assessed 
using the wet bulb globe temperature (WBGT) index. The WBGT 
for indoor or outdoor environments is determined as follows:

Indoor WBGT T Tw amb= +0 7 0 3. .

Outdoor WBGT T T Tw bg amb= + +0 7 0 2 0 1. . .

where Tw is the natural wet bulb temperature, Tbg is the black 
globe temperature, and Tamb is the dry bulb temperature. Tbg 
determines the radiant heat load with a specialized thermometer 
that is surrounded by a 15-cm (6-inch)–diameter blackened 
sphere. The WBGT is the most widely used index to determine 
safe limits of physical activity and establish strategies that will 
minimize the incidence of heat illness during military, athletic, 
or occupational tasks. The WBGT index does not take into con-
sideration different clothing ensembles or exercise intensities, so 
the most practical and safe application of this measurement 
requires adjustment for these factors.

Heat waves are deined as three or more consecutive days 
during which the environmental temperature exceeds 32.2° C 
(90° F).50 In summer 2003, Europe experienced 22,000 to 45,000 
heat-related deaths during a 2-week period in which the average 
temperature was 3.5° C (6.3° F) above normal.59,274 The European 
continent has experienced an increase in minimum daily tem-
peratures over the last 30 years, and this trend will likely increase 
if average global temperatures continue to rise. A 1.4° to 5.8° C 
(2.5° to 10.4° F) increase in minimum daily temperatures in 
Europe is predicted over the next century.59 Most prediction 
models suggest more severe and longer-duration heat waves, 
suggesting that the incidence of heatstroke will increase in future 
decades. Predictions based on climate variability data from the 
1995 Chicago and 2003 Europe heat waves suggest that by 2090, 
heat waves in these cities will be 25% to 31% more frequent and 
last 3 to 4 days longer.204 Another prediction model suggests a 
253% increase in annual heatstroke deaths in the United Kingdom 
by 2050.74

The impact of climate change is not equally distributed across 
the globe because of regional variability in thermal tolerance that 
inluences the incidence of heatstroke mortality. A study of 
11 U.S. cities showed that threshold temperatures for heatstroke 
mortality are higher in warmer southern cities than in cooler 
northern cities.63 A comparison of temperature-mortality relation-
ships in southern Finland, southeastern New England, and North 
Carolina indicated that lower temperature thresholds in cooler 
climates are coupled with steeper temperature-mortality relation-
ships.73 Similarly, the upper safety limit of environmental tem-
peratures in The Netherlands, London, and Taiwan are 16.5°, 19°, 
and 29° C (61.7°, 66.2°, 84.2° F), respectively.193 A case study of 
15 Marine Corps recruits who collapsed from heatstroke during 
training exercises in South Carolina showed that 73% previously 
resided in northern states and that 60% of cases occurred during 
the second week of training during the hottest summer months.229 
From 1980 to 2002, the highest EHS incidence in military recruits 
was in unacclimatized individuals from northern, cold-climate 
states who were enlisted for less than 12 months.49 During July, 
many regions of the world have a WBGT index that is greater 
than 29° C (84.2° F), and military training often occurs in environ-
ments with a WBGT index that is greater than 35° C (95° F). 
During peacetime exercises, approximately 25% of fatal military 
EHS cases occur during the hottest summer months in recruits 
who have been in training camp less than 2 weeks.197 Individuals 
from northern states are expected to be less acclimatized to hot, 
humid summer conditions than those from southern states. Heat 
acclimatization improves thermotolerance but requires several 
days to weeks of exposure to similar heat stress and exercise 
conditions to be fully effective. This likely accounts for hot days 
early in the summer showing a greater impact on heatstroke 
morbidity and mortality than those cases occurring later in the 
training process, after the protective effects of heat acclimatiza-
tion have been realized.115

fatigue that would normally cause them to stop exercising.2 EHS 
may occur in temperate conditions because of high physical 
demand or clothing that inhibits cooling (e.g., ireighter uni-
forms). Mortality from EHS is relatively low (~3% to 5%) com-
pared with classic heatstroke (~10% to 65%), which is likely a 
consequence of preexisting medical conditions and chronic use 
of medications in the classic form that increase thermoregulatory 
and cardiovascular strain.49,281,284,286

COMPENSABLE VERSUS UNCOMPENSABLE  
HEAT STRESS

Heat stress refers to conditions that increase body temperature, 
whereas heat strain refers to the physiologic consequences of 
heat exposure. Heat stress is typically described as compensable 
heat stress (CHS) or uncompensable heat stress (UCHS), with 
both these conditions affected by biophysical (environment, 
clothing) as well as biologic (hydration status, acclimatization) 
factors. CHS occurs when the rate of heat loss maintains balance 
with heat production, and steady-state body temperature can be 
sustained during physical activity or heat exposure. A physically 
it individual wearing light clothing while exercising in moderate 
heat and low humidity would typically experience CHS. Under 
these conditions, elevated body temperature (<40° C [104° F]) can 
be sustained for a relatively long period until dehydration or 
energy depletion occurs.

Uncompensable heat stress is a consequence of an individu-
al’s evaporative cooling requirements being ineffective because 
of environmental or other conditions that impede cooling. For 
example, an individual wearing heavy protective clothing while 
exercising in a hot, humid environment would be expected to 
experience UCHS. Under UCHS conditions, body temperature 
will increase to the point of exhaustion. Even for individuals at 
low risk for UCHS, the physiologic demands for increased heat 
dissipation during prolonged exercise and heat stress cannot be 
endured indeinitely and often lead to circulatory insuficiency 
and collapse at relatively mild temperatures.

BOX 12-1 Predisposing Risk Factors for Serious 
Heat Illness

Environmental Factors
High ambient temperature
High humidity
Lack of air movement
Trees and shrubbery
Access to air-conditioning
Lack of shelter
Heat wave (≥3 days of temperatures >32.2° C [90° F])

Individual Factors
Age (small children, older adults)
Obesity
Poor physical itness level
Lack of acclimatization
Dehydration

Drug Use
Diuretics
Anticholinergics (e.g., atropine)
β-Adrenergic blockers (e.g., propranolol)
Antihistamines
Amphetamines (e.g., Ecstasy)
Ergogenic aids (e.g., ephedra)
Antidepressants
Alcohol consumption

Compromised Health Status
Viral infection (e.g., pneumonia, mononucleosis)
Inlammation (e.g., fever)
Skin disorders (e.g., miliaria rubra, burns)
Cardiovascular disease
Diabetes mellitus
Malignant hyperthermia
Sickle cell trait
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blood mononuclear cells (PBMCs) from these recruits expressed 
higher levels of IFN-inducible genes than did those from con-
trols who participated in the training event but did not col-
lapse.290 High plasma levels of IFN-α and IFN-γ mediate lulike 
symptoms during viral infection and are often associated with 
EHI/EHS.29,290 In rats, exposure to lipopolysaccharide (LPS), a 
cell wall component of gram-negative bacteria, exacerbated 
inlammation, coagulation, and multiorgan system dysfunction 
from heat exposure.187

Several mechanisms may account for increased heatstroke risk 
in individuals who recently experienced a mild illness. Respira-
tory or gastrointestinal illness may cause mild dehydration, which 
is known to compromise relexive thermoregulatory control 
mechanisms. However, euhydrated individuals also experience 
exacerbated hyperthermia, indicating that other factors are affect-
ing body temperature control.48 Fever is a common response to 
infection that may contribute to the rise in body temperature 
during heat exposure. Rapid development of hyperthermia 
leading to heatstroke in otherwise low- to medium-risk individu-
als is caused by activation of neuronal pathways of fever in the 
liver after pathogen exposure.27 The liver reticuloendothelial 
system (RES) is composed of monocytes, macrophages, and 
Kupffer cells that detect pathogens and stimulate the complement 
cascade for rapid, local production of prostaglandin E2 (PGE2, a 
main fever inducer27). Binding of locally produced PGE2 to recep-
tors on afferent (vagal) neurons projecting to the POAH evokes 
behavioral and autonomic mechanisms of heat production/heat 
conservation and inhibits mechanisms of heat loss for rapid 
generation of fever.27 Neuronal thermogenesis is an effective 
mechanism for rapid fever development during infection and 
could rapidly increase body temperature during heat exposure 
with mild illness. Regardless of the mechanism(s) for increased 
vulnerability, use of NSAIDs is contraindicated for alleviation of 
fever because of toxic organ effects. This suggests that monitor-
ing of sickness symptoms and medication use before a predicted 
heat wave or an athletic or other physical event may be an effec-
tive method to identify individuals at high risk for both classic 
heatstroke and EHS.

The annual Muslim pilgrimage to Mecca (the Hajj) is associ-
ated with high heatstroke incidence each year and provides many 
lessons regarding etiologic factors that increase susceptibility. The 
Hajj takes place in the hot desert environment of Saudi Arabia 
during the extreme-weather months of May to September, with 
temperatures ranging from 38° to 50° C (100.4° to 122° F).156 Hot 
weather combined with physical exertion (irst day consists of  
a 3.5-km [2.2-mile] jog), heavy clothing that is traditional to  
the region (limits heat dissipation), and an older population  
(~50 years is an advanced age for this region) predispose many 
individuals to heatstroke. Clothing has a signiicant impact on 
Muslim women because they are required to wear darker cloth-
ing that covers a larger body surface area than clothing worn by 
men.122 Medical conditions such as diabetes, cardiovascular 
abnormalities, and parasitic disease are common.122 Heatstroke is 
a major concern, but heat exhaustion with water or salt depletion 
is also prevalent. Overcrowding and congestion impose large 
demands on sanitation services, as exempliied in the 1980s, 
when approximately 2 million people participated in the Hajj. 
Advances in modern technologies, such as more rapid transport, 
will likely introduce additional factors (e.g., lack of acclimatiza-
tion, increased greenhouse gas production, increased congestion) 
to this already complex situation.

Protective clothing is a signiicant predisposing factor to EHS 
during athletic (heavy uniforms), military (chemical protective 
clothing), or occupational activities (e.g., pesticide application, 
ireighting, race car driving). Protective clothing often consists 
of multiple layers that insulate anatomic sites from heat exchange, 
including the skin and head.254 Protective clothing in combination 
with strenuous work can cause rapid elevation in body tempera-
ture. Fifty-one cases of EHI were observed in military trainees in 
San Antonio, Texas, during participation in a 9.3-km (5.8-mile) 
march in full battle dress uniform and boots.286 Lack of acclima-
tization to athletic uniforms and high environmental temperatures 
result in the majority of EHS cases in athletes occurring on the 
second or third day of exposure to hot weather before these 

Humanity’s impact on the landscape in conjunction with 
increased production of greenhouse gases may be creating the 
largest climate change. Urban heat islands are created in cities 
when vegetation is removed and blacktop roads and concrete 
buildings are erected. Temperatures may be 30° to 40° C (54° to 
72° F) higher on asphalt roads and rooftops compared with those 
of the surrounding air.95 Since 1978, urban sprawl has accounted 
for an increase in city temperatures in southeastern Asia of 
approximately 0.05° C (0.09° F) per decade.147 Across the entire 
land mass of the United States, the surface temperature has 
increased approximately 0.27° C (0.49° F) per century because of 
changes in the land cover arising from agricultural and urban 
development.147 Concrete and asphalt surfaces cool slowly at 
night when air temperature decreases, and this increase in urban 
heat storage magniies the intensity of heat exposure experienced 
by individuals living in concrete urban structures.57,171

Several social factors predispose older adults to heatstroke 
mortality, including living alone, inability or unwillingness to 
leave one’s home, residing on the top loor of buildings (heat 
rises), and annual income of less than $10,000.32,219 Most heat 
wave early-warning systems emphasize use of air-conditioning, 
but availability and use of the units are limited by socioeconomic 
status because they are expensive to operate. A working air 
conditioner was the strongest protective factor against mortality 
during the 1999 heat wave in Chicago; fan cooling did not afford 
protection.219 High mortality rates were recorded in Chicago 
despite extensive programs to educate high-risk populations, 
such as advising older adults to seek cool shelters or use air-
conditioning. Approximately 10,000 elderly persons died during 
the France heat wave of 2003 primarily because of lack of air-
conditioning units in residences and hospitals.75,315 In 2005, Hur-
ricane Katrina ravaged the U.S. Gulf Coast, and electrical failures 
caused high heatstroke mortality of older adults conined to resi-
dences, retirement homes, and hospitals because local tempera-
tures exceeded 43° C (109.4° F). Increases in the average human 
life span, global climate change, and use of medications that 
compromise cardiovascular adjustments to heat stress will neces-
sitate increased reliance on artiicial cooling systems and educa-
tion programs to prevent heatstroke deaths in vulnerable 
populations such as older adults.

The death toll of older adults from excessive heat may be 
small compared with that caused by aggravation of a preexisting 
illness. Heat strain imposes large cardiovascular demands on the 
body. Blood low is shunted from the viscera to the skin to dis-
sipate excess heat to the environment, making cardiovascular 
itness a more important factor than age in determining an indi-
vidual’s susceptibility to heatstroke. Austin and Berry14 examined 
100 cases of heatstroke during three summer heat waves in St. 
Louis and reported cardiovascular illness in 84% of patients. 
Levine183 found that heatstroke deaths are associated with arte-
riosclerotic heart disease (72%) and hypertension (12%). Cardio-
vascular deiciency impedes heat loss and compromises the 
ability to maintain cardiac output during prolonged heat expo-
sure, leading to circulatory collapse and death. Older individuals 
may have impaired baroreceptor relex modulation, lower sweat 
rates, longer time to onset of sweating, and diminished sympa-
thetic nerve discharge, all of which increase the risk for heat-
stroke morbidity and mortality.139,151,293 Minson and colleagues212 
demonstrated reliance on a higher percentage of cardiac chro-
notropic reserve in older than in younger men.

Preexisting illness is thought to compromise an individual’s 
ability to respond appropriately to heat stress and can be a com-
plicating factor, regardless of age. During a Chicago heat wave 
in 1995, 57% of heatstroke patients older than 65 had evidence 
of infection on clinical admission.69 In Singapore, a young EHS 
victim had been ill for 3 days before heatstroke collapse.53 It has 
been proposed that acute illness causes transient susceptibility 
to heatstroke in young, it individuals exercising in the heat. For 
example, idiosyncratic episodes of hyperthermia were associated 
with acute cellulitis and gastroenteritis in soldiers exercising in 
the heat.48,154 Four male Marine recruits presented with viral 
illness (mononucleosis, pneumonia) before collapse from exer-
tional heat illness (EHI) during training exercises associated with 
“the Crucible” at Parris Island, South Carolina.290 Peripheral 
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are thought to initiate and mediate heat-induced SIRS, as dis-
cussed in detail here.

BODY TEMPERATURE RESPONSES

The severity of hyperthermia varies widely between heatstroke 
patients at the time of collapse with values ranging from approxi-
mately 41° C (105.8° F) to 47° C (116.6° F).36,51,118,285 During a 
summer heat wave in St. Louis in 1954, the core temperature of 
100 heatstroke patients ranged from 38.5° to 44° C (101.3° to 
111.2° F), with 10% of fatalities occurring below 41.1° C (106° F).14 
In some cases, individuals may tolerate hyperthermia without 
adverse side effects. During a competitive marathon race in Cali-
fornia, a 26-year-old man maintained a rectal temperature of 
41.9° C (107.4° F) for approximately 45 minutes without clinical 
signs of heat illness.202 However, there are several reports of 
athletic, military, and occupational workers with core tempera-
tures below 41.9° C who were hospitalized, experienced perma-
nent CNS impairment, or died from EHS (Table 12-2).

Hypothermia and fever are often observed in patients  
and experimental animal models during heatstroke recovery. 
Hypothermia is not a universal heatstroke recovery response  
in humans, but it has been anecdotally observed following 
aggressive cooling treatment. Hypothermia manifests as a rapid 

individuals are acclimatized to uniforms and environmental 
temperatures.108,263

SKIN DISORDERS

Miliaria rubra (also known as “prickly heat” or “heat rash”) 
occurs when the sweat gland ducts become blocked with dead 
skin cells or bacteria. Obstruction of the sweat glands causes 
eccrine secretions to accumulate in the ducts or leak into the 
deeper layers of the epidermis, causing a local inlammatory 
reaction consisting of redness and blister-like lesions. Miliaria 
rubra can increase body heat storage, reduce exercise perfor-
mance in the heat (with as little as 20% of the body surface 
affected), and persist for up to 3 weeks after the rash appears to 
have resolved.241,242 If heat illness is expected, the affected area 
of the skin should be cooled and dried to control infection. 
Topical corticosteroids or aspirin may be effective in reducing 
swelling and irritation.

Sunburn is a common reaction to ultraviolet (UV) radiation 
that causes epidermal and dermal injury and limits eficiency of 
the sweating response.105 Sweating sensitivity as well as sweat 
rates on the forearm and back were signiicantly reduced 24 
hours after artiicial sunburn compared to responses observed in 
body regions that were protected from UV exposure.240 Severe 
sunburn to major portions of the body can cause systemic toxicity 
that manifests as chills, fever, nausea, and delirium.132 Sunburn 
effects on sweating are locally mediated at the sweat glands and 
dermal vasculature and can persist after the skin appears to be 
completely healed.240 If the sunburn covers more than 5% of the 
body, heat exposure should be avoided until the skin has healed. 
Sunburn is a preventable disorder with the use of sun-blocking 
lotions, protective clothing, and shelter from sun exposure.

In the past decade, burn-related injuries requiring extensive 
skin grafts affected about 180,000 individuals in the United 
States.7 Split-thickness skin grafts require transplantation of the 
entire epidermis as well as a portion of the dermis from a non-
injured body site to the burned area. Because most split-thickness 
grafts do not contain functional sweat glands, revascularization 
and neural control of blood low must be reestablished at the 
grafted site to support thermoregulatory control. Higher rectal 
temperature and a diminished tolerance for heat were observed 
in patients with healed burns over 40% of the body.20,269,279,280 
Interestingly, grafted burn patients showed diminished cutaneous 
vasodilation during heat exposure for more than 4 years after 
surgery, whereas the vasoconstrictor responses to cooling 
remained intact.64,65 These indings suggest that grafted skin loses 
vasodilator control of body temperature while the vasoconstrictor 
response remains intact. A comprehensive review of the cutane-
ous vascular and sudomotor responses in human skin grafts is 
available.62

PATHOPHYSIOLOGY OF HEATSTROKE
The pathophysiologic responses to heatstroke range from condi-
tions experienced immediately after collapse to long-term changes 
that persist for several weeks, months, or years after hospital 
treatment and release. Clinical records documenting the immedi-
ate symptoms of heatstroke have provided most information 
regarding the severity of this syndrome. Case reports and epide-
miologic studies from major heat events highlight the long-term 
outcomes, although the mechanisms mediating permanent organ 
dysfunction, which often leads to death, remain poorly under-
stood. It is now believed that the long-term pathophysiologic 
responses to heatstroke are caused by a systemic inlammatory 
response syndrome (SIRS) that ensues after heat-induced damage 
to the gut and other organs.34 Following damage to the epithelial 
membrane of the gut, endotoxin normally conined to the gut 
lumen is able to “leak” into the systemic circulation and elicit 
immune responses that cause tissue injury. The thermoregulatory, 
immune, coagulation, and tissue injury responses that ensue 
during long-term progression of heatstroke closely resemble 
those observed during clinical sepsis and are likely mediated by 
similar cellular mechanisms. Figure 12-6 provides an overview of 
the current understanding of the pathophysiologic responses that 

FIGURE 12-6 Summary of heatstroke pathophysiologic responses that 
culminate in multiorgan system failure. An increase in heat strain stimu-
lates a relexive increase in cutaneous blood low and decrease in 
splanchnic blood low to facilitate heat dissipation to the environment. 
Gut ischemia causes increased epithelial membrane permeability and 
leakage of endotoxin into the systemic and portal circulation. Toll-like 
receptors (e.g., TLR4) detect pattern-associated molecular patterns on 
the cell membrane of endotoxin and stimulate proinlammatory and 
antiinlammatory cytokine production. Heat is toxic to several organs 
and stimulates secretion of heat shock proteins (HSPs) that interact 
with cytokines and other proteins to mediate the systemic inlamma-
tory response syndrome (SIRS) of the host. Peripheral and central 
nervous system actions of cytokines and other mediators of SIRS are 
thought to mediate many of the adverse consequences of the heat-
stroke syndrome that lead to multiorgan system failure and death. DIC, 
Disseminated intravascular coagulation. 
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reminiscent of Liebermeister’s experimental observations of the 
recurrence of fever after experimental cooling of the POAH of 
rats.185 This suggests that fever may provide protection against 
some aspect of the SIRS and development of multiorgan dys-
function. The argument against this hypothesis is that recurrent 
hyperthermia in heatstroke patients has been anecdotally associ-
ated with poor outcome.197,210,285 For example, an amateur long-
distance runner was hospitalized for 10 days after collapsing 
from EHS during a 9.6-km (6-mile) foot race. This patient dis-
played moderate fever (>38° C [100.4° F]) during the irst 4 days 
of hospitalization, but on the 10th day, convulsions induced a 
rapid increase of body temperature to 41° C (105.8° F). Rapid 
cooling and aspirin therapy were ineffective in reducing body 
temperature, and the patient died.210 NSAIDs are potent inhibi-
tors of prostaglandin production within the POAH, which is the 
mechanism by which these drugs normally inhibit fever during 
infection. Lack of an effect of aspirin on recurrent hyperthermia 
suggests this was not a true fever response, but rather a patho-
logic response to increased metabolic heat production induced 
by convulsions. Indomethacin is an NSAID with potent anti-
pyretic actions in mice, but it failed to reduce fever during 
heatstroke recovery.24 Unfortunately, prostaglandin production 
within the POAH has never been examined in animal heatstroke 
models, so it remains unknown if activation of these signaling 
pathways is associated with development of recurrent hyperther-
mia during heatstroke recovery. Physicians may attempt to treat 
recurrent hyperthermia episodes with NSAIDs, but these drugs 
are toxic to the liver and have been associated with the need 
for liver transplantation.102,123,124,271,318

IMMUNE RESPONSES

During heat stress, blood low to the skin is increased to facilitate 
heat loss to the environment and reduce the rate of total body 
heat storage. Increased skin blood low is accompanied by a fall 
in splanchnic (i.e., visceral organ) blood low as a compensatory 
mechanism to sustain blood pressure. Endotoxin is normally 
conined to the gut lumen by tight junctions of the epithelial 
membrane, but these junctions can become “leaky” following 
prolonged reductions in blood low that cause ischemic stress.117,170 
Several lines of evidence support the hypothesis that endotoxin 
leakage from the gut lumen into the systemic circulation is the 

undershoot of body temperature below 37° C (98.6° F) and is 
thought to represent a loss of thermoregulatory control after 
heat-induced damage to the POAH. However, evidence in 
support of this hypothesis is lacking. That is, histology and 
magnetic resonance imaging (MRI) studies have failed to detect 
damage to the POAH despite extensive damage in other 
organs.5,180,197,235,298,340 In experimental animals, hypothermia is a 
natural heatstroke recovery response associated with behavioral 
and autonomic thermoeffector responses that support a decrease 
in core temperature. Mud puppies are ectothermic species that 
rely on behavioral adjustments, such as the selection of differ-
ent microclimates, to control body temperature. Mud puppies 
heat-shocked to about 34° C (93.2° F) behaviorally selected a 
cooler microclimate and maintained a signiicantly lower body 
temperature than did nonheated controls during 3 days of 
recovery.137 This study did not determine the impact of hypo-
thermia on survival, but the association of decreased body tem-
perature with the selection of cool microclimates indicated this 
was a regulated response to a decrease in the temperature set 
point. Small rodents, such as mice, rats, and guinea pigs, 
showed reductions greater than 1.0° C (1.8° F) in body tempera-
ture that were associated with improved survival after passive 
heatstroke. In mice, hypothermia was associated with a 35% 
decrease in metabolic heat production and with the behavioral 
selection of microclimates that precisely regulated the depth 
and duration of this response.180 Exposure of mice to warm 
ambient temperatures that prevented heat-induced hypothermia 
caused increased intestinal damage and mortality.179,331 Hypo-
thermia likely provides protection against heat-induced tissue 
injury in a manner similar to that shown for protection against 
other extreme environmental insults based on the temperature 
coeficient (Q10) effect.

A common heatstroke recovery response observed in patients 
and animal models is recurrent fever during the days and weeks 
of recovery.14,179,197,210 In mice, fever was observed within a day 
after passive heatstroke collapse and was associated with a 20% 
increase in metabolic heat production and increased plasma 
levels of the proinlammatory cytokine interleukin-6.177,179,180 IL-6 
is an important regulator of fever during infection and inlam-
mation and may regulate fever during heatstroke recovery, 
although this hypothesis remains to be experimentally tested.175 
In patients, fever is reestablished after clinical cooling.197 This is 

TABLE 12-2 Clinical Characteristics of Exertional Heat Illness Cases

Activity Body Temperature °C (°F) Age (Years) Duration of Symptoms Outcome

Military Training
Army (aviation) >39.0 (102.2) 18-59 10 min CNS dysfunction*

Army (basic) 40-41.1 (104-106) 18-41 24 hr to 12 d Death
Army (basic) 41.1 (106) 20 5 d Recovery
Army (Singapore) 40-42 (104-107.6)† 18-29 45 min to 99 hr Death
Marine Corps <38.9-40.0 (102-104) 17-30 None Recovery

Marine Corps 39-42.5 (102.2-108.5)†‡ 17-19 >1 d Recovery

Marine Corps 41.1 (106) NR ≤12 hr Hospitalization

NBC 41.3 (106.3) 25 12 d Recovery

Athletic Events
6-mile run 39.2 (102.6)§ 29 10 d Death
Marathon run 40.7 (105.3)‡ Late 30s 5 d Recovery
Marathon run 41.9 (107.4) 26 None Recovery
Hajj rituals <42 (107.6) 32-80 NR Ataxia, infarction, death

≥42 (107.6) NR NR Death

43.9 (111) NR NR Recovery
Migrant farming 42.2 (108) 44 None Death
Fireighter training 42.6 (108.7) 22 9 d Death

CNS, Central nervous system; d, day(s); NR, not reported; NBC, nuclear, biologic, and chemical protective clothing.
*CNS dysfunction includes agitation, confusion, disorientation, delirium, poor memory, convulsions, and/or coma.
†Indicates patient cohorts with documented prodromal illness before heatstroke collapse.
‡Body temperature measured several minutes after collapse or cooling.
§Patient temperature increased to 41° C (105.8° F) on day 10 of hospitalization before death.
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the SIRS. The actions of cytokines depend on the nature of the 
danger signal, the target cells with which they interact, and the 
cytokine “milieu” in which they function. Th1 and Th2 cytokines 
function in a negative feedback pathway to regulate each other’s 
production and maintain a delicate balance of inlammatory reac-
tions. Anergy is thought to be a consequence of inadequate Th2 
cytokine production late in the SIRS. For example, increased 
patient mortality from peritonitis is associated with the inability 
to mount a Th2 cytokine response127 (see Figure 12-6).

Alarmins are endogenous PAMPs released from stressed or 
injured tissues that initiate restoration of homeostasis after an 
infectious or inlammatory insult.23 HMGB1 is a highly conserved 
nuclear protein that functions as an alarmin after release from 
necrotic (but not apoptotic) cells.273 Necrosis is premature death 
of cells in a tissue or organ in response to external factors, such 
as pathogens and toxins. Because necrosis is detrimental to the 
host, it is associated with an inlammatory response. Apoptosis 
refers to genetically programmed cell death that does not elicit 
an inlammatory response because it is beneicial to the host. 

initiating stimulus for heat-induced SIRS. First, systemic injection 
of LPS into experimental animals induces symptoms similar to 
those observed in heatstroke, including hyperthermia, hypother-
mia, fever, hypotension, cytokine production, coagulation, and 
tissue injury.166,265,266 Second, increased portal or systemic endo-
toxin levels are observed in heatstroke patients and animal 
models. In primates, circulating endotoxin was detected at rectal 
temperatures above 41.5° C (106.7° F), with a precipitous increase 
at approximately 43.0° C (109.4° F).99 Splanchnic blood low 
shows an initial decrease at 40° C (104° F); the liver, which is  
an important clearance organ for endotoxin, shows damage at 
body temperatures of approximately 42° to 43° C (107.6° to 
109.4° F).39,40,53,117,223 In a young athlete with a body temperature 
of 40.6° C (105.1° F) on the second day of football practice, high 
circulating levels of endotoxin were associated with hemorrhagic 
necrosis of the liver.108 In heatstroke patients, endotoxin was 
detected at approximately 42.1° C (107.8° F) and remained ele-
vated despite cooling.36 Third, rats rendered endotoxin tolerant 
after systemic injection of LPS are protected from heatstroke 
mortality. The protective effect of endotoxin tolerance is related 
to enhanced stimulation of the liver RES, which is composed of 
monocytes, macrophages, and Kupffer cells that are important 
for endotoxin clearance.77,78 RES stimulation reduced and RES 
blockade increased mortality of heat-stressed rats.78 Fourth, anti-
biotic therapy protects against heatstroke in several species. In 
dogs, antibiotics reduced gut lora levels and improved 18-hour 
survival by more than threefold when provided before heat 
exposure.46 In rabbits with heatstroke, hyperthermia and endo-
toxemia were reduced after administration of oral antibiotics.45 
Anti-LPS hyperimmune serum reversed the heatstroke mortality 
of primates and returned plasma LPS levels to baseline, but it 
was ineffective at the highest body temperature of 43.8° C 
(110.8° F), indicating hyperthermia alone may cause irreversible 
organ damage and death.100

The heat-induced SIRS is initiated by the innate and adaptive 
immune systems, which interact to sense the presence of endo-
toxin and orchestrate an immunologic response. The innate 
immune system comprises monocytes, macrophages, and neu-
trophils that use pattern recognition receptors (PRRs) on their 
cell surfaces to recognize pattern-associated molecular patterns 
(PAMPs) on the cell surface of endotoxin and other invading 
pathogens.144,310 Toll-like receptors (TLRs) are a class of PRRs that 
have been widely studied in the immune response to infec-
tion.209,310 Ten mammalian TLRs have been identiied, and the 
speciic pathogenic ligands that activate these PRRs are known 
(Table 12-3).

Toll-like receptor 4 (TLR4) is the principal receptor for LPS 
that stimulates gene transcription factors, such as nuclear factor 
(NF)–κB, to increase the synthesis of a variety of immune modu-
lators in response to endotoxin. Endotoxin infection (i.e., sepsis) 
is associated with increased expression of TLR4 on circulating 
human PBMCs, as well as on mouse liver and spleen macro-
phages.310,311 In the 1960s, a spontaneous mutation in the TLR4 
gene was discovered in C3H/HeJ mice, which has been an 
important animal model to determine the role of TLR4 in endo-
toxin and heatstroke responsiveness. C3H/HeJ mice experienced 
mortality during the SIRS to bacterial infection, which was caused 
by inability to induce the full complement of immune responses.113 
These mice also experienced more severe classic heatstroke 
responses than did wild-type mice. These included profound and 
sustained hypothermia, rapid induction of circulating IL-1β, IL-6, 
tumor necrosis factor (TNF)–α, high-mobility group box 1 
(HMGB1), more severe liver damage, and increased mortality 
through 3 days of recovery.67 HMGB1 is a classic alarmin that 
binds a wide range of molecules to dictate the resulting immune 
response. On binding LPS, HMGB1 induces a SIRS composed of 
elevated IL-1β and IL-6 secretion.135 Given that TLR4 polymor-
phisms exist in humans, this may be one of several genetic factors 
that predispose to mortality during the SIRS to heatstroke.7,85

Speciicity of immune responses is provided by B and T cells 
of the adaptive immune system. These cells respond to antigens 
by secreting cytokines, which are intercellular immune signals 
that elicit proinlammatory (T helper type 1 [Th1]) and antiinlam-
matory (T helper type 2 [Th2]) actions during the progression of 

TABLE 12-3 Toll-Like Receptors of the Innate 
Immune System

Toll-Like 
Receptor Ligand Cell/Tissue Types

TLR1 Triacyl lipopeptide Monocytes, macrophages, 
DCs, polymorphonuclear 
leukocytes, B and T 
cells, NK cells

TLR2 Lipopolysaccharide
Peptidoglycan
Lipoteichoic acid
Measles virus
Human cytomegalovirus
Hepatitis C virus
Zymosan
Necrotic cells

Monocytes, granulocytes
Brain, heart, lung, spleen

TLR3 Viral double-stranded 
RNA

DCs, T cells, NK cells, 
monocytes, granulocytes

Placenta, pancreas
TLR4 Lipopolysaccharide

Fibrinogen
Heat shock proteins
High-mobility group 

box 1

B cells, DCs, monocytes, 
macrophages, 
granulocytes, T cells

Spleen

TLR5 Flagellated bacteria Monocytes
Ovary, prostate

TLR6 Diacyl lipopeptide B cells, monocytes
Thymus, spleen, lung

TLR7 Single-stranded RNA Monocytes, B cells, DCs
Lung, placenta, spleen, 

lymph node, tonsil
TLR8 Single-stranded RNA Monocytes

Lung, placenta, spleen, 
lymph node, bone 
marrow, PBLs

TLR9 CpG DNA B cells, DCs
Spleen, lymph node, bone 

marrow, PBLs
TLR10 Unknown B cells

Spleen, lymph node, 
thymus, tonsil

Data from Medvedev AE, Sabroe I, Hasday JD, et al: Tolerance to microbial TLR 
ligands: Molecular mechanisms and relevance to disease, J Endotoxin Res 
12:133, 2006; and Tsujimoto H, Ono S, Efron PA, et al: Role of Toll-like 
receptors in the development of sepsis, Shock 29:315, 2008.
CpG, Deoxycytidylate-phosphate-deoxyguanylate; DC, dendritic cell; DNA, 
deoxyribonucleic acid; NK, natural killer; PBL, peripheral blood leukocyte; RNA, 
ribonucleic acid.
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when platelets and coagulation proteins are consumed faster than 
they are produced.13,16 Hemorrhagic complications in heatstroke 
patients include prolonged bleeding from venipuncture sites or 
other areas (e.g., gums), which can have a fatal outcome.156 The 
primary event that initiates coagulation in heatstroke patients is 
thermal injury to the vascular endothelium.30,34,217 In vitro studies 
have shown the ability of heat (43° to 44° C [109.4° to 111.2° F]) 
to directly activate platelet aggregation and cause irreversible 
hyperaggregation despite cooling.97,330 Cancer patients treated 
with whole-body hyperthermia (41.8° C [107.2° F] for 2 hours) 
showed decreased ibrinogen and plasminogen at body tempera-
tures as low as 39° C (102.2° F), alterations in factor VII activity 
at 41.8° C (107.2° F), and decreased platelet concentrations from 
the time of maximum body temperature through 18 hours of 
recovery.296

Several proteins, including HMGB1, IL-1, TNF, and activated 
protein C (APC), affect the coagulation, anticoagulation, and 
ibrinolytic pathways. In rats, HMGB1 in combination with throm-
bin caused excess ibrin deposition in glomeruli, prolonged clot-
ting times, and increased sepsis mortality compared with thrombin 
alone.140 As demonstrated in vitro, the effect of HMGB1 protein 
is caused by inhibition of the APC pathway and stimulation of 
tissue factor expression on monocytes.140 Cytokines stimulate 
microvascular thrombosis by interacting with neutrophils, mac-
rophages, platelets, and endothelium to increase expression of 
intracellular adhesion molecules. Increased expression of cell 
adhesion molecules, neutrophil adhesion, and release of reactive 
oxygen species cause endothelial activation and injury.207 APC is 
an important component of the anticoagulation pathway that 
inactivates factors Va and VIIIa to inhibit ibrin clot formation. 
In septic patients, reduced APC production was associated with 
increased risk of mortality from systemic inlammation and 
DIC.88,184 In addition to its anticoagulation properties, APC pos-
sessed antiinlammatory and antiapoptotic properties that pro-
tected against experimental sepsis and heatstroke.54,305

Typical clinical measures of coagulation include prothrombin 
time (PT), activated partial thromboplastin time (aPTT), and 
ibrinogen. PT in combination with aPTT assesses the time for 
plasma clot formation to occur in response to exogenous tissue 
factor and is a sensitive measure of responsiveness of the coag-
ulation pathway. The reference range for PT is approximately 
12 to 15 seconds and may be prolonged several-fold in heat-
stroke patients. The aPTT normally ranges from 30 to 40 
seconds and is used clinically to monitor treatment effects of 
anticoagulants such as heparin. Fibrinogen is an acute-phase 
protein synthesized by the liver that is normally in the range of 
2 to 4 g/L. Low ibrinogen levels indicate liver damage or DIC, 
whereas elevated levels are a clinical sign of systemic inlam-
mation. DIC can be dificult to diagnose, but low ibrinogen 
levels and prolonged PT or aPTT are strong clinical indicators 
in critically ill patients.

TISSUE INJURY

Multiorgan system failure is the ultimate cause of heatstroke 
mortality and is a result of SIRS, which ensues after heat-induced 
damage to the gut and other tissues.34 A variety of noninfectious 
and infectious clinical conditions are associated with SIRS, and 
similar physiologic mechanisms are thought to mediate the 
pathogenesis of these conditions (Box 12-2).

The term sepsis refers to SIRS associated with the presence of 
infection. Much of the understanding of pathophysiologic mecha-
nisms mediating heat-induced SIRS has been obtained from 
sepsis studies. This section provides an overview of the responses 
that constitute heat-induced SIRS and our current understanding 
of the pathophysiologic mechanisms that mediate the adverse 
events of this syndrome.

The severity of heatstroke is primarily related to the extent of 
damage to the brain, liver, and kidneys and is clinically identiied 
by elevations in serum biomarkers, such as creatine kinase  
(CK), blood urea nitrogen (BUN), aspartate aminotransferase/
transaminase (AST), and alanine aminotransferase/transaminase 
(ALT). CK is released from muscle and is a marker of skeletal 
muscle injury (also known as rhabdomyolysis), myocardial 

Release of HMGB1 from necrotic cells stimulates Th1 cytokine 
production late in the sepsis syndrome and is a purported media-
tor of lethality; this shift in the balance of cytokines from a Th2 
to Th1 phenotype is a potential mechanism of sepsis lethality. In 
human PBMCs, HMGB1 interacts with TLR2 and TLR4 to enhance 
Th1 cytokine production in synergy with LPS.135 Elevated serum 
HMGB1 levels are observed 8 to 32 hours after LPS injection  
in mice. Anti-HMGB1 antibodies did not protect against LPS-
induced mortality unless the antibodies were provided 12 and 
36 hours after LPS exposure.323 The delayed kinetics of HMGB1 
and the association of elevated serum levels of this protein with 
poor outcome in sepsis patients suggest that HMGB1 detection 
late in the SIRS may be a sensitive clinical marker of disease 
severity.125,299,323

COAGULATION

Disseminated intravascular coagulation (DIC) is a common clini-
cal symptom of heatstroke that manifests as two distinct forms 
(Figure 12-7). Microvascular thrombosis is a form of DIC charac-
terized by ibrin deposition and/or platelet aggregation that 
occludes arterioles and capillaries and predisposes to multiorgan 
system dysfunction.182 Microvascular thrombosis is frequently 
observed in response to sepsis or trauma. DIC associated with 
consumptive coagulation is characterized by excessive blood loss 

FIGURE 12-7 Pathways of disseminated intravascular coagulation 
(DIC). The coagulation cascade is stimulated by the extrinsic pathway 
(also known as the tissue factor [TF] pathway) and the intrinsic pathway 
(also known as the contact activation pathway). Both pathways repre-
sent a series of enzymatic reactions that result in formation of a ibrin 
clot. Fibrinolysis represents the pathway by which the ibrin clot is 
resorbed through the actions of plasmin. The major physiologic anti-
coagulant is protein C, which is activated by protein S and inactivates 
factors Va and VIIIa to inhibit clot formation. Lipopolysaccharide, 
interleukin-1, and tumor necrosis factor affect DIC by stimulating TF 
formation and inhibiting the inactivation of factors Va and VIIIa, which 
prolong clot formation. 
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about 30% of heatstroke survivors experience permanent decre-
ments in neurologic function.10,34,69 CNS dysfunction is often 
associated with cerebral edema and microhemorrhages at autopsy 
in heatstroke patients.5,53,197,301 The blood-brain barrier (BBB) is a 
semipermeable membrane that allows selective entry of sub-
stances (e.g., glucose) into the brain while blocking entry of other 
substances (e.g., bacteria). Hyperthermia increases BBB perme-
ability in experimental animal models, which permits leakage of 
proteins and pathogens from the systemic circulation into the 
brain. Computed tomography (CT) scans have been used to 
examine CNS changes in heatstroke patients. In the 1995 Chicago 
heat wave, atrophy, infarcts of the cerebellum, and edema were 
evident in older adult victims. CT scans also revealed severe loss 
of gray-white matter discrimination (GWMD), which was associ-
ated with headache, coma, absence of normal relexive responses, 
and multiorgan dysfunction.301 Loss of GWMD is a result of 
increased brain water content, which is in line with occurrence 
of edema in heatstroke victims. If GWMD provides an early, 
sensitive measure of brain injury, it will be a powerful prognostic 
indicator of outcome for heatstroke patients.

Exertional heatstroke is often associated with rhabdomyolysis, 
which is a form of skeletal muscle injury caused by leakage of 
muscle cell contents into the circulation or extracellular luid. 
Myoglobin released from damaged muscle cells is iltered and 
metabolized by the kidneys. When severe muscle damage occurs, 
the renal threshold for iltration of myoglobin is exceeded, and 
this protein appears in the urine in a reddish brown color.96 
Myoglobin is toxic to nephrons and causes overproduction of 
uric acid, which precipitates in the kidney tubules to cause acute 
renal failure, coagulopathy, and death if not rapidly detected and 
treated.15,96,190,244,322 Not all cases of rhabdomyolysis are associated 
with myoglobinuria; many patients can be asymptomatic. Clinical 
markers of rhabdomyolysis include elevated myoglobin, CK, 
aldolase, lactate dehydrogenase, ALT, and AST, which are inlu-
enced by a variety of factors (type, intensity, and duration of 
exercise; gender; temperature; altitude) and released by more 
than one organ or tissue.58,211,270 If a clinical diagnosis of rhabdo-
myolysis is conirmed, immediate medical attention is imperative 

infarction, muscular dystrophy, and acute renal failure. BUN is a 
measure of the amount of nitrogen in the blood in the form of 
urea, which is secreted by the liver and removed from the blood 
by the kidneys. A high BUN concentration is typically regarded 
as an indication of impaired renal function, although BUN levels 
may be altered by conditions unrelated to heat illness, including 
malnutrition, high-protein diets, burns, fever, and pregnancy.2,270,321 
AST is released by the liver and skeletal muscle and may be a 
clinical sign of congestive heart failure, viral hepatitis, mononu-
cleosis, or muscle injury. ALT is released by the liver, red blood 
cells, cardiac muscle, skeletal muscle, kidneys, and brain tissue. 
AST and ALT are common clinical markers of liver function in 
heatstroke patients despite multiple tissue sources of these 
enzymes and occasional false-negative results that complicate 
interpretation. Unfortunately, all these biomarkers are released 
by a variety of tissues and altered by heat-exhaustive exercise 
and thus do not always provide a precise measure of the extent 
of tissue injury.106,112,283 The extent and time course of organ injury 
vary widely between individuals. Tissue injury manifests as 
primary and/or secondary multiorgan dysfunction, depending on 
whether heat toxicity alone or in combination with a SIRS causes 
cellular damage.8 Gut epithelial barrier disruption is an example 
of primary organ dysfunction evident at the time of heatstroke 
collapse. Hyperthermia degrades epithelial membrane integrity 
and causes microhemorrhages, dilation of the central lacteals of 
the microvilli, and blood clots within the stomach and small 
intestine37,117,177,234 (Figure 12-8).

It is often dificult to determine if organ injury is caused by 
primary or secondary factors.30,69,108,177,197 For example, protein 
clumping in kidney tubular epithelial cells may be a result of 
heat toxicity, elevated myoglobin levels, or DIC.37,53,108,177,252,322 A 
conscious mouse model has shown that kidney damage is present 
within approximately 2 hours following heatstroke collapse and 
remains elevated through 24 hours of recovery.177 In heatstroke 
patients, acute renal failure is a nearly universal inding that is 
accompanied by decrements in function within 24 hours of 
admission to the intensive care unit.246 In patients who survive 
more than 24 hours, severe hypotension, dehydration, BUN, and 
oliguria are associated with tubular necrosis or intertubular 
edema.197 Primary changes in the spleen are even less well 
understood, but cytoplasmic protein clumping is thought to be 
a consequence of this organ being “simply cooked and 
coagulated.”53

A hallmark of heatstroke, CNS dysfunction is dominant early 
in the disorder. Patients are often confused, delirious, combative, 
or comatose at clinical presentation. Hyperthermia with exercise 
is also associated with reduced cerebral blood low, which may 
account for these CNS abnormalities.226 Despite rapid treatment, 

FIGURE 12-8 Effect of heating on villus structure. Representative light 
micrographs of rat small intestinal tissue over a 60-minute course at 
41.5° to 42° C (106.7° to 107.6° F). Note the generally normal-appearing 
villi at 15 minutes (slight subepithelial space at villous tips), compared 
with initial sloughing of epithelia from villous tips at 30 minutes, 
massive lifting of epithelial lining at top and sides of villi at 45 minutes, 
and completely denuded villi at 60 minutes. Bars represent 100 µm. 
(From Lambert GP, Gisoli CV, Berg DJ, et al: Selected contribution: 
Hyperthermia-induced intestinal permeability and the role of oxidative 
and nitrosative stress, J Appl Physiol 92:1750, 2002, with permission.)

15 min 30 min

45 min 60 min

BOX 12-2 Predisposing Risk Factors for Serious 
Heat Illness

Clinical
Neurologic symptoms (fatigue, weakness, confusion, stupor, coma, 

dizziness, delirium)
Tachycardia
Nausea, vomiting, diarrhea
Headache
Hypotension
Oliguria, multiorgan system failure
Hyperventilation
Shock

Laboratory
Metabolic acidosis
Elevated hematocrit
Elevated blood urea nitrogen (BUN), aspartate transaminase (AST), 

and alanine transaminase (ALT)
Elevated lactate
Disseminated intravascular coagulation
Elevated cytokines
Circulating endotoxin
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cooling correlate with heatstroke severity, tissue injury, and 
death, whereas high circulating IL-8 levels are implicated in leu-
kocyte activation and coagulation in EHS patients.33 The recipro-
cal regulation of IL-12 and IL-10 production suggests complex 
interactions in heat-induced SIRS, but the function of these cyto-
kines has not been clearly delineated. As previously mentioned, 
high IFN-inducible gene expression and IFN-γ levels are clinical 
measures of viral or intracellular bacterial infection and are 
evident in EHS patients with preexisting infections.291

Failure of clinical and animal studies to correlate cytokine 
production with speciic heatstroke responses probably results 
from the short half-life of these proteins, local tissue concentra-
tions exceeding those in the circulation, and/or the presence of 
soluble cytokine receptors that mask detection or alter cytokine 
action(s).3,29,33,36,118,122,165,275 For example, sTNFR inhibits the actions 
of TNF and is often higher in heatstroke survivors than in non-
survivors, suggesting TNF might mediate lethality.118 On the other 
hand, sIL-6R might potentiate endogenous IL-6 effects by increas-
ing concentration of available IL-6 signaling receptors on cell 
membranes (known as a trans-signaling effect) or reducing IL-6 
signaling through competitive binding with IL-6 receptors that 
are already present on the cell membrane (Figure 12-9).

Although cytokines are known to interact with one another, 
their soluble receptors, and other endogenous stress hormones 
(e.g., glucocorticoids) during SIRS, it remains unknown how 
these interactions in vivo affect heatstroke outcome. Taken 
together, results from the few antagonism/neutralization studies 
conducted to date indicate that high levels of cytokines may be 
detrimental for heatstroke recovery; however, baseline (permis-
sive) actions of some cytokines (e.g., IL-6, TNF, or proteins 
affected by their actions) appear to be essential for survival.175 
Clearly, more research is required in this area to determine the 
multitude of cytokine actions in heat-induced SIRS and determine 
protective versus detrimental effects of the proteins on multior-
gan system function.

HEAT SHOCK PROTEINS

Heat shock proteins (HSPs) are molecular chaperones that 
prevent misfolding and aggregation of cellular proteins during 
exposure to stressful stimuli.86,121,142,189 HSPs are found in organ-
isms ranging from bacteria to humans. Their chaperoning activi-
ties protect against environmental (heavy metals, heat stress), 
physiologic (cell differentiation, protein translation), and patho-
logic (infections, ischemia/reperfusion) stimuli that cause cellular 
damage.142,167,189 HSPs were originally discovered in Drosophila 
melanogaster, when puffs associated with novel protein synthesis 
appeared on the giant chromosomes of the salivary glands in 
response to heat stress.262,306 It was later discovered that heat 
denaturation of mature proteins inside the cell was the cellular 
signal that increased protein synthesis in response to heat stress 
in Drosophila.130

Heat shock proteins are grouped into families according  
to their molecular mass, cellular localization, and function  
(Table 12-4).

Also referred to as sHSP, HSP 27 is a constitutively expressed 
cytosolic and nuclear protein with cytoskeletal stabilization and 
antiapoptotic functions.12,173,243 HSP 60 exists in the mitochondria 
and cytosol, is released from PBMCs on LPS stimulation, and 
functions as a “danger” signal for the innate immune system. 
HSPs interact with PAMPs (e.g., TLRs) to stimulate monocytes, 
macrophages, and dendritic cells to produce cytokines.44,224 The 
HSP 70 family has been extensively studied for protective 
function(s) against thermal stress,149,338 ischemia/reperfusion,201,251 
tissue injury,42 glucose deprivation,332 and sepsis.172,316 HSPs 70 
function in concert with other molecular chaperones, such as 
HSP 90 and HSP 110, to facilitate LPS and antitumor responses.136

Gene expression of HSPs is mediated primarily at the level of 
gene transcription by a family of heat shock transcription factors 
(HSFs) that interact with the heat shock regulatory element (HSE) 
in the promoter region of genes. HSF-1 is the major stress respon-
sive element in mammalian cells that is activated by febrile-range 
temperatures.317,336 HSF-1 interacts with HSEs on cytokine genes 
to alter transcription and confer protection against endotoxin and 

because 50% mortality rates from acute renal failure have been 
documented for this condition.

Liver failure is one of the most common causes of morbidity 
and mortality in patients during the later stages of recovery. The 
time course of liver damage differs from that of the other organs 
and often does not peak until approximately 24 to 48 hours after 
heat exposure. For example, liver damage consisting of centri-
lobular degeneration and necrosis with parenchymal damage was 
only evident in EHS patients who survived more than 30 hours.197 
In addition, enhanced breakdown of fat or inability of the mito-
chondria to use fat results in heatstroke-associated fatty liver 
changes.53 Disturbances in plasma glucose homeostasis are a sign 
of liver damage that may cause hyperglycemia or hypoglycemia 
as a result of dysfunction of phosphoenolpyruvate carboxyki-
nase, which is a regulatory enzyme of the liver’s gluconeogenic 
pathway.30,177 Liver dysfunction may also contribute to increased 
circulating endotoxin levels because of the important bacterial 
clearance function of this organ.40,223 Unfortunately, many heat-
stroke patients require liver transplantation. Use of antipyretic 
drugs, such as acetaminophen (Tylenol), has been associated 
with hepatic failure.102,123,124,263,318

Many patients are released from the hospital after several days 
or weeks of treatment and continue to experience organ dysfunc-
tion during the ensuing years of recovery. Following the 2003 
heat wave in France, mortality increased from 58% at day 28 of 
hospitalization (mean hospital stay, 24 days) to 71% by the 
second year of recovery.10 An epidemiologic study of military 
EHS patients showed a twofold increased risk of death from 
cardiovascular, kidney, and liver disease within 30 years of hos-
pitalization.320 Several of the clinical responses (hyperthermia, 
dehydration, kidney/liver damage) occurring during progression 
or shortly after heatstroke collapse are clinically recognized and 
treated. However, those occurring during the months and years 
after hospitalization are underreported. The mechanisms respon-
sible for long-term decrements in organ function remain poorly 
understood.

CYTOKINES

Cytokines are a class of intercellular protein messengers  
released from macrophages, T and B cells, endothelial cells, 
astrocytes, and other cell types that mediate inlammatory reac-
tions to disease and injury.55,148,200,282,312 Cytokine-inducing stimuli 
include bacterial and viral infection,76,245 psychological stress,196,232 
heat stress,29,37,45,126,177,186 whole-body hyperthermia,220 and exer-
cise.47,213,222,300 The deining characteristics of cytokines include a 
lack of constitutive production, the ability to regulate each other’s 
production, and overlapping actions that depend on the target 
cell type and cytokine milieu in which they function. Cytokines 
act over short distances and time spans (half-life, generally <60 
minutes) and are usually present at low concentrations in the 
circulation. Cytokines bind reversibly to high-afinity cell surface 
receptors and stimulate intracellular signaling pathways (e.g., 
NF-κB) that alter the transcription of genes involved in immune 
responses.

Several lines of evidence link cytokines with symptoms of the 
heat-induced SIRS. These include induction of heatstroke symp-
toms by cytokine injection in experimental animal models, asso-
ciation of increased circulating cytokine levels with heatstroke 
morbidity/mortality, and effectiveness of cytokine neutralization 
in altering heatstroke mortality in animal models. Peripheral 
injection of IL-1β, IL-2, IL-6, IL-10, TNF-α, and platelet-activating 
factor into experimental animals replicates the pathophysiologic 
responses observed in heatstroke, including hyperthermia, hypo-
thermia, fever, increased vascular permeability, DIC, and 
death.163,174,233,237,276,309 Simultaneous injection of multiple cytokines 
(e.g., IL-1 and TNF) is most effective in mimicking heatstroke 
symptoms and has shed light on cytokine interactions in vivo 
that orchestrate SIRS. Increased circulating levels of IL-1α, IL-1β, 
IL-1 receptor antagonist (IL-1ra, a naturally occurring antagonist 
of IL-1), IL-6, soluble IL-6 receptor (sIL-6R), IL-8, IL-10, IL-12, 
IFN-γ, TNF-α, and soluble TNF receptor (sTNFR) concentrations 
are typically observed at the time of heatstroke collapse or shortly 
after cooling.29,36,37,118,122,177 Sustained high IL-6 levels during 
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murine macrophages, HSP 70 inhibited IL-12 (Th1) and stimulated 
IL-10 (Th2) production in response to LPS.324 The shift from Th1 
to Th2 cytokine production may be a mechanism by which HSP 
70 protects against bacterial infection.

Heat strain is a consequence of the time and intensity of heat 
exposure. These factors interact in vivo to inluence the magni-
tude and kinetics of HSP expression. In human PBMCs, maximal 
expression of intracellular HSPs 70 was observed between 4 and 
6 hours after a brief heat shock (43° C [109.4° F] for 20 minutes).289 
Increased expression of HSPs 10, 20, 40, 60, 70, 90, and 110 was 
observed in PBMCs from EHS patients or following exposure to 
hypoxia in vitro.288,291 Anatomic differences in the magnitude and 
kinetics of in vivo expression have also been observed, with HSP 
70 expression occurring within 1 hour in the brain, lungs, and 
skin and being delayed until 6 hours after heat exposure in the 
liver of rats.26 In mice, liver expression of HSP 70 showed pro-
gressive increase beginning approximately 6 to 24 hours after 
collapse from passive heatstroke.176 In rats, a high rate of passive 
heating (0.175° C [0.315° F]/min) induced greater HSP 70 expres-
sion in the liver, small intestine, and kidneys than did a lower 
rate of heating (0.05° C [0.09° F]/min), despite attaining the same 
maximum body temperature (42°C [107.6° F]).90 Differences in 
tissue blood low and metabolic activity likely account for 
regional differences in HSP expression during passive and exer-
tional heat exposure.

Thermotolerance is the term used to describe the noninher-
itable, transient resistance to a lethal heat stress that is acquired 
after previous exposure to a nonlethal level of heat stress. 
Increased HSP 70 expression is a mechanism of thermotolerance 
that protects against heat-induced increases in epithelial perme-
ability. A unique in vitro model system consisting of high-
resistance Madin-Darby canine kidney (MDCK) epithelial cell 
monolayers was developed to examine the relationship between 
HSP 70 expression and changes in epithelial integrity with heat 
exposure. Following heat stress to 38.3° C (100.9° F), MDCK 
monolayers showed increase in permeability that was reversible 
with cooling.216 If the monolayers were preexposed to a condi-
tioning heat stress of 42° C (107.6° F) for 90 minutes, subsequent 
exposure to a higher temperature of 39.4° C (102.9° F) was 
required to increase monolayer permeability.216 Association of a 
thermotolerant state with increased HSP 70 expression suggests 
that HSPs shift the temperature threshold upward to prevent 
heat-induced disruptions in epithelial permeability.216 Follow-up 
studies showed that HSPs interact with proteins in the tight junc-
tions of the epithelium to regulate permeability. Occludin is a 

FIGURE 12-9 Interleukin-6 receptor signaling pathways. Classic signaling involves binding of IL-6 to the 
membrane bound IL-6 receptor (IL-6R), which stimulates an interaction between the IL-6:IL-6R complex and 
the membrane-bound glycoprotein 130 (gp130) to initiate intracellular signaling. Trans-signaling occurs 
when the extracellular domain of the membrane-bound IL-6R is proteolytically cleaved, leading to genera-
tion of the soluble IL-6R (sIL-6R) that binds IL-6. The IL-6:sIL-6R complex can stimulate cells that only express 
gp130 (i.e., do not normally possess the transmembrane IL-6R) to transmit an intracellular signal. Cells that 
express gp130 only would not be able to respond to IL-6 in the absence of sIL-6R. 
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IL-6IL-6
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TABLE 12-4 Heat Shock Protein (HSP) Structure 
and Function

Family Function Attributes

HSP 27 (sHSP) Antiapoptotic Constitutively 
expressed

Cytoskeletal 
stabilization

Cytosolic and 
nuclear

HSP 60 Protein refolding Mitochondria 
and cytosolPrevents aggregation 

of denatured 
proteins

Immune responses
HSP 70 family
 HSP 72 Thermotolerance Highly inducible

HSP 73 (HSC 70) Molecular chaperone Constitutively 
expressed

 HSP 75 Molecular chaperone Mitochondrial
HSP 78 (GRP 79, Bip) Cytoprotection Endoplasmic 

reticulum
HSP 90 family: HSP 90
 GRP 96 Glucocorticoid 

receptor functioning
Cytosolic and 

nuclear
Glucose regulation Endoplasmic 

reticulum
HSP 110/104 Molecular chaperone Cytosolic

Tumor antigen 
presentation

Data from Hartl FU, Hayer-Hartl M: Molecular chaperones in the cytosol: From 
nascent chain to folded protein, Science 295:1852, 2002; and Kregel KC: Heat 
shock proteins: Modifying factors in physiological stress responses and acquired 
thermotolerance, J Appl Physiol 92:2177, 2002.
Bip, Binding protein; GRP, glucose-regulated protein; HSC, heat shock cognate.

other infectious and inlammatory stimuli. In gene-transfected 
human PBMCs, inhibition of TNF-α, IL-1β, IL-10, and IL-12 in 
response to LPS was speciic to HSPs 70 overexpression.71 A lack 
of effect of HSP 70 on IL-6 gene transcription may be an indirect 
mechanism of protection, because IL-6 functions in a regulatory 
feedback loop to inhibit IL-1 and TNF production, which are  
Th1 cytokines with potent proinlammatory activities.71,82,83,324 In 
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some resistance because it is thought that cooling of the skin will 
elicit peripheral vasoconstriction and shivering.157,248,337 Young, it 
test volunteers were heat-stressed to 40° C (104° F) and experi-
enced shivering and cold sensations during immersion in cold 
water.337 However, the threshold for activation of shivering is 
probably increased in heatstroke patients, such that the risk of 
cold-water or ice-water immersion eliciting such a response and 
compromising the beneits of cooling is unlikely. Ice-water 
immersion of young, healthy individuals is a safe and effective 
method of cooling, whereas this technique is not well tolerated 
in elderly patients with classic heatstroke.120 Additional limitations 
to consider with ice-water immersion include inability to admin-
ister external deibrillation in an immersed individual and the 
need for multiple assistants for placement into and removal from 
the bath.

Evaporative cooling is based on the premise that conversion 
of 1.7 mL of water to a gaseous phase will remove 1 kcal of 
heat. Eficiency of this cooling technique is improved by remov-
ing all clothing and spraying tepid water on the patient while 
evaporation and convection are facilitated with fanning. To 
reduce peripheral vasoconstriction, a body-cooling unit was 
designed to spray atomized water (15° C [59° F]) and blow hot 
air (45° C [113° F]) over the entire body surface to maintain skin 
temperature at 32° to 33° C (89.6° to 91.4° F).327 However, efi-
ciency of this method for rapid cooling of classic heatstroke 
patients was similar to conventional methods that involved cover-
ing patients in a wet sheet sprayed with tap water accompanied 
by fan blowing.4 Fanning is used to accelerate convective and 
evaporative cooling by increasing conversion of water to the 
gaseous phase. Helicopter downdraft is another method of evap-
orative cooling that was reported to have better results than the 
body-cooling unit, but availability and feasibility of this technique 
are limited.248 Evaporative cooling techniques are reasonable 
alternatives to ice-water immersion for classic heatstroke patients 
because they are easily applied, readily accessible, and well toler-
ated by frail elderly individuals.

Dantrolene and NSAIDs have been tested for their effects on 
prevention of heat illness and for body cooling, but neither class 
of drugs has shown eficacy for protection against heatstroke. 
Dantrolene protects against malignant hyperthermia by lowering 
intracellular calcium concentrations in skeletal muscle to decrease 
muscle tone. Dantrolene is effective for the treatment of malig-
nant hyperthermia, which is a genetic mutation that predisposes 
to involuntary muscle contractions and rigidity after exposure to 
general anesthetics or muscle-depolarizing agents. Dantrolene 
has been considered a treatment for heatstroke, but animal and 
human heatstroke studies have failed to validate its use for this 
condition. A randomized, double-blind, placebo-controlled trial 
of Hajj heatstroke patients failed to show a cooling advantage of 
dantrolene over traditional cooling methods.31,52 As discussed 
later, malignant hyperthermia is distinct from exertional or passive 
heatstroke, so it is not surprising that dantrolene does not protect 
equally against these diverse conditions.

The NSAIDs have been considered therapeutic drugs based 
on their potent antiinlammatory and antipyretic effects. The 
actions of classic NSAIDs, such as aspirin, ibuprofen, and  
acetaminophen, are attributed primarily to blockade of the 
cyclooxygenase (COX) pathway of eicosanoid metabolism 
(Figure 12-10).

Prostaglandins are synthesized by the COX pathway in 
response to a variety of stimuli (e.g., bacterial infection, heat 
shock) and regulate a multitude of physiologic responses, includ-
ing fever, inlammation, and cytokine production. During fever, 
prostaglandins are released in response to proinlammatory cyto-
kines (e.g., IL-1, IL-6) and stimulate an increase in the tempera-
ture set point to induce fever.294 Inhibition of prostaglandin 
production by NSAIDs is the primary mechanism for the anti-
pyretic (i.e., fever-reducing) actions of these drugs. However, 
hyperthermia in response to heat exposure is not caused by an 
increase in the temperature set point, but rather by an unregu-
lated increase in body temperature that occurs when heat gain 
exceeds heat loss in the absence of a change in the temperature 
set point. Furthermore, aspirin and acetaminophen may aggra-
vate gut bleeding tendencies and accelerate liver damage, 

plasma membrane protein located at tight junctions that was 
increased, along with HSPs 27, 40, 70, and 90, in intestinal epi-
thelial monolayer (Caco-2) cells exposed to 39° or 41° C (102.2° 
or 105.8° F). Treatment of Caco-2 cells with quercetin (an inhibi-
tor of HSF-1) inhibited HSPs and occludin expression and 
reversed the thermotolerant state of these cells.72 These studies 
demonstrate a complex interaction between HSPs and tight-
junction proteins for modulation of epithelial barrier function 
during thermal stress.

It is interesting to speculate that differences in HSP expres-
sion proiles may be a sensitive marker of heat stress susceptibil-
ity among different populations. During the life of an organism, 
there is accumulation of protein damage caused by continual 
oxidant and free radical activity within cells. The life span of 
Drosophila was extended by heat shock treatment or the addi-
tion of HSP 70 gene copies, suggesting that increased protein-
chaperoning activity may protect against aging.155 In rats, aging 
was associated with a signiicant reduction in liver HSP expres-
sion after passive heat exposure, which was associated with 
greater liver damage compared with that observed in young 
rats.168,339 Older animals do not appear to have a global inability 
to express HSP, because exertional heat stress can induce 
expression proiles similar to those of mature rats.168 Rather, 
aging is associated with reduction in the threshold for HSP 
stimulation.168 Similarly, Fargnoli and co-workers83 showed that 
global reduction in protein synthesis was not responsible for 
decreased HSP induction in aged lung ibroblasts. Alzheimer’s 
disease is thought to be a consequence of decreased HSP func-
tion that results in increased deposition of abnormally folded 
proteins.215 It is anticipated that screening for altered HSP titers 
will help to identify individuals with reduced thermotolerance 
caused by aging, infection, or other conditions that may predis-
pose to heatstroke.159

HEATSTROKE TREATMENTS  
(See Chapter 13)
Current heatstroke therapies fall into two categories: supportive 
therapies directed at the immediate clinical symptoms and thera-
pies directed at the causative mechanisms of injury. The primary 
objectives of clinical heatstroke treatments are to reduce body 
temperature as rapidly as possible, reestablish normal CNS  
function, and stabilize peripheral multiorgan system function. 
Supportive therapies consist of rapid cooling and IV luid admin-
istration for restoration of normal blood pressure and tissue 
perfusion. Advanced therapies are directed at coagulation and 
inlammatory disturbances that cause organ failure. Despite thera-
peutic efforts, heatstroke morbidity and mortality rates remain 
quite high, and multiorgan system dysfunction continues to claim 
the lives of heatstroke patients during ensuing years of recov-
ery.10,320 This section discusses conventional clinical treatments of 
heatstroke, as well as innovative treatment strategies targeted at 
SIRS to mitigate injury and death.

COOLING

Rapid cooling is considered the single most important treatment 
for protection against permanent CNS damage and death from 
heatstroke. To facilitate cooling, the individual should be placed 
into a supine position and as many clothes as possible removed 
to expose a large surface area of the body to facilitate heat 
transfer. If comatose, the individual should be placed onto his 
or her side (recovery position) to facilitate an open airway. Ice-
water immersion is an effective cooling technique that requires 
placement of a heatstroke patient in a tub of ice water while the 
extremities are massaged to promote increased skin blood low 
for heat dissipation. This technique relies on conductive heat 
transfer and is currently recommended by the American College 
of Sports Medicine and the National Athletic Trainer’s Association 
for treatment of EHS.11,25 Ice-water immersion of military heat-
stroke patients was effective in reducing body temperature to 
approximately38.5° C (101.3° F) within 10 to 60 minutes.19,61,229 
Using an ice bath or ice packs on the skin surface has met with 
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blood plasma substitute that exerts high colloidal pressure to 
stimulate movement of luid from the interstitial space into the 
blood vessel lumen for plasma volume expansion.238,334,341 Small-
volume treatment with HES protected against heatstroke mortality 
in rats, but use of HES in other heatstroke animal models and 
humans has not been validated.192 Because of severe dehydration 
and acute renal failure with heatstroke, luid shifts from the 
interstitial luid into the vessel lumen may mean HES will not be 
well tolerated in patients with severe heatstroke patients (see 
Chapter 13).

ANTICOAGULANTS

Anticoagulants (e.g., heparin, aspirin) have been examined for 
heatstroke protection, with mixed results. Heparin therapy has 
been associated with positive heatstroke outcome in patients, 
although it is dificult to dissociate the direct effects of this 
therapy from other clinical treatments.247,292 The mechanisms of 
heat-induced DIC may include prostaglandin synthesis, because 
aspirin has shown protection against platelet hyperaggregation 
in vitro and in animal models. In human volunteers, ingestion of 
aspirin 12 to 15 hours before blood sampling or heat exposure 
of cells was effective in inhibiting platelet hyperaggregation. 
However, aspirin was ineffective if provided after heat exposure, 
even though complete inhibition of the arachidonic acid pathway 
was achieved.97 The ability of aspirin to protect guinea pigs from 
DIC induced by Staphylococcus aureus suggests that similar 
activities function in vivo to control platelet reactivity.225 However, 
there is currently insuficient evidence to support the use of 
aspirin as a preventive measure in heatstroke patients. Given the 
hormonal and metabolic alterations that accompany heatstroke, 
including dehydration, increased catecholamine levels, and 
hypoxia, the mechanisms responsible for DIC extend beyond 
those mediated by prostaglandins alone. Furthermore, aspirin 
and other antiinlammatory drugs can cause liver damage if con-
sumed in large quantities, as previously mentioned.

Recombinant activated protein C (APC) is an effective antiin-
lammatory drug for treatment of sepsis and may also hold 
promise as a treatment for heatstroke patients. APC eficacy 
appears to depend on a variety of patient conditions, including 
age (most effective in patients >50), extent of organ dysfunction 
(beneit not apparent if failure of only one organ), and the pres-
ence of shock at infusion, which improves its eficacy.326 In rat 
heatstroke models, the eficacy of APC depends on the time of 
treatment. A single dose of recombinant human APC provided 
at the onset of heatstroke inhibited inlammation and coagulopa-
thy, prevented organ failure, and improved survival; however, if 
treatment was delayed for 40 minutes after onset of heatstroke, 
there was no beneicial effect on survival time.54 The eficacy of 
APC was less obvious in a baboon heatstroke model. Infusion 
for 12 hours after heatstroke onset attenuated plasma IL-6, throm-
bomodulin, and procoagulant components but had no effect on 
mortality.35 APC is the irst biologic agent approved in the United 
States for the treatment of severe sepsis based on two decades 
of research,326 but there is insuficient evidence to justify use of 
this treatment in heatstroke patients.

ANTICYTOKINE THERAPIES

As previously described, attenuations in splanchnic blood low 
during heatstroke contribute to increased gut permeability and a 
rise in circulating endotoxin. This series of events is hypothesized 
to stimulate the increased plasma cytokine levels implicated in 
the adverse consequences of SIRS. Based on these indings, the 
question arises: Do anticytokine therapies represent an efica-
cious treatment strategy for heatstroke? No controlled studies 
have examined the eficacy of anticytokine therapies on patient 
outcome with heatstroke. However, clinical sepsis trials indicate 
that potential protective effects of anticytokine therapies need  
to be viewed with cautious optimism. Sepsis patients display  
high circulating IL-1 levels that correlate with morbidity and 
mortality, but IL-1ra treatment has been unsuccessful in reducing 
mortality.236,257 A comparison of 12 randomized, double-blind 
multicenter trials of more than 6200 sepsis patients showed  

respectively. In a mouse model of heatstroke, an acute oral dose 
of indomethacin (a potent antipyretic NSAID) provided immedi-
ately before heat exposure resulted in a 40% increase in heat-
stroke mortality because of extensive gut hemorrhaging.178 
Increased mortality was also observed in heat-exposed rats 
injected peripherally with aspirin.153 Aspirin has also been shown 
to attenuate protective, relexive skin blood low responses 
required for adequate heat dissipation.131,206 Aspirin will therefore 
predispose to heatstroke collapse. Given that NSAIDs do not 
attenuate hyperthermia and that organ (e.g., gut, liver) toxicity 
of these drugs is exacerbated with heat, they are contraindicated 
for prophylaxis or treatment of heatstroke patients.

Alcohol sponge baths are inappropriate under any circum-
stances, because transcutaneous absorption of alcohol may lead 
to poisoning and coma.

FLUID RESUSCITATION (See Chapter 89)

One of the irst lines of defense against permanent tissue damage 
is treatment with resuscitation luids. The objective of IV luid 
administration is to restore intravascular volume and rehydrate 
the interstitium to stabilize cardiovascular functioning, improve 
tissue perfusion, and maintain immune function. The resuscita-
tion luid optimally needs to be safe, eficacious, and easy to 
transport for use in military or athletic settings and have the 
capability to restore tissue oxygen perfusion and minimize cel-
lular and tissue injury. Blood provides oxygen-carrying capacity 
and volume, but supply is limited, with a risk for allergic or 
infectious reactions, dificulties with crossmatching, and potential 
for high hemoglobin levels to increase blood viscosity and reduce 
nutrient low to the tissues.259 Balanced salt solutions, such as 
saline and lactated Ringer’s, have a long shelf life and are inex-
pensive and in unlimited supply, with a minimal risk for disease 
transmission. However, they are able freely to cross semiperme-
able capillary membranes, which increases the risk for tissue 
edema and makes frequent transfusions necessary to maintain 
adequate plasma volume.119,152,307 Tissue edema increases the 
distance from blood vessels to tissue mitochondria and limits 
oxygen delivery to the tissues. There is a greater risk for edema 
in heatstroke patients because of increased capillary permeability 
and lack of muscle movement that limits lymph low following 
collapse.

To minimize the adverse consequences of balanced salt solu-
tions, these luids may be replaced with colloid solutions. Natural 
colloids, such as albumin, possess antioxidant properties that 
reduce tissue injury during times of oxidant stress, but carry a 
risk for infection.94,341 Dextran is an artiicial colloid that was used 
after World War II until adverse hemostatic effects restricted its 
use to speciic clinical conditions, such as deep vein thrombosis 
and pulmonary embolism.21,66 Hydroxyethyl starch (HES) is a 

FIGURE 12-10 Eicosanoid metabolism is initiated when cell mem-
brane phospholipids are converted to arachidonic acid (AA) by enzy-
matic actions of phospholipase A2 (PLA2). Cyclooxygenase (COX) 
converts AA to prostaglandins and thromboxanes, whereas the lipo-
oxygenase (LOX) pathway is responsible for production of leukotri-
enes. Nonsteroidal antiinlammatory drugs (NSAIDs) block the action 
of COX enzymes with potential toxic effects on the liver. IFNγ, 
Interferon-γ; IL-1, interleukin-1; IL-2, interleukin-2. 
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of suficient intensity, frequency, duration, and number to elevate 
core and skin temperature and induce profuse sweating. Heat 
acclimation may be achieved after exercise or rest in the heat, 
although the former method is more effective. It is important to 
note that heat acclimatization is speciic to the climate and activity 
level; therefore, if individuals will be working in a hot, humid 
climate, heat acclimatization should be conducted under similar 
conditions (Box 12-3).

Although heat acclimation does not require daily exposure to 
heat and exercise, the rapidity with which biologic adaptations 
are achieved is slower with less frequent exposures. This was 
shown experimentally in human volunteers in whom heat accli-
mation was achieved after 10 days of daily heat exposure, but 
required 27 days when the frequency of exposure was reduced 
to every third day of experimentation (conditions: 47° C [116.6° F], 
17% relative humidity).84 Continual 24-hour exposures are also 
not required, because daily 100-minute periods of exposure were 
adequate to produce heat acclimation in participants exposed to 
dry heat.188 However, because of the transient nature of the 
biologic adaptations, continued heat exposures are required to 
maintain the acclimated state. Aerobically trained athletes retain 
heat acclimation beneits longer than unit individuals because 
they are exposed to high body temperatures during training 
exercises.239

Improvements in thermal comfort and exercise performance 
are achieved in heat-acclimated individuals through a variety of 
physiologic mechanisms, including a lower threshold and higher 
rate of skin blood low, reduction in metabolic rate, earlier onset 
and rate of sweating, and improvements in cardiovascular func-
tion and luid balance.272 Figure 12-11 illustrates the effect of 10 
days of heat acclimation on heart rate, core temperature, and 
mean skin temperature responses of individuals walking on a 
treadmill in a desert type of environment.80 On the 10th day of 
acclimation, heart rate was lower by approximately 40 beats/min, 
and rectal and skin temperatures were reduced approximately 
1° C (1.8° F) and 1.5° C (2.7° F), respectively.

Once heat acclimation is achieved, skin vasodilation and 
sweating are initiated at a lower core temperature threshold, and 
higher sweat rates can be sustained without the sweat glands 
becoming “fatigued.”60,91 Whereas an unacclimated individual will 
secrete sweat with a sodium concentration of approximately 
60 mEq/L (or higher), the concentration of secreted sodium from 
the sweat glands of an acclimated individual is signiicantly 

no signiicant beneit of antiendotoxin antibodies, ibuprofen, 
plasminogen-activating factor receptor antagonist, anti-TNF 
monoclonal antibody, or IL-1ra on all-cause mortality.68

There are several explanations for negative results from anti-
cytokine therapies, including the possibility that the mediator has 
no pathophysiologic role in the response, the agent failed to 
neutralize the protein (because of a lack of biologic activity, 
competition by other mediators, or inadequate anatomic distribu-
tion), compensatory increase of other mediators with similar 
activities, administration too early or too late in the course of 
disease, too-short therapy duration, or need for combination 
therapy.203 Kinetic studies have shown that the half-life of IL-1ra 
is approximately 20 minutes, and Phase III clinical trials showed 
that circulating IL-1β levels at the time of clinical treatment were 
undetectable in 95% of the patient population.87,249 Exposure to 
anticytokine therapies before sepsis onset is thought to be desir-
able (but practically is infeasible), although this may suppress 
shifts in Th1/Th2 immune responses that are important for resolu-
tion of infection. On the other hand, anticytokine therapies given 
too late in sepsis progression may shift the Th1/Th2 milieu in an 
unpredictable manner or may have no effect because of the 
overwhelming nature of the septic event.110 The transient nature 
of cytokine production and/or clearance and lack of correlation 
between serum levels and disease severity further complicate 
treatment scenarios. Given the short half-life of TNF-α (~6 to 7 
minutes)22 and biphasic clearance patterns of IL-1β and IL-6 
(rapid disappearance in irst 3 minutes followed by attenuated 
clearance over next 1 to 4 hours),161 the narrow protective 
window in which anticytokine therapies may be effective is a 
dificult obstacle to overcome.

Interleukin-10 is a potent antiinlammatory cytokine that sup-
presses production of several proinlammatory cytokines, includ-
ing IL-1β, IL-6, and TNF-α, and is part of an important negative 
feedback loop during infection and disease.111,314 Few, if any, 
studies have investigated eficacy of IL-10 treatment for heat-
stroke recovery, although the cytokine has been frequently used 
in treatment of multiple autoimmune diseases, including rheu-
matoid arthritis, Crohn’s disease, multiple sclerosis, and sepsis.41,231 
As with other cytokines, timing of IL-10 administration must be 
carefully considered. IL-10 decreases IFN-γ production by natural 
killer and Th1 cells, which may suppress clearance of infectious 
organisms (via IFN-γ).258,319 Consistent with anticytokine thera-
pies, beneicial effects of exogenous IL-10 administration depend 
on multiple factors, including time of administration, route, and 
site where the cytokine is targeted.231,267 These considerations, 
along with the immunosuppressive and unpredictable nature of 
IL-10–based therapies, have resulted in diminished enthusiasm 
for anticytokine therapies for sepsis.

HEATSTROKE PREVENTION
Heatstroke is currently a more preventable than treatable disease. 
The most effective preventive measures include acclimatization 
to the heat, reductions in duration and extent of physical activity, 
rescheduling of activities to cooler times of the day, increased 
consumption of nonalcoholic luids, and removing vulnerable 
populations, such as those with preexisting viral or bacterial 
infections, from the heat stress environment. Fan cooling has not 
shown protection against heatstroke and is associated with 
increased thermal discomfort at temperatures higher than 38° C 
(100.4° F).158

HEAT ACCLIMATIZATION

Climatic heat stress and exercise interact synergistically to increase 
body temperature (core and skin) and cardiovascular strain, and 
to decrease performance in the heat. Heat acclimatization is one 
of the within-lifetime changes in an organism (vs. evolutionary 
changes) that protect against the negative effects of heat strain. 
Heat acclimatization occurs after exposure to the natural envi-
ronment, whereas heat acclimation develops after exposure to 
artiicial conditions. However, these terms are used interchange-
ably because they induce similar physiologic adaptations.328 Heat 
acclimation occurs after repeated bouts of heat exposure that are 

BOX 12-3 Heat Acclimation Strategies

Must Mimic Climate of Athletic Event or Occupational Setting 
and Include Adequate Heat Stress
• Heat must be suficient to cause heavy sweating.
• Use exercise/rest cycles to intensify or diminish the effect of the 

heat stress on bodily functions.
• Include at least 6 to 14 days of adequate heat stress.
• Exercise daily for at least 90 minutes.

Start with Acclimation and Exercise Training
• Be lexible in scheduling training.
• Build conidence.
• Performance beneits may take longer to achieve than 

physiologic beneits.

Methods of Heat Acclimation
• Use a climate-controlled room (sauna or heat chamber) or hot 

weather.
• Incorporate training by including additional acclimation 

sessions.

Days Leading to Athletic Performance or Event
• Start slowly, and decrease training duration and intensity; limit 

heat exposure.
• Acclimatize in heat of the day.
• Train in coolest part of the day.
• Use appropriate work/rest cycles.
• Be vigilant of salt and luid needs, especially during the irst 

week of acclimation.
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That is, whereas nonacclimated individuals require de novo HSP 
72 synthesis for cellular protection, individuals who reside in hot 
climates maintain elevated HSP 72 levels.194 The cellular mecha-
nisms of heat acclimation are not fully understood, but are 
thought to involve global and tissue-speciic changes in genes 
involved in thermal responsiveness, DNA repair and synthesis, 
free radical scavenging, and apoptosis.133

GENETIC POLYMORPHISMS
Heatstroke susceptibility is inluenced by complex interactions 
between environmental and host genetic factors. Emerging 
molecular technologies have improved our understanding of the 
genetic mutations and polymorphisms that might predispose to 
heat illness or inhibit resolution of SIRS. It is anticipated that 
ability to prescreen individuals for genetic polymorphisms that 
may prevent resolution of SIRS will help in developing more 
effective therapies to alleviate morbidity/mortality in these 
individuals.

SINGLE NUCLEOTIDE POLYMORPHISMS

Single nucleotide polymorphisms (SNPs) are variations in the 
nucleotide sequence of DNA that can affect physiologic responses 
to environmental stimuli. SNPs have been implicated in a variety 
of diseases, including sepsis, type 1 diabetes, arthritis, inlamma-
tory bowel disease, and rheumatic fever.89,143,253,297 The identiica-
tion of SNPs in the promoter region of genes suggests that disease 
susceptibility may be affected by altered transcription of immune 
determinants of clinical outcome. SNPs have been identiied in 
IL-1, IL-2, TNF, IFN-γ, IL-10, IL-1ra, TLR2, and TLR4. The risk for 
death from sepsis is signiicantly increased in patients with a 
genetic polymorphism in the TNF-α or TNF-β gene.93 Even for 
cytokine polymorphisms located distal to a critical promoter 
region that do not directly affect gene transcription rates, coin-
heritance of multiple immune-responsive genes by a process 
known as linkage disequilibrium can alter immune function. 
Some TNF-α polymorphisms exist in linkage disequilibrium with 
human leukocyte antigen (HLA) haplotypes that encode cell 
surface antigens. Coinheritance of these genes may ultimately be 
responsible for poor sepsis outcome.146,297

lower, at about 5 mEq/L.264 This effect of heat acclimation on salt 
conservation is thought to be caused by increased aldosterone 
secretion or responsiveness of the sweat glands to this steroid 
hormone, which is released by the adrenal cortex and increases 
resorption of ions and water in the distal tubules and collecting 
ducts of the kidneys.92,160

Overall improvements in luid balance with heat acclimation 
include reduced sweat sodium losses, better matching of thirst 
to body water needs, and increased total body water and blood 
volume.195 Provided that luids are not restricted during physical 
activities, heat-acclimated individuals will be better able to main-
tain hydration during exercise and show a marked reduction in 
“voluntary” dehydration.17,80,272 Although controversy surrounds 
the ability of heat acclimation to alter the maximum temperature 
that can be tolerated during exercise in the heat,221 individuals 
who live or train in hot environments may experience reduced 
incidence of syncope17,107,250 (Figure 12-12).

An essential cellular adaptation of heat acclimation is altered 
expression or reprogramming of genes that encode constitutive 
and stress-inducible proteins.133 Heat acclimation is associated 
with downregulation of genes associated with energy metabo-
lism, food intake, mitochondrial energy metabolism, and cellular 
maintenance processes and upregulation of genes that are linked 
with immune responsiveness.133 The HSPs are the most exten-
sively studied heat-inducible proteins and show faster transcrip-
tional response and elevated cellular reserves (HSP 72 speciically) 
in heat-acclimated versus nonacclimated individuals.133,134,198,205 

FIGURE 12-11 Effect of 10 days’ acclimation on heart rate and rectal 
and skin temperatures during a standard exercise (ive 10-minute 
periods of treadmill, separated by 2-minute rests) in dry heat. Large 
circles, Values before start of the irst exercise period each day; small 
circles, successive values; squares, the inal values each day. Controls 
of exercise in cool environment before and after acclimation. (Modiied 
from Eichna LW, Park CR, Nelson N, et al: Thermal regulation during 
acclimatization in a hot, dry (desert type) environment, Am J Physiol 
163:585, 1950.)
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FIGURE 12-12 Incidence of syncope among 45 participants who lived 
in and trained at cool ambient temperatures and could complete a 
physical training regimen without mishap. They were then relocated 
to a hot environment, where they carried out the same physical training 
regimen. (Modiied from Bean WB, Eichna LW: Performance in relation 
to environmental temperature: Reactions of normal young men to 
stimulated desert environment, Fed Proc 2:144, 1943; and Hubbard 
RW, Armstrong LE: The heat illness: Biochemical, ultrastructural, and 
luid-electrolyte considerations. In Pandolf KB, Sawka MN, Gonzalez 
RR, editors: Human performance and environmental medicine at ter-
restrial extremes, Indianapolis, 1988, Benchmark Press, pp 305-359.)
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most common experimental animal is a porcine MH model that 
possesses a single mutation in the skeletal muscle RyR1 gene. 
These animals develop the MH syndrome in response to inhala-
tional anesthetics, exercise, heat, and other stressors.313 Mild 
exercise exacerbates MH symptoms in response to anesthetics in 
MH pigs, suggesting that inlammatory mediators released by 
skeletal muscle may contribute to the MH syndrome.313 MH 
patients show an approximately ivefold higher expression of 
IL-1β when stimulated with caffeine and 4-chloro-m-cresol com-
pared with control cells.103 Recent development of a transgenic 
mouse model that overexpresses the RyR1 receptor has proved 
useful to study the MH/EHS link and could shed light on the 
role played in this syndrome by inlammatory cytokine produc-
tion from skeletal muscle or other organs.79 Association of RyR1 
mutations with EHS incidence suggests that screening young, 
healthy individuals (e.g., athletes, military personnel) for the MH 
mutation could be a powerful tool to determine heatstroke 
susceptibility.

REFERENCES

Complete references used in this text are available 
online at expertconsult.inkling.com.

MALIGNANT HYPERTHERMIA

Malignant hyperthermia (MH) is a genetic disorder that causes 
muscle rigidity, hyperthermia, tachycardia, and metabolic acido-
sis during exposure to volatile anesthetics or depolarizing skeletal 
muscle relaxants. Exercise, heat stress, and emotional stress also 
trigger reactions in 5% to 10% of MH patients.70,325 MH reactions 
result from massive release of calcium from the type 1 ryanodine 
receptor (RyR1) of the sarcoplasmic reticulum, which overwhelms 
cellular mechanisms of calcium homeostasis and activates actin-
myosin ilaments to cause muscle rigidity and hyperthermia.230 
RyR1 is the most common mutation in skeletal muscle, but addi-
tional isoforms have been identiied in B and T cells, thalamus, 
hippocampus, and heart.169,208,302 Activation of RyR1 by a variety 
of pharmacologic compounds, including caffeine, halothane, and 
the muscle relaxant 4-chloro-m-cresol, has led to development 
of an in vitro contracture test of skeletal muscle biopsies to 
identify MH individuals.268,342 Dantrolene is used to treat MH reac-
tions by lowering intracellular calcium stores, decreasing muscle 
metabolic activity, and preventing hyperthermia. Using dan-
trolene, in combination with improved monitoring standards and 
early detection with the in vitro contracture test, has helped 
reduce mortality from greater than 70% to less than 5% in MH 
patients.191

Malignant hyperthermia has been identiied in several animal 
species, including dogs,228 boars,277 cats,18 and horses,6 but the 
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This chapter discusses deinitions, clinical manifestations, medical 
management from the ield through hospital discharge, return-
to-activity considerations, and prevention of heat-related ill-
nesses. The spectrum of injuries ranges from milder conditions 
such as heat cramps to fatal manifestations such as arrhythmias. 
Heat-related illnesses generate complications such as rhabdomy-
olysis and multiorgan dysfunction syndrome and may result in 
death from overwhelming cell necrosis caused by a lethal heat 
shock exposure. Exertional heatstroke (EHS) is usually character-
ized by development of mental status changes or collapse during 
physical activity in a warm environment. Severity of heat illness 
depends on degree and duration of elevation in core temperature 
(Tco). Heatstroke is an extreme medical emergency that can be 
fatal if not treated promptly with rapid cooling. To prevent and 
minimize complications and save lives, proper prevention, man-
agement, and clinical care are essential.

EXERTIONAL HEAT ILLNESS
Dehydration and heat exposure can impair exercise performance 
and contribute to various illnesses. Exertional heat illnesses 
include both minor and serious disorders. Minor heat and 
dehydration-related illnesses include heat cramps, erythromelal-
gia, and heat syncope. Heat cramps are characterized by intense 
muscle spasms, typically in the legs, arms, and abdomen. Heat 
cramps result from luid and electrolyte deicits and occur most 
often in persons who have not been fully acclimated to a com-
bination of intense muscular activity and environmental heat. 

Individuals susceptible to heat cramps are often believed to be 
profuse sweaters who sustain large sodium losses.16,114 Heat 
syncope (fainting) is characterized by dizziness and weakness 
during or after prolonged standing or after rapidly standing up 
from a lying or sitting position during heat exposure. Heat 
syncope results from blood pooling in the cutaneous and skeletal 
vasculature and occurs most often in dehydrated and inactive 
persons who are not acclimated.101 Erythromelalgia is character-
ized by pain and swelling of the feet and hands, triggered by 
exposure to elevated temperatures.70

Serious illnesses include exertional heat injury (EHI) and EHS. 
These illnesses have many overlapping diagnostic features; it has 
been suggested that they exist along a continuum on the severity 
scale.20 Heat exhaustion is characterized by inability to sustain 
cardiac output in the presence of moderate (>38.5° C [101° F]) to 
high (>40° C [104° F]) body temperature and is frequently accom-
panied by hot skin and dehydration. EHI is a moderate to severe 
illness characterized by injury to an organ (e.g., liver, kidneys, 
gut, muscle) and usually (but not always) involves a high Tco of 
more than 40° C (104° F). EHS is a severe illness characterized by 
central nervous system (CNS) dysfunction (e.g., confusion, dis-
orientation, impaired judgment) and is usually accompanied by 
a Tco above 40.5° C (105° F). EHI and EHS can be complicated 
by cardiac arrhythmia, liver damage, rhabdomyolysis, coagulopa-
thy, luid and electrolyte imbalances, and kidney failure. Rhab-
domyolysis is most often observed with novel and strenuous 
overexertion. Clinical evidence suggests that dehydration in-
creases the likelihood or severity of acute renal failure associated 

CHAPTER 13 

Clinical Management of 
Heat-Related Illnesses
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normal Tco. After a return to normothermia, persistence of coma 
is a poor prognostic sign.62,110 Other symptoms include fecal 
incontinence, laccidity, and hemiplegia. Cerebellar symptoms 
may persist beyond the acute phase.77,110,124

Other common disturbances during the acute phase occur in 
the gastrointestinal (GI) and respiratory systems. GI dysfunction, 
including diarrhea and vomiting, often occurs. However, the 
vomiting may relect translocation of toxic gram-negative bacte-
rial lipopolysaccharide from the lumen of the intestines because 
of poor splanchnic perfusion as a result of hypotension caused 
by increased skin blood low and from CNS impairment.21,44,110 
Hyperventilation and elevation of Tco primarily lead to respiratory 
alkalosis, which in EHS may be masked by metabolic acidosis  
as a result of increased glycolysis and hyperlacticacidemia.29,82 
Hypoxemia may be present in patients with respiratory complica-
tions.31,82,113 Also, oxygen consumption is elevated during hyper-
thermia, with a 10% to 13% increase for every degree Celsius 
above euthermia.35

Exertional heatstroke shares many common indings with 
systemic inlammatory response syndrome (SIRS).20,105 Endotox-
emia, hyperthermia, and other risk factors (e.g., preexisting infec-
tion) and stressors associated with EHS can trigger this exaggerated 
inlammatory response. Patients should be assessed for SIRS after 
admission with the use of the following criteria19: body tempera-
ture less than 36° C (98.6° F) or more than 38° C (100.4° F); heart 
rate greater than 90 beats/min, tachypnea, or an arterial partial 
pressure of carbon dioxide (PaCO2) less than 4.3 kPa (32 mm 
Hg); and white blood cell count less than 4000 cells/mm3 (4 × 
109 cells/L) or of more than 12,000 cells/mm3 (12 × 109 cells/L), 
or the presence of more than 10% immature neutrophils. When 
two or more of these criteria are met, SIRS can be diagnosed. 
The presence of systemic inlammatory response markers during 
the acute phase predicts the severity of subsequent phases.

Hematologic and Enzymatic Phase

Hematologic and enzymatic disorders peak 24 to 48 hours after 
collapse. In the hematologic and enzymatic phase of EHS, hema-
tologic, enzymatic, and other blood parameters are altered. In 
humans and experimental animals, hyperthermia results in leu-
kocyte activation49 and changes in lymphocyte subpopulations, 
both in absolute numbers and percentages.2 Leukocytes may 
range from 20 to 30 × 103/mm3 or higher.13,54 In severe cases, 
leukocyte activation is associated with systemic activation of 
coagulation cascades.59 In one study, all fatal cases of EHS 
involved disturbances in the blood coagulation system.13,109 Pro-
thrombin time, partial thromboplastin time, and the level of ibrin 

with rhabdomyolysis.22,99 Among U.S. soldiers hospitalized for 
serious heat illness, 25% had rhabdomyolysis and 13% had acute 
renal failure.25

Exertional heatstroke is usually associated with prolonged 
exertion in a warm climate; in many cases, however, EHS occurs 
within the irst 2 hours of exercise and not necessarily at high 
ambient temperatures.20,40 This is because exertion and environ-
mental heat stress during the 72 hours that precede such an event 
strongly inluence the individual’s susceptibility to heat illness.43 
Using Tco of 40.5° C (104.9° F) as a critical temperature initially to 
diagnose EHS is arbitrary. Mental status changes in an individual 
performing exertion in the heat should be the deining charac-
teristic of heatstroke unless the individual has sustained head 
trauma. At the stage of collapse, profuse sweating is still likely 
to be present unless heatstroke develops in an already anhidrotic 
individual. Dry skin may be evident either in situations where 
the climate is very dry and sweat evaporates easily or when 
heatstroke coincides with a severe degree of dehydration.39

Heatstroke is often categorized as either classic or exertional, 
with the classic form primarily observed in elderly individuals or 
otherwise sick or compromised populations and EHS in appar-
ently healthy and physically it persons.

CLINICAL MANIFESTATIONS

Clinical manifestations of heatstroke vary, depending on whether 
the person experiences classic heatstroke, which is a common 
disorder of older adults during heat waves and occurs in the 
form of epidemics, or EHS,1 which occurs when excess heat 
generated by muscular exercise exceeds the body’s ability to 
dissipate it (Table 13-1). Some overlap in presentation may occur; 
treatment with a medication (e.g., antihypertensive or antipsy-
chotic) that places an older adult at risk for classic heatstroke 
also places an exercising individual at risk for EHS. The clinical 
picture of heatstroke usually follows a distinct pattern of events 
with three phases: (1) acute, (2) hematologic or enzymatic, and 
(3) late.41

Acute Phase

The acute phase of heatstroke is characterized by CNS manifesta-
tions. Because brain function is very sensitive to hyperthermia, 
this phase is present in all heatstroke patients. Early signs of CNS 
dysfunction are typically cerebellar and include ataxia, poor 
coordination, and dysarthria.124 Advanced signs of CNS depres-
sion include irritability, aggressiveness, stupor, delirium, and 
coma.2,24,110 Mental status changes usually resolve after return to 

Modiied from Knochel JP, Reed G: Disorders of heat regulation. In Kleeman CR, Maxwell MH, Narin RG, editors: Clinical disorders of fluid and electrolyte 
metabolism, New York, 1987, McGraw-Hill.

TABLE 13-1 Comparison of Classic and Exertional Heatstroke

Characteristics Classic Exertional

Age group Young children and older adults Men ages 15 to 45
Health status Chronically ill Healthy
Concurrent activity Sedentary Strenuous exercise
Drug use Diuretics, antidepressants, antihypertensives, 

anticholinergics, and antipsychotics
Usually none

Sweating May be absent Usually present
Lactic acidosis Usually absent; poor prognosis if present Common
Hyperkalemia Usually absent Often present
Hypocalcemia Uncommon Frequent
Hypoglycemia Uncommon Common
Creatine phosphokinase Mildly elevated Greatly elevated
Rhabdomyolysis Unusual Frequently severe
Hyperuricemia Mild Severe
Acute renal failure <5% of patients 25%-30% of patients

Disseminated intravascular coagulation Mild Marked; poor prognosis
Mechanism Poor dissipation of environmental heat Excessive endogenous heat production and 

overwhelming heat loss mechanisms
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the poor and limited results of liver transplantation after heat-
stroke, interpretation of prognostic criteria is crucial before listing 
a patient for such surgery.

ON-SITE EMERGENCY MEDICAL TREATMENT

Early diagnosis of heat illness can be critical to therapeutic 
success. Early warning signs include lushed face, hyperventila-
tion, headache, dizziness, nausea, tingling arms, piloerection, 
chilliness, incoordination, and confusion.82 If the patient is alert 
and has no mental status changes, he or she can rest in the shade 
or indoors, and oral rehydration can be instituted with cold water 
or an electrolyte replacement beverage. The concentration of 
carbohydrates in such a beverage should not exceed 6%; other-
wise, gastric emptying and luid absorption by the intestines may 
be delayed. Responders should target an intake of 1 to 2 L (1.05 
to 2.11 qt) over 1 hour. If the patient does not improve or in 
fact worsens, he or she should be evaluated by a medical pro-
vider. All persons with suspected heat injuries should be observed 
to ensure that decompensation does not occur. The patient 
should continue to rest and drink over the next 24 hours. As a 
general rule, for every pound of weight lost by sweating, 0.5 qt 
(2 cups or ~500 mL) of luid should be consumed. It may require 
36 hours to completely restore lost electrolytes and luid volume 
to all body compartments via oral intake. After the acute episode, 
a medical provider should determine any possible host risk 
factors for heat illness and review with the patient the signs of 
heat illness and preventive measures to consider.

Any athlete who is performing exercise in warm weather and 
who develops mental status changes in the absence of trauma 
should be treated as an EHS patient until proved otherwise.39 
EHS is a medical emergency. Rapid reduction of elevated Tco is 
the cornerstone of EHS management; duration of hyperthermia 
may be the primary determinant of outcome.64,108 Cooling should 
not be delayed so that a temperature measurement can be 
obtained. Cooling measures should be only minimally delayed 
for vital resuscitation measures. Nevertheless, it is important to 
follow the ABCs (airway, breathing, and circulation) of stabiliza-
tion while cooling efforts are initiated; see Box 13-1 for basic 
irst-aid information. Before 1950, mortality with EHS was 40% 
to 75%.7,38 Long-term survival is directly related to rapid institution 
of resuscitative measures.52

In the ield, the sick individual should be placed in the shade 
and any restrictive clothing removed. There are multiple ways to 
cool patients in the ield, with cold-water immersion (CWI) being 
the most effective modality.27,94 In a remote setting, this can be 
accomplished by using a small children’s pool illed with iced 
water. The patient should be submerged up to the shoulders and 
kept under immediate hands-on supervision at all times. Another 
expedient method in the ield is to keep bed sheets soaked in a 
cooler full of iced water; the person can then be wrapped in the 
cold sheets. Particular care should be given to covering the head 
and submerging the sheets every few minutes to recool them.85 
Ice packs can be applied to the groin, axillae, sides of the neck, 
and head to augment iced-sheet cooling. Cooling should con-
tinue until emergency medical services (EMS) providers arrive. 
Nonmedical irst responders should not attempt to evacuate 
heatstroke patients themselves, because this may distract from 
cooling efforts. If CWI or iced sheets are not available, the patient 

split products increased, with a fall in thrombocytes.41 Clotting 
dysfunction peaked 18 to 36 hours after the acute phase of heat-
stroke; 2 to 3 days after heatstroke, prothrombin levels fell to 
17% to 45% of normal. Depending on the severity of heatstroke, 
thrombocyte values ranged between 110 × 103/mm3 and 0.108,109 
This systemic inlammatory response state resembles gram-
negative bacterial sepsis, and it appears that lipopolysaccharide 
(a cell wall component of gram-negative bacteria) participates in 
the pathophysiology of EHS.46

Enzymes

One of the prominent and almost pathognomonic characteristics 
of EHS is appearance of exceptionally high levels of certain cel-
lular enzymes, which implies cell damage or death. Most patients 
with EHS show elevation of serum creatine phosphokinase (CPK) 
activity and myoglobinuria, which suggests damage to skeletal 
muscle.40 CPK values in the range of 103 to 104 international units 
(IU) were typically found, with peak values occurring 24 to 48 
hours after collapse.33,104 At Tco of 41.8° to 42.2° C (107.24° to 
107.96° F), aspartate aminotransferase/transaminase (AST) and 
alanine aminotransferase/transaminase (ALT) levels rose by 
factors of 25 and 8, respectively, and bilirubin levels approxi-
mately doubled to 1.56 mg/dL.90

These rises in enzyme levels are related to tissue damage, 
which in turn depends on Tco and its rates of rise and duration.81 
CPK was the most sensitive indicator of increases in Tco, followed 
by lactate dehydrogenase (LDH), which is an index of general-
ized tissue damage. CPK levels in EHI and EHS typically peak at 
24 to 48 hours. Rising values after this point should alert the 
clinician to possibility of an occult compartment syndrome. An 
EHI patient may complain of lower-extremity pain that manifests 
as a compartment syndrome. During the 1994 Hajj, 26 heatstroke 
victims admitted to a heatstroke treatment unit had elevated 
levels of CPK, AST, ALT, and LDH; these levels remained high 
after 24 hours. Those who died had higher enzyme levels than 
the survivors. LDH concentration was useful for distinguishing 
between those who died and those who had a rapid recovery. 
The enzymes were better prognostic indicators than Tco, anion 
gap, and serum potassium level.

Late Phase

The late phase of heatstroke manifests 3 to 5 days after collapse 
and is characterized by disturbances in renal and hepatic func-
tions. These abnormalities are consistent with multiorgan dys-
function syndrome as a result of SIRS.

Acute renal failure is a common complication of severe cases 
and occurs in 25% to 30% of EHS patients.65,73,108 Oliguria and 
anuria are characteristic features. During this phase, urine has 
been described as being like machine oil, with a high speciic 
gravity.89,92,100,108 Usually present in the urine are red and white 
cells, hyaline and granular casts, and mild to moderate protein-
uria.100 The etiology involves multiple causes,89 but a major factor 
is reduced renal blood low caused by heat-induced hypotension, 
hypohydration, and peripheral vasodilation. In addition, direct 
thermal injury may lead to widespread renal tissue damage.100 
Myoglobinuria and elevated blood viscosity that result from dis-
seminated intravascular coagulation (DIC) may further contribute 
to acute oliguric renal failure.92,100,112,119

Usually, EHS is manifested by increased serum levels of liver 
enzymes, although acute liver failure has also been reported.42,123 
High bilirubin levels, which may last for several days, relect 
hepatic dysfunction and hemolysis. In most cases of EHS, liver 
injury is usually asymptomatic and exhibits reversible elevation 
in plasma transaminase levels.51 Acute liver failure is documented 
in 5% of patients with EHS.66 Hypophosphatemia (<0.5 mmol/L) 
at admission may predict occurrence of acute liver failure.42 
Despite limited experience and that EHS patients with extensive 
liver damage may recover spontaneously, orthotopic liver trans-
plantation had been suggested as a potential treatment.15,50,97 
Among 16 reported cases of EHS-induced liver failure,48 three 
patients underwent liver transplantation. In the conservatively 
managed group, eight patients recovered spontaneously, and ive 
died. Concomitantly, all three patients who received transplanta-
tion died. Hadad and co-workers48 concluded that, because of 

BOX 13-1 Basic First Aid for Heat Illnesses

1. Place the patient in the shade.
2. Assess airway, breathing, and circulation.
3. Initiate cardiopulmonary resuscitation if the patient is pulseless 

or apneic.
4. Remove any restrictive clothing.
5. Initiate rapid cooling measures.
6. Activate emergency medical services (EMS).
7. Measure the patient’s rectal temperature to conirm the 

diagnosis.
8. Evacuate the patient to the nearest medical facility via EMS.
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The Tco reported in the ield for heatstroke patients may be 
signiicantly higher (e.g., 41.1° C [106.9° F]), than those docu-
mented in the hospital ED (e.g., 37.8° C [100° F]) because Tco may 
fall during transport to the hospital.107 Documenting only a mild 
elevation in Tco on arrival does not exclude the diagnosis of 
heatstroke. CNS disturbances (coma, convulsions, confusion, or 
agitation) that accompany hyperthermia may also result from CNS 
infection, sepsis, or other disease process. Other diagnoses 
should be considered when the patient does not regain normal 
mental status after the Tco is normalized in less than 30 minutes. 
When Tco remains elevated longer, there is a decreased likelihood 
that mental status will normalize with euthermia.20

Core temperature can be measured at several anatomic sites, 
but oral, tympanic, esophageal, and rectal temperatures show 
regional variations as a result of differences in tissue metabolic 
activity, local blood supply, and temperature gradients between 
neighboring tissues. During exercise, active skeletal muscle tem-
perature differs dramatically from that of other areas of the body 
not directly involved in the activity. Oral temperature is consid-
ered to be similar to blood temperature as a result of the rich 
blood supply of the tongue, but it is also inluenced by hyper-
ventilation and drinking luids. Rectal temperature is a highly 
reliable indicator of body temperature, but it has a slower 
response rate and gives slightly higher readings than do other 
sites in the body.

The comparison of oral and rectal temperature values in heat-
stressed underground miners showed a difference of approxi-
mately 1° C (2° F), with oral temperatures underestimating rectal 
values.116 Tympanic temperature responds more rapidly to 
cooling or heating than does rectal temperature, but it is inlu-
enced by changes in the skin temperature of the head and 
neck.47,74 The ear should be insulated from the environment to 
prevent cool ambient temperatures (<30° C [86° F]) from affecting 
this measurement. Esophageal temperature is the most accurate 
and responsive to changes in blood temperature, but its instru-
mentation is impractical in severely injured or unresponsive 
patients.

If airway control was not previously established and the 
patient is still unconscious, a cuffed endotracheal tube should be 
inserted to protect against aspiration of oral secretions. Supple-
mental oxygen should be provided, as well as PPV when hypoxia 
(PaO2 <55 mm Hg) or hypotension is present. Overvigorous luid 
resuscitation may precipitate pulmonary edema, so careful moni-
toring is indicated. Ideally, 1 to 2 L (1.05 to 2.11 qt) of luid 
should be administered during the irst hour after collapse, and 
additional luids should be administered until satisfactory urine 
output (0.5 cc/kg/hr in adult and 1.0 cc/kg/hr in child) is estab-
lished.41 Most heatstroke patients arrive with a high cardiac index, 
low peripheral vascular resistance, and mild right-sided heart 
failure with elevated central venous pressure (CVP). Only moder-
ate luid replacement is indicated if effective cooling results in 
vasoconstriction and increased blood pressure. Providers should 
consider noninvasive intravascular volume monitoring or the 
minimally invasive monitoring of systolic volume variation and 
pulse pressure variation. If these methods are not adequate, a 
Swan-Ganz pulmonary artery catheter may be necessary to assess 
appropriate luid supplementation. Some patients have a low 
cardiac index, hypotension, and elevated central venous pres-
sure. These persons have been successfully treated with an 
isoproterenol drip (1 mg/min).87 Patients with low cardiac index, 
low CVP, hypotension, and low pulmonary capillary wedge  
pressure should receive luid. Unless the patient has rhabdomy-
olysis, aggressive luid hydration is seldom required after initial 
treatment.

Cardiac monitoring should be maintained during at least the 
irst 24 hours of hospitalization. Arrhythmia is most likely to occur 
during hyperthermia, but it may also occur as a result of elec-
trolyte abnormalities. Using norepinephrine and other α-adrenergic 
drugs should be avoided because they cause vasoconstriction, 
thereby reducing heat exchange through the skin. Anticholinergic 
drugs that inhibit sweating (e.g., atropine) should also be avoided.

Cooling techniques are ineffective when the patient has sei-
zures that increase body heat storage; therefore, convulsions 
should be controlled. IV benzodiazepines are preferred for their 

should be kept wet by applying large quantities (20 to 30 L [5.3 
to 7.9 gal]) of tap water or water from any source, and the per-
son’s body should be constantly fanned. Cooling blankets are 
generally ineffective as a single modality for inducing rapid low-
ering of body temperature required for treating heatstroke.

EMERGENCY MEDICAL SERVICES TREATMENT

During evacuation, CWI is often not a viable method for treat-
ment. Iced sheets and ice packs can be easily used en route 
during transport. Many EMS vehicles now carry refrigerated intra-
venous (IV) luid to initiate induction of therapeutic hypothermia 
in cardiovascular emergencies. When used, chilled IV luid (4° C 
[39° F]) should be peripherally administered.68 Vascular access 
should be established without delay by inserting a 12- or 14-gauge 
IV catheter. Administration of normal saline or lactated Ringer’s 
solution should be started. Recommendations vary regarding 
administration rate of luids. Some clinicians advise a rate of 
1200 mL (1.26 qt) over 4 hours,87 whereas others encourage a 
2-L (2.11-qt) bolus over the irst hour and an additional liter of 
luid per hour for the next 3 hours.106 Patients should be placed 
on a cardiac monitor. Administration of supplemental oxygen 
may help to meet the patient’s increased metabolic demands and 
may also be used to treat the hypoxia often associated with 
aspiration, pulmonary hemorrhage, pulmonary infarction, pneu-
monitis, or pulmonary edema.37,73 Blood glucose determination 
should be performed, and adults with blood sugar level less than 
60 mg/dL should be treated with one ampule of 50% IV dextrose 
solution. Children should be treated with 2 to 4 cc/kg of 25% IV 
dextrose solution.

Antipyretics are not effective and may potentially be harmful 
to heatstroke patients. Aspirin and acetaminophen lower Tco by 
normalizing the elevated hypothalamic set point that regulates 
the fever response caused by pyrogens; in heatstroke, the set 
point is normal, with Tco elevation relecting a failure of normal 
cooling mechanisms. Furthermore, acetaminophen may induce 
additional hepatic damage, and administration of aspirin may 
aggravate bleeding tendencies. Aspirin has also been shown to 
attenuate protective, relexive skin blood low responses that are 
required for adequate heat dissipation,57,75 which will predispose 
to heatstroke collapse. In a mouse model of heatstroke, an acute 
oral dose of indomethacin (a potent antipyretic nonsteroidal 
antiinlammatory drug [NSAID]) provided immediately before 
heat exposure resulted in about a 40% increase in heatstroke 
mortality because of extensive gut hemorrhage.69 Similar results 
were observed in rats injected peripherally with aspirin.61 Because 
NSAIDs do not attenuate Tco during environmental heat exposure, 
and their toxicity on the gut and liver is exacerbated with heat, 
using these drugs prophylactically or for treatment of heatstroke 
patients is not warranted. Alcohol sponge baths are inappropriate 
under any circumstances, because transcutaneous absorption of 
alcohol may lead to poisoning and coma.

In a comatose patient, airway control should be established 
by inserting a cuffed endotracheal tube. Positive-pressure ventila-
tion (PPV) is indicated if hypoxia persists despite supplemental 
oxygen administration.

The patient’s altered mental status may adversely affect the 
ability of emergency department (ED) personnel to obtain a 
detailed history of precipitating events. Lack of such information 
may delay diagnosis. EMS transport personnel should attempt to 
obtain this history before evacuating the patient and should com-
municate the information to medical staff. Of particular impor-
tance is the duration, and when available, maximum degree of 
hyperthermia.

HOSPITAL EMERGENCY MEDICAL TREATMENT

Patients with suspected heatstroke should be placed in a large 
treatment room to accommodate the needed number of staff. 
Patients are often combative and disoriented before reestablish-
ing their baseline mental status. Aggressive cooling measures 
should continue until mental status returns to normal and Tco is 
39° C (102° F).27 After discontinuation of cooling, Tco should be 
monitored every 5 minutes to ensure that it does not increase.
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cooling by depressing Ca2+ entry into the sarcoplasm; this led to 
relaxation of peripheral blood vessels with attenuated production 
of metabolic heat. Dantrolene may also be effective in treating 
heatstroke by increasing the cooling rate. In other animal models, 
however, dantrolene was not superior to conventional cooling 
methods.125 As such, dantrolene is not recommended.

Antibiotic Therapy

As previously discussed, in the clinical manifestations of EHI, 
EHS shares many common indings with the SIRS.20,106 This rela-
tionship has created an interest in recognition and treatment of 
occult or comorbid infection. Numerous systematic reviews and 
case reports have identiied infection as a risk factor for EHS. In 
addition, others postulate that bacterial translocation from the gut 
microbiome may take part in the pathophysiology of heatstroke. 
Therefore, individual patients with EHS need to be carefully 
examined for overt and occult infection so that appropriate 
therapies can be initiated. Most importantly, future research is 
warranted to address the issue of whether antibiotic treatment 
should be evaluated in all heatstroke patients.

SEQUELAE

The combination of the rapid reduction of Tco, control of seizures, 
proper rehydration, and prompt evacuation to an emergency 
medical facility results in a 90% to 95% survival rate in heatstroke 
patients, with morbidity directly related to duration of hyperther-
mia.20,106 A poor prognosis is associated with Tco of more than 
41° C (105.8° F), prolonged duration of hyperthermia, hyperkale-
mia, acute renal failure, and elevated serum levels of liver 
enzymes. Therefore, misdiagnosis, early ineficient treatment, and 
delay in evacuation are the major causes of clinical deterioration. 
Full recovery without evidence of neurologic impairment has 
been achieved even after coma of 24 hours’ duration and sub-
sequent seizures.109 Persistence of coma after return to normo-
thermia is a poor prognostic sign.110 Red blood cell apoptosis 
(i.e., cell blebbing, asymmetry, and shrinkage) on early periph-
eral blood smears is a sign of a very poor prognosis and may 
indicate extensive cellular necrosis. Neurologic deicits may 
persist, but usually only last for a limited period of 12 to 24 
months, and only rarely for longer.

Central nervous system dysfunction becomes increasingly 
severe with prolonged duration of hyperthermia and associated 
circulatory failure. Nevertheless, coma that persists for up to 24 
hours, even with subsequent seizures, is usually followed by 
complete recovery without evidence of mental or neurologic 
impairment.2,96 However, chronic disability may prevail for several 
weeks or months in the forms of cerebellar deicits, hemiparesis, 
aphasia, and mental deiciency.2,65,96 Only in exceptional cases, 
when coma persisted for more than 24 hours, did mental and 
neurologic impairment become chronic and prevail for years. 
However, in one study of classic heatstroke, 78% of patients had 
minimal to severe neurologic impairment, such as ataxia or dys-
arthria.33 Long-term EHS patients may have increased mortality 
from heart, liver, and kidney disease.121

RETURN TO ACTIVITY

Return-to-play/activity (RTP) decision making for the individual 
with a history of EHI can be complex. Although the inal decision 
is most often left in the hands of the providing physician, the 
assessments, in particular with athletes, frequently require incor-
poration of both information and execution from the athletic 
trainer, physical therapist, coach, and family members, as well 
as the athlete. An American College of Sports Medicine (ACSM) 
guideline on RTP identiied the following key considerations to 
assist in safely returning athletes to activity3:
• Status of anatomic and functional healing
• Status of recovery from acute illness and associated sequelae
• Status of chronic injury or illness
• Whether the athlete poses an undue risk to the safety of other 

participants
• Restoration of sport-speciic skills
• Psychosocial readiness

eficacy and renal clearance. Initial dosing is either 4 to 8 mg of 
IV lorazepam or 10 mg of IV diazepam. If seizures persist for 
more than 10 minutes after the irst dose, an additional 4 mg of 
lorazepam or 10 mg of diazepam should be administered.

As a result of drastic cooling, skin temperature may decrease 
enough to cause shivering. Administration of 12.5 mg of meper-
idine via slow IV push111 or 5 mg of IV diazepam is effective to 
suppress shivering and prevent additional rise in Tco from meta-
bolic heat production. If CWI is used, the increase in metabolic 
rate as a result of shivering will be more than offset by the high 
rate of heat transfer. Therefore, presence of shivering should 
not be a cause for concern when this method of cooling is 
used.27,91

Severe muscle cramping may be caused by electrolyte imbal-
ances. Magnesium levels should be obtained. If magnesium levels 
are low, consideration may be given to the use of 50% IV mag-
nesium sulfate (4 g in 250 mL of 5% dextrose injection at a rate 
that does not exceed 3 mL/min).17,18

A Foley catheter should be placed to monitor urine output. 
Renal damage from myoglobinuria and hyperuricemia can be 
prevented by promoting renal blood low by administering IV 
mannitol (0.25 mg/kg) or furosemide (1 mg/kg).106 If CPK levels 
exceed 100,000 IU, alkalinize the urine of patients with exertional 
rhabdomyolysis; there is no advantage to alkalinization when 
levels are lower. Hemodialysis should be reconsidered if anuria, 
oliguria (<0.5 mL/kg/hr of urine for >6 hours), uremia, or hyper-
kalemia develops. Cooling and hydration usually correct acid-
base abnormalities; however, serum electrolytes should be 
monitored and appropriate modiications of IV luids made. 
Glucose should be monitored repeatedly, because either hypo-
glycemia or hyperglycemia may occur after EHS.103 Oral and 
gastric secretions are evacuated via a nasogastric tube connected 
to continuous low suction. Although antacids, proton pump 
inhibitors, and histamine-2 (H2) blockers have been used to 
prevent GI bleeding, no studies to date demonstrate their eficacy 
for heatstroke patients.

Induced Hypothermia

Induced hypothermia is increasingly being used for many neu-
rologic and cardiovascular emergencies, including acute stroke, 
neonatal hypoxic-ischemic encephalopathy, and after cardiac 
arrest.12,53,84,102 This therapeutic modality has not been evaluated 
for effectiveness in individuals with EHS, but may have a role in 
cooling severe refractory cases. There may be a role for a period 
of induced hypothermia after severe EHS.

Dantrolene

No drug has been found to have a signiicant effect for reducing 
Tco. Antipyretics are ineffective because the thermoregulatory set 
point is not affected in heatstroke. Furthermore, antipyretics 
might be harmful because they cannot be readily metabolized in 
the heat-affected liver, and interactions between NSAIDs and heat 
can cause extensive gut injury. However, dantrolene has been 
used quite successfully for treatment of several hypercatabolic 
syndromes, such as malignant hyperthermia, neuroleptic malig-
nant syndrome, and other conditions characterized by muscular 
rigidity or spasticity.115,122 Dantrolene stabilizes the calcium ion 
(Ca2+) release channel in muscle cells, thereby reducing the 
amount of Ca2+ released from cellular calcium stores. This lowers 
intracellular Ca2+ concentrations, muscle metabolic activity, 
muscle tone, and thus heat production.30,83 In some studies, dan-
trolene was claimed to be effective for treatment of heatstroke, 
whereas in others it improved neither rate of cooling nor sur-
vival.28,34,72,117 In six patients with rhabdomyolysis, intramuscular 
Ca2+ concentrations were 11 times higher than in controls, and 
dantrolene successfully lowered the elevated Ca2+ level.71 Col-
lectively, the limited data available are at best inconsistent. 
Despite growing evidence for a possible beneit of dantrolene 
treatment in patients with heatstroke, justiication for its routine 
use in such cases is not proved, although future clinical trials 
may change this assessment.

Moran and colleagues79 studied dantrolene in a hyperthermic 
rat model, and found it to be effective as a prophylactic agent 
in sedentary animals only. Dantrolene induced more rapid 
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coaches continue to use physical or psychological methods to 
force athletes to compete or train under intolerably hot condi-
tions. This practice should be viewed as irresponsible, dangerous, 
and possibly criminally negligent.

The importance of recognizing milder forms of heat illness 
cannot be overstated. Any time heat injuries occur, coaches and 
trainers should reassess all athletes and determine what other 
measures can be implemented to prevent occurrence of addi-
tional or more serious injuries.

Awareness of Host Risk Factors

Shapiro and Moran104 studied 82 cases of EHS in Israeli soldiers 
and concluded that at least one factor that predisposes an indi-
vidual to heatstroke (e.g., diarrhea, lack of acclimatization, poor 
itness) was associated with each case. Correcting individual risk 
factors should lead to strategies that can prevent heatstroke. Any 
underlying condition that causes dehydration or increased heat 
production or that causes decreased dissipation of heat interferes 
with normal thermoregulatory mechanisms and predisposes an 
individual to heat injury. Older individuals are less tolerant to 
EHI than younger persons and are more susceptible to classic 
heatstroke because of decreased secretory ability of their sweat 
glands and decreased ability of their cardiovascular systems to 
increase blood low to the skin. When healthy young adults 
exercise strenuously in the heat, EHS may occur despite the 
absence of host risk factors.

Elite and professional athletes, the general public, and the 
military have widely used ergogenic aids (e.g., the herb ephedra 
[ma huang]) that contain ephedrine to improve performance and 
for weight loss. Because ephedra increases metabolic rate, it has 
caused numerous cases of heat illness and deaths worldwide and 
has been banned by reputable sports authorities. Because there 
are no clear ergogenic beneits to ephedra alone, use of ephedra-
containing substances should be discouraged.88

The ratio of basal metabolic rate to surface area is higher in 
children than in adults. As a result, a child’s skin temperature is 
higher for any given Tco. Although the secretory rates of their 
sweat glands are lower, children have greater numbers of active 
sweat glands per area of skin than adults and overall greater 
sweat rates per unit area.58 Any reduction in the rate of sweating 
puts children especially at risk. The primary mechanism for heat-
stroke in young children is hot-vehicle entrapment. Between 
1998 and 2010, 462 children died from heatstroke as a result of 
vehicular hyperthermia.

The primary means of heat dissipation is production and 
evaporation of sweat. Any condition that reduces this process 
places the individual at risk for thermal injury. Poor physical 
conditioning, fatigue, sleep deprivation, cardiovascular disease, 
and lack of acclimation all limit the cardiovascular response to 
heat stress.43,60 Obesity places an individual at risk as a result of 
reduced cardiac output, the increased energy cost of moving 
extra mass, increased thermal insulation, and altered distribution 
of heat-activated sweat glands.80 Older adults and younger indi-
viduals show decreased eficiency of thermoregulatory functions 
and increased risk for heat injury.

Several congenital or acquired skin abnormalities affect sweat 
production and evaporation. Ectodermal dysplasia is the most 
common form of congenital anhidrosis. Widespread psoriasis, 
poison ivy, sunburn, scleroderma, miliaria rubra (“prickly heat,” 
caused by the plugging of sweat ducts with keratin), deep burns, 
and prior skin grafting may also limit sweat production.

Dehydration affects both central thermoregulation and sweat-
ing. A mere 2% decrease in body mass through luid loss pro-
duces increased heart rate, increased Tco, and decreased plasma 
volume. In an otherwise healthy adult, GI infection with vomiting 
and diarrhea may cause suficient dehydration to place the indi-
vidual at risk for EHS.

Chronic conditions that may contribute to heat illness include 
diabetes mellitus, diabetes insipidus, spinal cord injury, eating 
disorders (especially bulimia), and mental retardation. Alcohol-
ism and illicit drug use are among the 10 major risk factors  
for heatstroke in the general population.63 An important effect 
of alcohol consumption is inhibition of antidiuretic hormone 
secretion, which leads to relative dehydration. Autonomic  

• Ability to perform safely with equipment modiication, bracing, 
and orthoses

• Compliance with applicable federal, state, local, school, and 
governing-body regulations
The cornerstone assessment in the RTP decision requires 

fundamental understanding of the anatomic as well as functional 
healing of the particular disorder that affects the athlete. Exer-
tional heat illness RTP is especially challenging because there  
is incomplete understanding of the pathophysiologic processes 
involved in development of and recovery from EHI.26,76

Despite the frequency of EHI, current civilian and military RTP 
guidelines for a particular athlete are largely based on anecdotal 
observation, prudence, and caution.76,86 At this time, no evidence-
based guidelines or recommendations exist for returning indi-
viduals, athletes, or soldiers to play or duty. Most guidelines are 
commonsense recommendations that require an asymptomatic 
state and normal laboratory parameters, coupled with a cautious 
reintroduction of activity and gradual heat acclimatization. Current 
suggestions range from 7 days to 15 months before EHS patients 
return to full activity.8 This lack of consistency and clinical agree-
ment can negatively impact athletes and soldiers and makes it 
dificult for medical providers to determine the best solution for 
each individual; the inconsistencies also can directly impact mili-
tary readiness. Additionally, whereas current guidance states that 
EHS patients may return to practice and competition when they 
have reestablished heat tolerance, no evidence-based tools are 
available to assess when the body’s thermoregulatory system has 
returned to normal.76

This lack of clear evidence-based guidance has allowed some 
medical professionals to clear individuals and athletes for RTP 
after EHS without considering exercise heat tolerance deicits, 
neuropsychological impairments, or the altered itness status and 
acclimatization status from not being actively engaged in training 
during recovery.11,77,96 As with any other injury, RTP should 
involve a carefully planned and incrementally increased physical 
challenge that is closely supervised by an athletic trainer and 
physician, as previously identiied in the ACSM conference state-
ment. Current research indicates that most individuals eventually 
recover fully from EHS; indeed, this occurs in the vast majority 
of cases when the athlete is treated promptly with aggressive 
cooling strategies (i.e., ice-water immersion).11,26,95

Current Civilian Recommendations

In our opinion, the consensus RTP guidelines set forth by the 
ACSM are clear and succinct and provide a rational process for 
guiding athletes who have sustained an EHI. Current recommen-
dations from the ACSM for returning an athlete to training and 
competition follow8:
1. Refrain from exercise for at least 7 days following release from 

medical care.
2. Follow up about 1 week after the incident for a physical 

examination and laboratory testing or diagnostic imaging of 
the affected organs, based on the clinical course of the 
heatstroke.

3. When cleared for RTP, begin exercise in a cool environment 
and gradually increase the duration, intensity, and heat expo-
sure over 2 weeks to demonstrate heat tolerance and to initi-
ate acclimatization.

4. If RTP is not accomplished over 4 weeks, a laboratory 
exercise–heat tolerance test should be considered.

5. Clear the athlete for full competition if heat tolerant between 
2 and 4 weeks of full training.

PREVENTION

Prevention of heat illness relies on an awareness of host risk 
factors, a change in behavior and physical activity to match these 
risk factors and environmental conditions, and a requirement for 
appropriate hydration during physical exercise in the heat. More 
aggressive educational activity that explains heat illness and its 
prevention to the public should be strongly promoted. Primary 
care physicians should incorporate this information into the 
anticipatory guidance of routine health assessment. Despite a 
wealth of medical literature about heat injury, some athletic 
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during the irst week of training and during times of high heat 
stress conditions.

ACTIVITY

Behavioral actions can effectively minimize occurrence of classic 
heatstroke. Lack of residential air conditioning places indigent 
persons at risk during heat waves. By sitting in a cool or tepid 
bath periodically throughout the day, the individual can decrease 
heat stress and thereby prevent heat injury. The more than 10,000 
deaths during the 2003 heat wave in Europe could have been 
reduced by simple announcements by public health oficials of 
this preventive measure. This type of “heat dumping” activity can 
also include taking cool showers instead of warm showers. In 
addition, forearms and hands can be immersed into water that 
has been cooled to 10° to 20° C (50° to 68° F) for 10 minutes. 
This action will achieve reduction in Tco of 0.7° C (1.3° F) and 
provide the athlete with sustained capability to train in the heat.45

In addition to forearm and hand immersion in cool or cold 
water, the concept of cooling the palm by various devices, some 
of which add vacuum pressure to the palm in addition to cooling, 
has recently become popular. A comprehensive review of cooling 
rates of various cooling modalities shows that this methodology 
is no more effective in lowering body core temperature than limb 
immersion in tap water (15° C [59° F]).26 Recent research on these 
devices reports that the addition of negative pressure with cooling 
did not enhance any cooling effect.67 In addition, these devices 
have been shown to be ineffective in slowing development of 
hyperthermia when used between exercise bouts5 and in improve-
ment of high-intensity, intermittent exercise.120 Cold or ice water 
has been reported to have a cooling power ive to eight times 
greater than hand/palm cooling devices.26 Given the low cooling 
power of these devices, their use in a ield or athletic setting, 
especially for treatment of heat injury or illness, should be ques-
tioned. This is also true when viewed in terms of cost when 
compared with limb immersion modalities. Regarding use in a 
wilderness setting, these devices have additional drawbacks, 
including the need for electrical power with batteries and the 
added weight of transport.

Athletes should be placed in the shade whenever possible 
during periods of rest and instruction. If shade is not available 
in areas where warm-weather training is routinely conducted, 
consideration should be given to constructing overhead shelters. 
If toilets/latrines are not easily accessed at training areas, consid-
eration should be given to placing portable toilets nearby to 
prevent voluntary luid restriction. We recommend spacing 
runners widely apart during group runs to allow for optimal heat 
dissipation.

Modiication of physical activity should not be based solely 
on any individual parameter of ambient temperature (Tamb), rela-
tive humidity, or solar radiation, because all these contribute to 
heat load. The wet bulb globe temperature (WBGT) is an index 
of heat stress that incorporates all three factors. This value may 
be calculated (Table 13-2) or obtained directly from portable 
digital heat stress monitors that measure all three parameters 
simultaneously to compute WBGT. When heat stress monitors 
are used, care should be taken to ensure that they are calibrated 

dysfunction, which is present with many chronic diseases, impairs 
thermoregulation.55

Despite evidence that hypohydration limits physical perfor-
mance, voluntary dehydration continues to be routine in certain 
athletic arenas.6,9,23,118 Wrestlers, jockeys, boxers, and bodybuild-
ers typically lose 3% to 5% of their body mass 1 to 2 days before 
competition. In addition to restricting luid and food, they use 
other pathogenic weight control measures, such as self-induced 
vomiting, laxatives, diuretics, and exposure to heat (e.g., saunas, 
hot tubs, “sauna suits”). Athletes undergoing rapid dehydration 
are at risk not only for heat injury but also for other serious 
medical conditions, such as pulmonary embolism.32

Box 13-2 highlights common medications that interfere with 
thermoregulation. Special attention should be paid to the role of 
antihistamines in reducing sweating. This class of medications is 
often obtained over the counter, so the general population 
should be warned about the dangers of exercising in the heat 
when they are taking antihistamines.

Although it has been widely believed that sustaining an 
episode of heatstroke predisposes the individual to future heat 
injury, this has been refuted in a recent study of heatstroke 
patients.10 Ten heatstroke patients were tested for their ability to 
acclimate to heat; by deinition, the ability to acclimate to heat 
indicates heat tolerance. Nine of the patients demonstrated heat 
tolerance within 3 months after the heatstroke episode; the 
remaining patient acclimated to heat 1 year after injury. In no 
patient was heat intolerance permanent. Although individuals 
may show transient heat intolerance after thermal injury, evi-
dence for permanent susceptibility to thermal injury is lacking.

ADAPTATION TO ENVIRONMENTAL 
CONDITIONS
Appropriate adaptation to hot environmental conditions encom-
passes many forms of behavior, including modifying clothing, 
degree of physical activity, searching for shade, anticipatory 
enhancement of physical conditioning, acclimation to heat stress, 
and paying attention to level of hydration.

CLOTHING

Different regions of the body are not equivalent with regard to 
sweat production.56 The face and the scalp account for 50% of 
total sweat production, whereas the lower extremities contribute 
only 25%. When exercising under conditions of high heat load, 
maximal sweat evaporation is facilitated by maximal skin expo-
sure. Clothing should be lightweight and absorbent. Although 
signiicant improvement has been made in fabrication of athletic 
uniforms, uniforms and protective gear required by certain 
branches of the military and public safety oficers continue to 
add to the risk of heat injury. Developing protective clothing that 
permits for more effective heat dissipation is indicated. Uniforms 
should be modiied to decrease the amount of extra protective 
equipment and head gear needed as much as is safely possible 

TABLE 13-2 Determination of Wet Bulb Globe 
Temperature Heat Index

Temperature (T [°F]) Factor Example

Wet bulb T ×0.7 78 × 0.7 = 54.6
Dry bulb T ×0.1 80 × 0.1 = 8.0
Black globe T ×0.2 100 × 0.2 = 20.0
Heat index 82.6

Wet bulb relects humidity, dry bulb relects ambient air temperature, and black 
globe relects radiant heat load; the heat index is the sum of the three.
Alternative equation: Wet bulb globe temperature = (0.567 Tdb) + (0.393 Pa) + 
3.94, where Tdb is dry bulb temperature and Pa is water vapor pressure.

Data from references 15, 34, 53, 72, 113, and 115.

BOX 13-2 Drugs That Interfere with Thermoregulation

Drugs That Increase Heat Production
• Thyroid hormone
• Amphetamines
• Tricyclic antidepressants
• Lysergic acid diethylamide

Drugs That Decrease Thirst
• Haloperidol

Drugs That Decrease Sweating
• Antihistamines
• Anticholinergics
• Phenothiazines
• Benztropine mesylate
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yearly and are not left out in the heat for long periods without 
use. Care should also be taken to ensure that the device measures 
radiant heat, humidity, air movement, and shaded temperature 
to calculate WBGT. Devices that measure the heat stress index, 
relative humidity, and wind speed should not be used to estimate 
WGBT. Current recommendations from the ACSM for preventing 
EHI during workouts and competition are based on the WBGT.4 
Most heat injuries occur during cooler WBGT periods as a result 
of cumulative heat exposure from preceding days. Some clini-
cians propose that heat-warning systems base their alerts on 
cumulative heat stress rather than solely on the current WBGT.121 
Other clinicians suggest using syndromic surveillance to help 
alert the public about periods of high heat stress.14

Table 13-3 presents a suggested modiication of sports activity 
that is also based on the WBGT. Although ACSM guidelines for 
the summer indicate that vigorous physical activity should be 
scheduled in the morning or evening, individuals should be 
cautioned that the highest humidity of the day is usually early 
morning. In 1999, Montain and co-workers78 updated luid 
replacement guidelines for warm-weather training (see Chapter 
89, Table 89-5). It is important to note that compliance with these 
recommendations does not remove all risk of heat injury. The 
development of another index of heat stress that provides a better 
basis for the prevention of EHS is indicated.

Rav-Acha and colleagues93 assembled a case series of six fatal 
cases of EHS in the Israeli Defense Forces and examined the 
circumstances that led to the deaths. A signiicant association 
between accumulation of predisposing factors and EHS totality 
was found. In almost all the fatal cases, seven predisposing 
factors were noticed: (1) low physical itness, (2) sleep depriva-
tion, (3) high heat load, (4) high solar radiation, (5) physical 
exercise unmatched to physical itness, (6) absence of proper 
medical triage, and (7) training during the hottest hours. These 
fatality factors primarily concerned organizational training regula-

TABLE 13-3 Modiication of Sports Activity Based on 
Wet Bulb Globe Temperature

Index Limitation

<10° C (50° F) There is a low risk for hyperthermia but 
a possible risk for hypothermia.

<18.3° C (65° F) There is a low risk for heat illness.

18.3°-22.8° C (65°-73° F) There is a moderate risk toward the 
end of the workout.

22.8°-27.8° C (73°-82° F) Those at high risk for heat injury should 
not continue to train; all athletes 
should practice in shorts and T-shirts 
during the irst week of training.

27.8°-28.9° C (82°-84° F) Care should be taken by all athletes to 
maintain adequate hydration.

28.9°-31.1° C (85°-88° F) Unacclimated persons should stop 
training; all outdoor drills in heavy 
uniforms should be canceled.

31.1°-32.2° C (88°-90° F) Acclimated athletes should exercise 
caution and continue workouts only at 
reduced intensity; they should wear 
light clothing only.

≥32.2° C (90° F) Stop all training.

tions and not individual factors, which emphasizes the impor-
tance of proper guidelines and safety measures in a warm climate 
for preventing EHS fatalities. It follows that a combination of 
predisposing factors that were already found to impair heat toler-
ance43 is a strong predictor of a poor prognosis. Dehydration was 
found in only two of the six fatal cases reported.

CONDITIONING

The contribution of cardiovascular conditioning to thermoregula-
tion is discussed in Chapter 6. Ideally, an individual should train 
under temperate or thermoneutral conditions before exercising 
in the heat. For the previously sedentary individual, an exercise 
regimen that incorporates 20 to 30 minutes of aerobic activity  
3 to 4 days a week will improve cardiovascular function after  
8 weeks.

It is important to remember that even physically active indi-
viduals may lack physical conditioning relative to a particularly 
stressful competition or activity. Heat illness in runners usually 
occurs when novices exceed their training effort during races or 
when well-trained athletes increase their pace above normal 
during long-distance events.

ACCLIMATIZATION

During initial exposure to a hot environment, workouts should 
be moderate in intensity and duration. A gradual increase in the 
time and intensity of physical exertion over 8 to 10 days should 
allow for optimal acclimatization.36 Early-season high school heat-
stroke deaths are most likely to occur during the irst 4 days of 
practice.95 Children and teenagers require 10 to 14 days to achieve 
an appropriate acclimatization response. Acclimatization can be 
induced by simulating hot environmental conditions indoors. 
Aerobic activity should be conducted during exposure to the hot 
environment so that the individual can achieve optimal acclima-
tization.98 If symptoms of heat illness develop during the acclima-
tion period, all physical activity should be stopped and appropriate 
interventions begun. Acclimatization is not facilitated by restrict-
ing luid intake; in fact, conscious attention to luid intake is 
required to prevent dehydration. As with physical conditioning, 
there are limits to the degree of protection that acclimatization 
provides from heat stress. Given a suficiently hot and humid 
environment, no one is immune to heat injury.

RESEARCH

Areas for future research include improved clariication of when 
athletes can safely return to play; role of autonomic nervous 
system dysfunction in EHS; beneit of induced hypothermia for 
EHS treatment; and roles of clonidine, activated protein C, and 
antibiotics during initial treatment.
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