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Overwhelming evidence in nu-
merous animal models indi-
cates that lowering tissue
temperature just a few de-

grees centigrade provides better protec-
tion against ischemia than any available
drug. Hypothermia has proven to im-
prove long-term outcomes in humans af-
ter cardiac arrest (1, 2) and neonatal as-
phyxia (3, 4). In contrast, major trials of
hypothermia for brain trauma (5), cere-
bral aneurysm surgery (6), and acute
myocardial infarction failed to demon-
strate benefit—although limitations of
each study preclude the conclusion that
hypothermia is not helpful. This is par-
ticularly the case because most major
outcome trials induced hypothermia rel-
atively slowly and well after the insult.

Newer (faster) methods for reducing
core temperature are now available (7–9).
However, it remains completely unclear
how much hypothermia (if any) is opti-
mal for various conditions, how long hy-
pothermia should be maintained, and at
what rate normothermia should be re-

stored. Therapeutic hypothermia thus re-
mains a subject of active investigation.

A difficulty associated with therapeu-
tic hypothermia studies is that normal
body temperature is jealously guarded by
effective thermoregulatory defenses,
which make it difficult to induce hypo-
thermia. If these defenses are overcome
by aggressive cooling, hypothermia
comes at the cost of autonomic activa-
tion (10, 11) and considerable meta-
bolic stress (12). Therefore, a better ap-
proach is to pharmacologically impair
thermoregulatory defenses. I thus re-
view normal thermoregulatory control
and discuss ways to induce a degree of
thermal tolerance.

Normal Thermoregulation

Core body temperature is tightly regu-
lated in most mammals, and in humans
temperature is far more tightly regulated—
interestingly—than other “key” physio-
logical parameters including blood pres-
sure and heart rate. Temperature is
sensed by the transient receptor potential
(TRP) family of ion channels. Thermal
TRPs are activated at distinct tempera-
ture thresholds and are typically ex-
pressed in sensory neurons. The subtype
TRPV3 senses heat (13), for example,
whereas cold is sensed by TRPM8 (14).
Thermal information from the skin sur-
face, peripheral tissues, core organs, and
the neuraxis per se are integrated at var-
ious levels, finally arriving at the hypo-

thalamus, which is the dominant ther-
moregulatory controller in mammals.

Thermoregulatory defenses can be
grouped broadly into autonomic and be-
havioral responses. Behavioral defenses
include putting on a sweater or opening a
window, but also building shelter and
central heating. Skin and core tempera-
tures contribute comparably to central
control of behavioral responses (15). Over-
all, behavioral responses are far more pow-
erful than autonomic defenses, and it is
behavioral defenses that allow humans to
live in the diverse environments that we do.
However, they are also of little consequence
in critically ill patients who have little abil-
ity to implement such defenses. Intensive-
care patients thus depend on autonomic
defenses and their caretakers.

The primary autonomic defenses
against heat are sweating and active pre-
capillary vasodilation; the primary auto-
nomic defenses against cold are arterio-
venous shunt vasoconstriction (16) and
shivering (17). In this review, I focus on
cold defenses. Mean skin temperature con-
tributes about 20% to control of autonomic
responses to each major cold defense, with
the remainder being from deeper tissues,
the thermal core, and neuraxis (18, 19).

Arteriovenous Shunt Vasomotion

Thermoregulatory arteriovenous shunts
are specialized anastomoses linking arte-
rioles with veins; they are largely re-
stricted to fingers and toes. They are typ-
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Core body temperature is normally tightly regulated by an
effective thermoregulatory system. Thermoregulatory control is
sometimes impaired by serious illness, but more typically remains
intact. The primary autonomic defenses against heat are sweating
and active precapillary vasodilation; the primary autonomic de-
fenses against cold are arteriovenous shunt vasoconstriction and
shivering. The core temperature triggering each response de-
fines its activation threshold. Temperatures between the
sweating and vasoconstriction thresholds define the inter-
threshold range. The shivering threshold is usually a full 1°C
below the vasoconstriction threshold and is therefore a “last
resort” response. Both vasoconstriction and shivering are as-
sociated with autonomic and hemodynamic activation; and

each response is effective, thus impeding induction of thera-
peutic hypothermia. It is thus helpful to accompany core
cooling with drugs that pharmacologically induce a degree of
thermal tolerance. No perfect drug or drug combination has
been identified. Anesthetics, for example, induce considerable
tolerance, but are rarely suitable. Meperidine— especially in
combination with buspirone—is especially effective while pro-
voking only modest toxicity. The combination of buspirone and
dexmedetomidine is comparably effective while avoiding the
respiratory depression association with opioid administration.
(Crit Care Med 2009; 37[Suppl.]:S203–S210)
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ically about 100 �m in diameter which is
about ten times the size of capillaries.
Because flow is proportionate to the
fourth power of radius, shunts convey
about 10,000 times as much blood as a
comparable length of capillary. The
threshold for shunt contraction is typi-
cally near 37°C and the gain is high;
consequently, shunts usually transition
linearly from being completely open to
completely closed over just a couple of
tenths of a degree centigrade (Fig. 1).

Despite their limited anatomical dis-
tribution and number, arteriovenous
shunts have a profound effect on core
temperature. Thermoregulatory vasomo-
tion is, in fact, the most commonly acti-
vated thermoregulatory defense—at least
in cool environments such as hospitals.
This is fortuitous because vasomotion is
metabolically efficient, unlike shivering,
and doesn’t consume water as sweating
does. Shunt constriction initially roughly
halves fingertip heat loss, but the conse-
quences of reduced peripheral blood flow
that the arms and legs gradually cool.
Metabolic heat, which is largely gener-
ated by deep organs, is thus constrained
to the core thermal compartment

(trunk and head) rather than being al-
lowed to escape into peripheral tissues
(arms and legs) and from there into the
environment.

The second law of thermodynamics
specifies that heat can only flow down a
temperature gradient. It is thus apparent
that there must normally be a gradient
from core to peripheral tissues; other-
wise, heat would accumulate in the core.
In hospital environments, the gradient
typically ranges from 2°C to 4°C (20). The
smaller gradient occurs when arterio-
venous shunts are open and heat flows
readily from the core to peripheral tis-
sues, and from there is dissipated to the
environment. In contrast, the larger gra-
dient occurs when shunts are closed and
metabolic heat is preserved in the core.
Thermoregulatory vasomotion thus pro-
tects core temperature by varying periph-
eral tissue temperature and heat content;
a corollary is that mammalian thermo-
regulation is mostly based on core tem-
perature rather than body-heat content
and that peripheral tissues are used to
buffer the core from environmental per-
turbations.

Shivering

Shivering is characterized by involun-
tary oscillatory skeletal muscular activity.
On a local level, movement is uncoordi-
nated as reflected by a rapid (i.e., 250 Hz)
electromyographic activity (21). However,
there is an overall 4–8 cycle/min “waxing-
and-waning” activity that is clinically ap-
parent during intense shivering (22).

Efferent signals mediating shivering
descend from the preoptic region of the
hypothalamus to the medial forebrain
bundle. The response is probably medi-
ated by a central descending shivering
pathway, although explicit experimental
evidence is lacking. Spinal alpha-motor
neurons and their axons are the final
common path for both coordinated
movement and shivering. During contin-
ued cold stimulation of the skin or the
spinal cord, motor neurons are recruited
in sequence of increasing size, starting
with the small gamma motor neurons,
followed by the small tonic alpha motor
neurons, and finally, the larger phasic
alpha motor neurons.

The threshold for shivering is typically
a degree less than the vasoconstriction
threshold (23). Shivering is thus a “last
resort” response, and appropriately so be-
cause it is metabolically inefficient. Fur-
thermore, shivering is even less effective

than may be expected on the basis of the
increase in metabolic rate because much
of the heat is generated by the large mus-
cles in the legs, but is then dissipated to
the environment rather than being re-
tained in the core as would be heat gen-
erated by truncal organs and the brain.

The gain of shivering is not as high as
it is for vasoconstriction, with the transi-
tion from no activity to maximum shiv-
ering intensity typically occurring over a
range of about 1°C (24). Although shiv-
ering can briefly augment metabolic rate
by a factor of four or more, sustained
shivering only doubles the basal meta-
bolic rate even in young fit subjects. The
increase in elderly subjects is consider-
ably less (25).

Interthreshold Range

Each thermoregulatory defense can be
characterized by its threshold (triggering
core temperature), gain (incremental re-
sponse intensity, once triggered), and
maximum intensity (response to supra-
maximal thermal stimulation). Body tem-
perature is normally maintained between
the sweating and vasoconstriction thresh-
olds, temperatures that define the inter-
threshold range (also referred to as the
“null zone”). Onset of sweating thus usually
defines the upper boundary of normal body
temperature and shunt vasoconstriction
defines the lower boundary.

Typically, the interthreshold range is
only a few tenths of a degree centigrade
(Fig. 2) (23). It is likely that temperatures
within this range are accurately sensed,
but simply do not trigger thermoregula-
tory responses. Teleologically, this is rea-
sonable because it would be disruptive to
respond to tiny thermal deviations that
are of no physiological consequence.

Under normal circumstances, thermo-
regulatory control can thus be roughly
modeled as a discrete “setpoint.” In this
model, temperature is regulated like a
home thermostat in which heating or air
conditioning is either on or off. That this
model doesn’t account for the inter-
threshold range or null zone is normally
of little consequence; but as we shall see
below, the model fails completely in the
context of drugs that impair thermoreg-
ulatory control.

Circadian Rhythm

Normal core temperature in humans
averages about 37°C. Nearly all mammals
have a similar average core temperature,
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Figure 1. Finger blood flow, as determined us-
ing volume plethysmography, without (open cir-
cles) and with (filled squares) desflurane admin-
istration. Values were computed relative to the
thresholds (finger flow � 1.0 mL/min) in each
subject. The horizontal SD bars indicate variabil-
ity in the thresholds among the volunteers; al-
though error bars are shown only at a flow near
1.0 mL/min, the same temperature variability
applies to each data point. The slopes of the flow
vs. core temperature relationships (1.0 to �0.15
mL/min) were determined using linear regres-
sion. These slopes defined the gain of vasocon-
striction with and without desflurane anesthesia.
Gain was reduced by a factor of three, from 2.4 to
0.8 mL�min�1�°C�1 (p � 0.01). Reproduced with
permission from Kurz A, Xiong J, Sessler DI, et
al: Desflurane reduces the gain of thermoregula-
tory arteriovenous shunt vasoconstriction in hu-
mans. Anesthesiology 1995; 83:1212–1219.
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although smaller species are generally
slightly warmer than larger ones. Inter-
estingly, even poikilothermic (“cold-
blooded”) species maintain temperatures
near 37°C using behavioral responses
when a variety of ambient temperature
options are provided.

There is a nearly 1°C sinusoidal circa-
dian variation around this temperature
with the maximum occurring midafter-
noon and the minimum 12 hrs later (26).
It is interesting that core temperature, at
any given time, is regulated to within just
a few tenths of a degree centigrade (23),
but that the daily variation is much
higher (27). This is especially surprising
because animal studies indicate that as
little as 1°C of hypothermia protects
against tissue ischemia (28).

Thermoregulation in Critically Ill
Patients

Even during illness, core body temper-
ature is usually well maintained. None-
theless, serious diseases may provoke hy-
pothermia or hyperthermia. By far the
most common thermal perturbation is
fever.

Hyperthermia and Fever
Mechanisms

An increase in core temperature above
38°C is abnormal and defines hyperther-
mia. Increases in body temperature may
be controlled (29) or uncontrolled (30).
Uncontrolled increases result from ther-
moregulatory failure, environmental

stress that overcomes thermoregulatory
control, or excessive heat production.
Thermoregulatory failure can be central
(i.e., anesthetic drugs or severe brain in-
jury) or peripheral (i.e., drugs such as
atropine, vasodilators, and muscle relax-
ants that prevent sweating, vasoconstric-
tion, or shivering). The classic example of
environmentally induced hyperthermia is
heat stroke, in which extreme ambient
temperature combines with dehydration
and limits sweating. The most extreme
example of excessive heat production is
malignant hyperthermia, although ex-
cessive physical activity can also pro-
voke dangerous degrees of hyperther-
mia (Table 1).

A controlled increase, fever, results
when the hypothalamus generates ther-
moregulatory responses such as vasocon-
striction and shivering—and does so to a
specific temperature without regard to
the ambient environment. A characteris-
tic of fever is thus that it synchronously
increases the sweating and vasoconstric-
tion thresholds; the thermoregulatory
setpoint is thus elevated, but the preci-
sion of thermoregulatory control is well
maintained (Fig. 3).

Fever is mediated by exogenous or en-
dogenous pyrogens that increase the
body-temperature target in the hypothal-
amus (31). Fever is mediated by soluble
“endogenous pyrogens,” cytokines that
induce fever, which are released in re-
sponse to immune activation. Various
drugs can trigger release of cytokines
(Table 2). How cytokines interact with
the hypothalamus remains unclear. How-
ever, they are believed to either cross the
blood-brain barrier by facilitated trans-
port mechanisms (32), diffuse into areas
of the brain where there is no blood-brain
barrier (33), or interact with peripheral
neural components of the immune sys-
tem to signal the hypothalamus to in-
crease the thermal setpoint (34). There is
evidence to support each mechanism,
and it seems likely that each contributes
to some extent in various circumstances.
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Figure 2. The core temperature thresholds for
sweating, vasoconstriction, and shivering in men
and women. The skin temperature was kept con-
stant at �36.7°C during each study. The sweat-
ing and vasoconstriction thresholds were signif-
icantly greater in women than men. The
interthreshold range (sweating to vasoconstric-
tion) was �0.2°C in each gender. Temperature
between the upper and middle arrows indicates
the interthreshold range in men; similarly, tempera-
tures between the middle and lower arrows show the
vasoconstriction-to-shivering range. Reproduced with
permission from Lopez et al (23).
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Figure 3. Threshold shifts during normother-
mia and during fever. Solid circles depict the
threshold temperatures for vasoconstriction;
open circles depict threshold temperatures for
sweating. Modified with permission from
Lenhardt et al (31).

Table 1. Differences between hyperthermia and fever

Hyperthermia Fever

Uncontrolled Controlled by the hypothalamus
Disordered central thermoregulation Coordinated effector responses (vasoconstriction, shivering)
Excessive thermal challenge “Setpoint” elevation
Impaired peripheral heat loss Thermoregulatory response mechanisms intact

Heat response mechanisms shifted to a higher value

Reproduced with permission from Lenhardt R. In: Therapeutic Hypothermia. Mayer SA, Sessler DI
(Eds). New York, Marcel Dekker, 2004.

Table 2. Drugs potentially causing increased
core temperatures

Drugs Facilitating
Hyperthermia

Drugs Commonly
Triggering Fever

Atropine Penicillins
Amphetamine Cephalosporins
MDMA Phenytoin
Cocaine Amphotericin B

MDMA, 3,4-methylenedioxy-N-methylam-
phetamine or “ecstasy.”

Reproduced with permission from Lenhardt
R. In: Therapeutic Hypothermia. Mayer SA,
Sessler DI (Eds). New York, Marcel Dekker, 2004.
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Extremes of Age

Infants, children, and adults maintain
comparable core temperatures. However,
infants rely on nonshivering thermogen-
esis rather than shivering (35). Even
slightly premature infants can double ox-
ygen consumption (and thus metabolic
heat production) in response to a cool
environment (36). However, after about a
year of age, humans consistently use the
same set of autonomic responses.

Thermoregulatory is well preserved in
the elderly. But after the age of about 80
yrs, the threshold for shivering is reduced
about 1°C (Fig. 4) (37). However, this
result was observed in surgical patients
and may thus overestimate thermoregu-
latory impairment in the general popula-
tion. The vasoconstriction threshold also
appears to be reduced about 1°C in the
elderly (38).

Paralysis

Pharmacological paralysis obviously
stops shivering. However, paralysis only
slightly reduces development of fever in
response to pyrogen administration in
volunteers (39). This result suggests that
paralysis per se may not help induce ther-
apeutic hypothermia.

A further difficulty with depending on
paralysis for induction of hypothermia is

that paralysis per se does not prevent the
fairly substantial autonomic activation
associated with reductions in core tem-
perature below the vasoconstriction
threshold (10, 11, 40). Paralysis should
thus not be used as a substitute for phar-
macological impairment of thermoregu-
latory defenses, any more than it should
be used as a substitute for adequate seda-
tion in critically ill patients.

More importantly, though, paralysis is
not indicated for most patients likely to
benefit from therapeutic hypothermia,
once patients are paralyzed—and thus me-
chanically ventilated—it is easy to provide
sufficient medication to blunt thermoregu-
latory defenses. The difficulty, as described
below, is to induce thermal tolerance with-
out provoking respiratory depression or
other serious side effects.

Thermoregulatory Consequences
of Therapeutic Hypothermia

In the context of deliberate core cool-
ing, there are two problems with thermo-
regulatory defenses: a) vasoconstriction
and shivering are each effective, thus
slowing onset of hypothermia; and b)
each activates autonomic and hemody-
namic responses that may be harmful,
especially in the fragile patients most
likely to benefit from therapeutic hypo-
thermia.

Vasoconstriction and Shivering
Slow Peripheral-to-Core Heat
Transfer

Under the best of circumstances, sur-
face cooling in adults is relatively slow
because heat must be extracted from pe-
ripheral tissues before core temperature
decreases. Thermoregulatory vasocon-
striction slows the process yet more; after
all, the teleological purpose of thermo-
regulatory vasoconstriction is to con-
strain metabolic heat to the core thermal
compartment and to limit dissipation of
heat to the environment. It is effective in
both regards, and the consequence is that
surface cooling (and warming) is less ef-
fective than may be expected in vasocon-
stricted patients (41, 42).

One way to circumvent this problem is
to anesthetize patients. Most general an-
esthetics produce substantial arteriolar
dilation. Consequently, surface warming
(43) and cooling (44) remains effective
whether or not arteriovenous shunts are
constricted during anesthesia. In con-
trast, surface warming is less effective in
constricted than dilated subjects after an-
esthesia (41, 42). Of course, general an-
esthesia is rarely a practical approach to
induction of therapeutic hypothermia.

A better approach is direct core cool-
ing using heat-exchanging endovascular
catheters. These systems circulate water
through thin-walled catheters that are in-
serted into major vessels. Not only are
heat-extraction rates high, but heat is
extracted directly from the core and is
thus not impaired by thermoregulatory
vasoconstriction. Consequently, heat ex-
change is rapid, independent of patients’
vasomotor status. Infusion of cold intra-
venous fluids (i.e., �4°C) is another op-
tion, with each liter initially reducing
core temperature by about 0.8°C (20).

Autonomic and Hemodynamic
Consequences of Cold
Defenses

Even mild hypothermia (1°C–2°C) in-
creases plasma norepinephrine concen-
trations by a factor of seven and provokes
a hyperdynamic response in young, fit
subjects (40). The norepinephrine in-
crease is much less (�40% in elderly
surgical patients) (11); nonetheless peri-
operative hypothermia causes morbid
myocardial outcomes (45).

The consequence of autonomic acti-
vation and increased peripheral vascu-
lar resistance is that mild hypothermia
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Figure 4. Fifteen patients aged �80 yrs (58 � 10 yrs) (mean � SD) shivered at 36.1°C � 0.6°C; in
contrast, eight patients aged �80 yrs (89 � 7 yrs) shivered at a significantly lower mean temperature,
35.2°C � 0.8°C (p � 0.001). The shivering thresholds in seven of ten patients aged more than 80 yrs
was �35.5°C, whereas the threshold equaled or exceeded this value in all of the younger patients.
Reproduced with permission from Vassilieff et al (37).
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increases blood pressure, with a com-
pensatory reduction in heart rate (Fig. 5).
With or without concomitant general an-
esthesia, mild hypothermia increases
mean arterial pressure by about 10 mm
Hg (46).

The factor-of-two increase in meta-
bolic rate associated with sustained
shivering is sufficient to complicate in-
duction of therapeutic hypothermia
(17). For one thing, few clinical cooling
systems remove heat at the rate it is
generated by shivering. However, more
importantly, shivering is metabolically
stressful and associated with potentially
harmful hypertension. There is thus a
consensus that shivering cannot be per-
mitted in patients being therapeutically
cooled.

Blunting Thermoregulatory
Defenses

The interthreshold range usually
spans only a few tenths of a degree cen-

tigrade; the setpoint or center of this
range is normally 37°C but varies on a
circadian basis and is increased by fever.
Even with severe illness, thermoregula-
tory control remains precise. Fortu-
nately, drugs have been identified that
blunt or profoundly impair body temper-
ature control. Impairment is character-
ized by a widening of the interthreshold,
sometime by a factor of ten or more.
Some of these drugs also reduce the gain
and/or maximum intensity of thermoreg-
ulatory defenses.

Physical Methods

Mean-skin temperature contributes
20% to control of autonomic cold de-
fenses, (18, 19) and 50% to thermal com-
fort (15). Consequently, a 4°C increase in
mean-skin temperature reduces the vaso-
constriction and shivering thresholds
about a degree centigrade. The cutaneous
contribution to central control is the ba-

sis for several proposed methods of blunt-
ing responses to core cooling.

For example, Sweney et al (47) re-
ported that focal hand warming sup-
presses shivering in mildly hypothermic
volunteers. The same group also reported
that shivering can be suppressed by
warming of the lower face combined with
inhalation of heated and humidified air
(48). Others have also reported that facial
warming reduces shivering, (49) as does
radiant heating of the face and upper
chest (50). The difficulty, though, is that
the face and arms are only a small portion
of the total skin surface. As may be ex-
pected, isolated hand or face warming
only trivially reduces the shivering
threshold (51). In contrast, warming
much of the skin surface is effective (52).

As described above, direct core cooling
is faster than surface approaches because
extracted heat doesn’t have to traverse
peripheral tissues. However, an addi-
tional problem associated with surface
cooling is that it inordinately cools the
skin surface, which provokes profound
thermal discomfort. An advantage of di-
rect core heat exchange is thus that, un-
like with surface cooling, the skin can be
kept relatively warm during induction of
hypothermia. Cutaneous warming im-
proves thermal comfort without much
decreasing the rate of core cooling.

General Anesthetics

All volatile anesthetics profoundly im-
pair autonomic cold defenses, and of
course simultaneously obliterate behav-
ioral responses (53–56). Impairment is
nonlinear, being disproportionately large
at the high end of the clinical dose range.
Interestingly, anesthetics have relatively
little effect on sweating (53, 57). None-
theless, typical doses of volatile anesthet-
ics increase the interthreshold range 10-
to 20-fold to about 4°C. However, of
course general anesthesia is rarely an op-
tion for patients likely to benefit from
therapeutic hypothermia, and anesthesia
can hardly be maintained for the day or
two that may be required.

An exception is propofol, which is an
excellent sedative and is often used to
sedate critical care patients. Loss of con-
sciousness with propofol typically occurs
at a plasma concentration of 2 �g/mL,
with a concentration of 4 �g/mL represent-
ing a full general anesthetic. Propofol lin-
early and synchronously reduces the vaso-
constriction and shivering thresholds,
reaching a shivering threshold of �35°C at
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(MAP), and heart rate (HR) before and after vasoconstriction. Each symbol represents one group of
study subjects without anesthesia or with various concentrations of isoflurane or desflurane. Data are
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study population also shown. Asterisks (*) identify statistically significant differences from vasodila-
tation (p � 0.001). Reproduced with permission from Greif et al (46).
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a plasma concentration of 2 �g/mL and a
threshold of �34°C at a plasma concentra-
tion of 4 �g/mL (Fig. 6) (58).

Opioids

Alfentanil, a pure �-receptor agonist
produces a linear and synchronous dose-
dependent reduction in the shivering
threshold (59). (Alfentanil also blunts fe-
ver [60, 61].) However, it takes a plasma
concentration of 300 ng/mL to reduce the
shivering threshold to 34.3°C � 0.8°C.
This is a high dose that is associated with
considerable potential for respiratory de-
pression. Alfentanil alone is thus insuffi-
cient for induction of therapeutic hypo-
thermia.

Meperidine, which is also known as
pethidine, uniquely among opioids, in-
hibits shivering twice as much as vaso-
constriction at any given dose (62). What
causes the special antishivering action of
meperidine remains unclear. However, it
does not appear to be related to the drug’s
kappa opioid receptor activity nor its in-
hibition of cholinergic receptors (63).
Possibly, meperidine’s special antishiver-
ing activity results from stimulation of
central alpha-2B receptors (64). However,
whatever the reason, meperidine is one of
the most effective antishivering drugs
known and is frequently used for treat-
ment of postoperative shivering (65).
Nonetheless, meperidine alone is not
usually sufficient for induction of thera-
peutic hypothermia (66).

Nonopioids

Clonidine (67) and dexmedetomi-
dine (68), both central alpha-2 receptor
agonists, are effective antishivering
agents that comparably and linearly re-
duce the vasoconstriction and shivering
thresholds. A plasma concentration of
dexmedetomidine of 0.8 ng/mL, for ex-
ample, reduces the shivering threshold
to about 34°C. Clonidine is available
intravenously in Europe and elsewhere,
whereas intravenous dexmedetomidine
is available in the United States. Both
alpha agonists are frequently used for
treatment of postoperative shivering
and each is highly effective (65). Cen-
tral alpha agonists are known for bra-
dycardia and hypotension; however,
they do not cause respiratory depres-
sion. They are thus ideal candidates for
combining with other antishivering
drugs, especially opioids.

Nefopam is a centrally active analge-
sic; it is a benzoxazocine compound
that does not possess opioid or nonste-
roidal properties and does not cause
respiratory depression. Nefopam re-
duces the shivering threshold while
having almost no effect on sweating or
vasoconstriction (69). With the excep-
tion of muscle relaxants, this is a
unique pattern. Plasma concentrations
of �50 ng/mL reduce the shivering
threshold to nearly 35°C. Nefopam
alone, at least in this dose, is thus in-
sufficiently potent for induction of
therapeutic hypothermia. However, be-
cause nefopam provokes few side ef-
fects, higher doses can probably be used
safely. Similarly, it would seem a good

choice for combining with other anti-
shivering agents.

Several other drugs have been eval-
uated and shown to produce little if any
impairment of shivering. Ineffective
drugs include ondansetron (a 5HT-3
antagonist used for prevention and
treatment of nausea and vomiting), (70)
magnesium sulfate, (71) and doxapram
(effectively, a central dopamine ago-
nist) (72). Dantrolene is a peripherally
acting skeletal muscle relaxant primary
used for treatment of malignant hyper-
thermia crises. Dantrolene slightly re-
duces the shivering threshold, but de-
creases the gain of shivering about
60%. The potential for dantrolene as an
antishivering agent seems limited given
its cost, low efficacy, and potential for
respiratory toxicity. Tramadol (73) and
midazolam (74) both slightly reduce
the setpoint without much altering pre-
cision of thermoregulatory control.
Neither is sufficiently potent to contrib-
ute much to induction of therapeutic
hypothermia.

Drug Combinations

Because dexmedetomidine and meper-
idine are each effective and have different
major toxicities (bradycardia and respira-
tory depression, respectively), they make
a logical combination. In fact, they work
well together, additively decreasing the
shivering threshold about 2°C to about
35°C (51). Meperidine and nefopam have
been tested and shown to interact addi-
tively (unpublished results).

One of the best combinations so far
evaluated is buspirone and meperidine.
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Figure 7. The gain of shivering, as determined by oxygen consumption (VO2), on the control
buspirone 60 mg orally (Bus), dexmedetomidine target concentration of 0.6 ng/mL (Dex), and
combination (Bus � Dex) days. The slopes of the lines were virtually identical on each day indicating
that the drugs did not alter the gain of shivering. The bottom circles show the VO2 before cooling and
the top circles show the VO2 at the shivering threshold. Reproduced with permission from Orhan-
Sungur et al (77).

30

32

34

36

38

0 2 4 6 8

Sweating
(°

C
)

[Propofol] (µg/ml)

Shivering

Vasoconstriction

T
hr

es
ho

ld

95% Confidence Interval

Figure 6. Propofol linearly and synchronously
reduces the vasoconstriction and shivering
thresholds. Reproduced with permission from
Matsukawa et al (58).

S208 Crit Care Med 2009 Vol. 37, No. 7 (Suppl.)



Buspirone is a serotonin 1A partial ago-
nist that does not cause respiratory de-
pression. Alone, it only slightly reduces
the shivering threshold, but when it is
combined with meperidine the shivering
threshold is synergistically reduced. That
is, the shivering threshold with the com-
bination is reduced more than would be
expected based on the individual effects
on each drug alone (75). This approach to
shivering control was used in a large trial
of therapeutic hypothermia for acute
myocardial infarction (76).

Another highly effective additive com-
bination is buspirone and dexmedetomi-
dine (Fig. 7) (77). This combination re-
duces the shivering threshold about
2.5°C to about 34°C without reducing the
gain or maximum intensity of shivering.

Clinical Strategies

Thermoregulation is a fundamental
and powerful physiological defense that
normally tightly regulates core tempera-
ture. Vasoconstriction and shivering each
impede core cooling. They are also asso-
ciated with autonomic activation and hy-
pertension, neither of which is likely to
be well tolerated by patients who may
benefit from hypothermia. There is thus a
consensus that at least shivering must be
prevented or treated during induction of
therapeutic hypothermia.

Based on advanced age or serious ill-
ness, some patients will tolerate core
temperature reduction without specific
treatment. Because the skin surface con-
tributes to thermoregulatory control
(and especially thermal comfort), induc-
tion of hypothermia can be facilitated by
combining gentle skin-surface warming
with direct core cooling such as that pro-
vided by infusion of cold fluids or endo-
vascular heat exchangers.

Most patients will require pharmaco-
logical induction of thermal tolerance.
No single nonanesthetic sufficiently re-
duces the shivering threshold at doses
that are generally tolerated in unintu-
bated patients. Several drugs are thus best
combined to produce adequately blunt
thermoregulatory responses without pro-
voking excessive toxicity. One effective
combination is buspirone and meperidine
because, unlike other combinations, buspi-
rone and meperidine synergistically reduce
the shivering threshold. The combination
of buspirone and dexmedetomidine, al-
though additive, is comparably effective
while avoiding the respiratory depression
associated with opioid administration.
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