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INTRODUCTION 

Core body temperature, which normally is regulated to within a few tenths of 
a degree centigrade, varies as much as 6°C during anesthesia. Hypothermia is the 
typical disturbance and results from anesthetic-induced inhibition of thermoregula- 
tory control combined with cold exposure. Even mild perioperative hypothermia 
causes numerous complications, but can be easily prevented using available tech- 
niques. Unless specified otherwise, all data are presented as means f standard 
deviations. 

BACKGROUND 

Temperature is regulated by central structures that compare integrated thermal 
inputs from the skin surface, neuroaxis, and deep tissues with reference tempera- 
tures for each thermoregulatory response. Input temperatures outside these values 
initiate regulatory responses.' The core temperature triggering an afferent thermo- 
regulatory response defines the threshold for that parameter. The slope of response 
intensity vs the difference between thermal input and the threshold temperature 
is the gain of that response. Response intensity no longer increasing with further 
deviation in core temperature identifies the maximum intensity. The interthreshold 
range (core temperatures not triggering autonomic thermoregulatory responses) 
is bounded by the sweating threshold at its upper end and by vasoconstriction at 
the lower end.* In humans the range is only 0.2°C.3 
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Experimental Models for Use in Humans 

Control of autonomic responses is roughly 80 percent determined by thermal 
input from core structures. (In contrast, a large fraction of the input controlling 
behavioral responses is derived from the skin surface.) Because skin temperature 
contributes significantly to thermoregulatory control, skin temperature should be 
controlled when evaluating response thresholds. In animals, this proves relatively 
easy and is usually accomplished by implanting a heat exchanger into the abdomen. 
Since such invasive techniques are rarely possible in humans, four alternative 
techniques have been developed. 

Cold Intravenous Fluid 

This method relies on intravenous administration of large volumes of ice-cold 
fluid that cools the core while mean skin temperature is kept constant using forced- 
air and circulating-water.3 It has the advantage of requiring no assumptions about 
the magnitude or form of the skin-temperature contribution to thermoregulatory 
control. Major disadvantages include the need for intravenous access (often via 
a central catheter) and administration of large fluid volumes. Safety considerations 
restrict this method to relatively fit individuals who can tolerate rapid volume 
expansion and the degree of induced cooling is restricted by the amount of fluid 
tolerated. Furthermore, rapid increase in vascular volume may confound certain 
thermoregulatory responses. 

Cool Water Immersion 

In this protocol, volunteers are immersed in 28°C water to maintain skin temper- 
ature constant, exercise vigorously to increase core temperature, and subsequently 
cool passively .4 This model also requires no assumptions about cutaneous contri- 
butions to thermoregulatory control. However, it is obviously unsuitable for evalu- 
ating general and regional anesthetics, and for the physically unfit or disabled. 
Furthermore, exercise per se reduces the sweating th re~ho ld ,~  perhaps explaining 
why the sweating-to-shivering range is only =0.6"C with this method, whereas 
12°C is more typicaL3 

Regional Anesthesia 

A third method of controlling cutaneous thermoregulatory input uses spinal 
or epidural anesthesia to prevent thermal afferent signals from the lower portion 
of the body. Thermal manipulations can then be restricted to the anesthetized 
legs while maintaining constant upper-body skin temperature.6 The major disad- 
vantage of this model is the requirement for regional anesthesia, which adds both 
complexity and risk to the study. Furthermore, regional anesthesia complicates 
assessment of the thermoregulatory effects of the test drug since spinal and epidural 
anesthesia themselves have thermoregulatory effects.'.* 

Arithmetic Compensation for Skin-Temperature Changes 

Mean skin temperature contributes linearly to control of thermoregulatory 
 response^.^.'^ Arithmetically, this relation takes the form: 
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ThresMBT = PTsk in  + (1 - P)Tcore ,  Eq. 1 

where ThresMBT is a response threshold in terms of mean body temperature, Tskin 
is measured mean skin temperature, and TC,, is measured core temperature, all 
in degrees centigrade. 

The proportionality constant, p,  can be determined experimentally by plotting 
core-temperature thresholds against mean skin temperatures and using a least- 
squares linear regression to obtain the relation: 

Tcore = sTskin -k K. Eq. 2 

The slope of these regression equations (S) indicate the extent to which skin 
warming alters thermoregulatory tolerance for core hypothermia. To determine 
the fractional contribution of skin temperature to thermoregulatory control of 
vasoconstriction and shivering (p) ,  Eqs. 1 and 2 can be combined to give: 

p = -  S 
s - 1 '  Eq. 3 

The coefficient p is -0.1 for ~wea t ing ,~  whereas the skin surface contributes 
20 2 6 percent to control of vasoconstriction and 19 ? 8 percent to control 
of shivering.'O 

The known linear contribution of skin temperature to thermoregulatory control 
can be used to arithmetically compensate for the effects of the changes on thermo- 
regulatory thresholds. Because the ThresMBT remains constant, the core-tempera- 
ture threshold triggering one of the thermoregulatory responses [Tcore(calculated)] 
("C) at a designated skin temperature [Tskin(designated)] CC) can be expressed by 
the equation: 

ThresMBT = PTs!4n(designated) -k ( l  - P)Tcore(calcuIated)* Eq. 4 

Subtracting Eqs. 1 and 4, and re-arranging the terms, we can then use the measured 
skin and core temperatures at each threshold to calculate the core-temperature 
threshold that would have been observed had skin been at the designated temper- 
ature: 

Eq. 5 

Thus, Tcort.,calrula,ed) equals Tco,, plus a small correction factor consisting of p/ (  1 - p )  
multiplied by the difference between actual and designated skin temperature. Using 
this equation, the core-temperature thresholds for sweating, vasoconstriction, and 
shivering can each be calculated for a single designated mean skin temperature, 
even when skin temperature is manipulated during the study." 

THERMOREGULATION DURING GENERAL ANESTHESIA 

All intravenous and inhaled anesthetics so far tested markedly impair thermo- 
regulatory control. The pattern of impairment is similar in each case: warm- 
response thresholds are elevated while cold-response thresholds are reduced. The 
result is an ~20-fo ld  increase in the interthreshold range. 
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Thresholds 

Desflurane is characteristic of the volatile anesthetics, linearly increasing the 
sweating threshold = 1°C and nonlinearly decreasing the vasoconstriction and 
shivering thresholds 2-4°C. The vasoconstriction-to-shivering range is = 1°C with- 
out anesthesia and, as is typical, remains unchanged by desflurane (FIG. 1). Compa- 
rable doses of isoflurane produce similar thermoregulatory impairment. Impair- 
ment also seems similar with halothane, enflurane, and sevoflurane, although the 
entire dose-response curves have yet to be established for these agents. Intraopera- 
tive vasoconstriction is well preserved in infants and children, l2 but is reduced 
= 1°C in the elderly. l 3  Painful stimulation only slightly increases the vasoconstric- 
tion threshold. 

Alfentanil (a p-receptor opioid) and propofol (an intravenous anesthetic) also 
linearly increase the sweating threshold and linearly decrease the vasoconstriction 
and shivering  threshold^.^^.^^ Again, the vasoconstriction-to-shivering range re- 
mains unchanged. In contrast, meperidine (a p- and kappa-receptor opioid) dispro- 
portionately decreases the shivering th re sh~ ld , '~  which is consistent with this 
drug's special antishivering efficacy.I6 Unique among the anesthetics and sedatives 
so far tested, midazolam (a benzodiazepam) has little effect on thermoregulation, 
even at high doses. 

Gain and Maximum Response Intensity 

The gain of vasoconstriction (at constant skin temperature) is reduced threefold 
by low concentrations of desflurane (FIG. 2). It is thus likely that gain is yet 
further reduced at typical clinical concentrations. Similarly, the gain of shivering 
is reportedly reduced by low concentrations of nitrous oxide." In contrast, the 
gain of sweating remains normal during isoflurane and enflurane anesthesia. The 

Threshold 
("C) 

i, 0.5 0.8 

Desflurane (MAC Fraction) 

FIGURE 1. Thermoregulatory response thresholds during desflurane anesthesia. The sweat- 
ing threshold increased linearly, but slightly, during desflurane anesthesia. Desflurane mark- 
edly-although nonlinearly-reduced the vasoconstriction threshold. Consequently, the 
interthreshold range (temperatures not triggering autonomic thermoregulatory defenses) 
increased enormously during desflurane administration. In contrast, the vasoconstriction- 
to-shivering range remained essentially unchanged. (From Annadata er aI.'O Reprinted by 
permission from Anesthesiology.) 
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FIGURE 2. The gain of arterio-venous shunt vasoconstriction during 2.8% end-tidal des- 
flurane anesthesia (this is about 40% of a typical anesthetic dose). Finger blood flow, as 
determined using volume plethysmography, without (open circles) and with (filled squares) 
desflurane administration. Values were computed relative to the thresholds (finger flow = 
1.0 mlhin)  in each subject. The horizontal standard deviation bars indicate variability in 
the thresholds among the volunteers. The slopes of the flow us core temperature relationships 
(1.0 to -0.15 ml/min) defined the gains of vasoconstriction. Gain was significantly reduced 
by a factor of three, from 2.4 to 0.8 ml . min-' . "C-'. (From Kurz et dS4 Reprinted by 
permission from Anesthesiology.) 

maximum intensity of sweating and vasoconstriction is well preserved during 
anesthesia.'* In contrast, the maximum intensity of nonshivering thermogenesis 
is markedly reduced by volatile anesthetics. 

THERMOREGULATION DURING REGIONAL ANESTHESIA 

Although spinal and epidural anesthesia directly influence only the lower body, 
both reduce the core temperature triggering vasoconstriction and shivering (above 
the level of the block) (FIG. 3).' Typically, the reduction is ==0.6"C which is similar 
to the reduction observed previously in patients having spinal cord transections. l9 
Regional anesthesia is unlikely to reduce the cold-response thresholds by recircula- 
tion of drug to the brain, since intravenous local anesthetics have no thermoregula- 
tory effects. Furthermore, the shivering threshold is comparably reduced by 
anesthetics having long and short plasma lives, and by spinal and epidural anesthe- 
sia-although the amount of drug administered differs tenfold. 

At typical perioperative skin temperatures (e.g., 33"C), most ascending thermal 
signals originate in cold receptors.21 Regional anesthesia blocks all thermal infor- 
mation from the lower body, but cold signals are disproportionately affected since 
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FIGURE 3. The effects of spinal anesthesia on the shivering threshold (above the level of 
the block). The threshold was significantly lower during spinal anesthesia, by 0.5 * O.TC, 
although upper-body skin temperature was kept nearly constant. (From Kurz et ai.’ Reprinted 
by permission from Anesthesia and Analgesia.) 

they predominate. A potential explanation for the observed reduction in cold- 
response thresholds by regional anesthesia is that anesthetic-induced inhibition 
of tonic cold signals is misinterpreted by the thermoregulatory system to be leg 
skin warming. Apparent leg skin-surface warming would, in turn, reduce the core 
temperature triggering shivering. Consistent with this theory, increasing leg skin 
temperature to -38°C obliterates the threshold reduction following induction of 
epidural anesthesia (FIG. 4).8 Also consistent with this theory is the observation 
that anesthetic-induced reduction in the shivering threshold is proportional to the 
number of dermatomal segments blocked (FIG. 5 ) .  

PERIOPERATIVE HEAT BALANCE 

Unanesthetized subjects do not become hypothermic in a typical operating 
room environment (e.g., 20°C) even when fully undressed. Furthermore, body 
temperature is usually maintained well even in considerably cooler environments. 
Nonetheless, hypothermia is routine during anesthesia. Hypothermia has tradition- 
ally been attributed to cold exposure; however, there is increasing evidence that 
anesthetic-induced impairment of thermoregulatory responses is permissive. 

Intraoperative hypothermia develops in three phases: 1) an initial 1-1 5°C 
reduction in core temperature during the first hour after induction of anesthesia; 
2) a slower, nearly linear decrease in core temperature; and, 3) a plateau phase 
during which core temperature no longer decreases. Each phase has a different 
etiology, and will be discussed in turn below. 
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Redistribution Iiypothermia 

Although many anesthetics are direct vasodilators, induction of general anes- 
thesia increases cutaneous heat loss only -5%. In contrast, general anesthesia 
decreases heat production 20-30%. However, neither change is sufficient to ex- 
plain the 1-1.5"C decrease in core temperature typically observed during the first 
hour of anesthesia. Instead, this initial hypothermia results largely from a core- 
to-peripheral redistribution of body heat with net loss of heat t o  the environment 
contributing only slightly (FIG. 6).22 Redistribution is usually also the major cause 
of hypothermia during epidural and spinal anesthesia (FIG. 7).23 

The major factor influencing the magnitude of redistribution hypothermia is 
the initial core-to-peripheral temperature gradient (because heat can only flow 
down a temperature gradient). This gradient varies from negligible to about 4°C 
depending on  patients' prior thermal environments, their duration in that en- 
vironment, and the magnitude of thermoregulatory vasoconstriction. Patients 
maintained in a warm environment for the hours preceding surgery redistribute 
little, whereas redistribution is most pronounced in those experiencing recent 
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FIGURE 4. The effect of varying leg skin temperature and epidural anesthesia in a typical 
volunteer who participated on four study days. On three days leg temperature was varied, 
but no anesthesia was used. On the fourth, the legs were left cold, but epidural anesthesia 
was induced. There was a good linear relationship (solid line) between core temperature 
(Tcore) and leg skin temperature (TSkin) at the shivering thresholds ($/led circles) without 
anesthesia. The slope of this line indicates that leg skin temperature contributes 10% to 
control of shivering. Apparent (as distinguished from actual) skin temperature during epidural 
anesthesia was interpolated from the regression of leg skin temperatures against the shivering 
threshold (dashed line). This consists of extending a line from the shivering threshold 
(horizontal axis) to the regression equations, and then extending a perpendicular line to the 
left axis. The intersection of this line with the horizontal axis indicates the apparent leg skin 
temperature. The apparent temperature far exceeded actual leg skin temperature, which 
was 34.2"C. Increased apparent leg temperature during regional anesthesia may thus be a 
mechanism by which epidural and spinal anesthesia inhibit central control of thermoregula- 
tion. (From Emerick et a1.* Reprinted by permission from Anesthesiology.) 
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FIGURE 5. Central inhibition of thermoregulatory responses depends on block height. The 
number of dermatomes blocked (sacral segments = 5 ;  lumbar segments = 5 ;  thoracic seg- 
ments = 12) us reduction in the shivering threshold (difference between the control shivering 
threshold and spinal shivering threshold). The shivering threshold was reduced more by 
extensive spinal blocks than by less extensive ones (A threshold = 0.74 - 0.06 (dermatomes 
blocked); rz  = 0.58, p <0.006). The curved lines indicate the 95% confidence intervals for 
the slope. (From Leslie & Sessler.” Reprinted by permission from Anesthesiology.) 

cold exposure.24 Redistribution hypothermia can also be minimized by drug- 
induced vasodilation which decreases the core-to-peripheral temperature gra- 
dient .25 

Interestingly, the redistribution phase is of minimal importance in obese 
patients, possibly because they are routinely vasodilated in an effort to dissipate 
sufiicient body heat to the environment. Conversely, redistribution contributes 
disproportionately in thin subjects.26 Redistribution also appears to be of 
relatively little consequence in pediatric patients because infants and small 
children have such small extremities that most of their bodies can be consid- 
ered “core.” 

Heat Loss Exceeding Heat Production 

Surgical preparation increases heat loss because water- or alcohol-based 
fluids applied to the skin are subsequently allowed to evaporate. However, 
this is usually not a major source of heat loss.” Similarly, surgical patients 
may be ventilated with dry, cool gases; however, respiratory heat loss is trivial 
compared to cutaneous loss.2* Considerably more important is heat lost from 
evaporation of fluids within surgical incisions. This loss has yet to be quantified 
in humans, but animal studies suggest that evaporative loss can represent half of 
the This estimate is consistent with clinical experience that hypothermia is 
far more profound in patients having large operations than in those undergoing 
small procedures. 
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An additional cause of intraoperative hypothermia is the heat required to 
warm intravenous fluids to body temperature. The contribution of this mechanism 
depends on the amount of fluid administered, and the diEerence between fluid 
and mean-body temperature. Intravenous fluids contribute importantly to core 
hypothermia when unwarmed fluid volumes exceed 2 litersfhour. 

Obese patients might be expected to cool more rapidly than thin ones during 
the linear phase, because fat is a better insulator than muscle. Surprisingly, how- 
ever, the rate of heat loss depends little on body morphology once redistribution 
is complete. Fat  is apparently less protective than one might expect, because the 
heat-loss phase is characterized by continued anesthetic-induced vasodilation, 
which promotes relatively rapid convective (as opposed to  conductive) heat trans- 
fer from the core to the environment.26 
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FIGURE 6. Changes in body heat content and distribution of heat within the body during 
induction of general anesthesia. Heat loss and metabolic heat production were initially 
similar. Overall heat balance was thus near zero before induction of anesthesia (at elapsed 
time zero), but subsequently decreased =31 kcallh. The contributions of decreased overall 
heat balance and internal redistribution of body heat to the decrease in core temperature 
were separated by multiplying the change in overall heat balance by body weight and the 
specific heat of humans. The resulting change in mean body temperature (“mean body”) 
was subtracted from the change in core temperature (“core”), leaving the core hypothermia 
specifically resulting from redistribution (“redistribution”). After one h of anesthesia, core 
temperature had decreased 1.6 2 0.3”C, with redistribution contributing 81% to the decrease. 
During the subsequent two h of anesthesia, core temperature decreased an additional 
1.1 f 0.3”C, with redistribution contributing only 43%. Redistribution thus contributed 65% 
to the entire 2.8 +- 0.YC decrease in core temperature during the three h of anesthesia. 
(From Matsukawa et Reprinted by permission from Anesthesiology.) 
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FIGURE 7. Heat balance during epidural anesthesia. Overall heat balance was only slightly 
negative (Loss exceeding production) before induction of anesthesia, and subsequently 
changed little. To separate the contributions of decreased overall heat balance and internal 
redistribution of body heat to the decrease in core temperature, the change in overall heat 
balance was divided by body weight and the specific heat of humans. The resulting change in 
mean body temperature (“mean body”) was subtracted from the change in core temperature 
(“core”), leaving the core hypothermia specifically resulting from redistribution (“redistribu- 
tion”). After one h of anesthesia, core temperature had decreased0.8 f 0.3”C, with redistribu- 
tion contributing 89% to the decrease. During the subsequent two h of anesthesia, core 
temperature decreased an additional 0.4 -C 0.3”C, with redistribution contributing 62%. 
Redistribution thus contributed 80% to the entire 1.2 f 0.3”C decrease in core temperature 
during the three h of anesthesia. The increase in the “redistribution” curve before induction 
of anesthesia indicates that thermoregulatory vasoconstriction was constraining metabolic 
heat to the core thermal compartment. Such constraint is, of course, the only way in which 
core temperature could increase while body heat content decreased. Induction of epidural 
anesthesia is identified as elapsed time zero. (From Matsukawa et ai.23 Reprinted by permis- 
sion from Anesthesiology.) 

Core-Temperature Plateau 

The third phase of intraoperative hypothermia is identified by a plateau during 
which core temperature remains constant despite ongoing surgical heat Loss. It 
typically coincides with reemergence of protective thermoregulatory vasoconstric- 
tion at core temperatures near 34-35°C (depending on the anesthetic type and 
dose, patient age, et~.).’’,’~,~~ 

Vasoconstriction prevents further hypothermia by decreasing cutaneous heat 
loss. However, heat balance studies indicate that decreased cutaneous heat Loss 
is insufficient to explain a constant core temperature. That is, heat balance remains 
negative and body heat content continues to decrease during the core-temperature 
plateau. The remaining mechanism is a vasoconstriction-induced separation of the 
core and peripheral thermal compartments. In effect, vasoconstriction constrains 
metabolic heat to the core compartment while allowing continued cooling of periph- 
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:& Production 

eral tissues. The net result is reestablishment of the normal core-to-peripheral 
temperature gradient that was lost after induction of anesthesia (FIG. 8).31 
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CONSEQUENCES OF MILD HYPOTHERMIA 

Mild perioperative hypothermia is a common, but avoidable, consequence of 
combining anesthesia with a cold operating room environment. Occasionally, 
patients probably find hypothermia beneficial. In most, however, it predisposes 
potentially severe complications. 

110 

Heat 90 
(kcam) 

70 

50 

20 
Constraint 10 

(kcal) 0 
-10 

. 10 

ATemp - a5 

- ao ("C) 
--a5 
--LO 

- 2 - 1  0 1 2  3 
Elapsed Time (h) 

FIGURE 8. Changes in body heat content and distribution of heat within the body during 
the core-temperature plateau in anesthetized subjects. Vasoconstriction decreased cutaneous 
heat loss =25 kcal/h. However, heat loss exceeded heat production throughout the study. 
Consequently, mean body temperature, which decreased at a rate of =0.6"C/h before vaso- 
constriction, subsequently decreased at a rate of -0.2"C/h. Core temperature also decreased 
at a rate of =0.6"C before vasoconstriction, but remained virtually constant during the 
subsequent three h. Since mean body temperature and body heat content continued to 
decrease, constraint of metabolic heat to the core thermal compartment contributed to 
the core-temperature plateau. That is, vasoconstriction reestablished the normal core-to- 
peripheral temperature gradient by preventing metabolic heat (which is largely generated 
in the core) from escaping to peripheral tissues. Constrained heat is presented cumulatively, 
referenced to vasoconstriction at elapsed time zero. (From Kurz et ~ 1 . ~ '  Reprinted by 
permission from Anesthesiology.) 
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Protection against Cerebral Ischemia and Malignant Hyperthermia 

Severe hypothermia ( i .e . ,  core temperatures near 28°C) have been known for 
decades to be protective against cerebral ischemia. The basis for this protection 
was thought to be a decrease in the cerebral metabolic rate to about half normal 
levels. Although decreased metabolic rate surely contributes to hypothermic pro- 
tection, there is increasing evidence that other mechanisms contribute as much 
or more. 

More than a hundred animal studies, in virtually every ischemic model, demon- 
strate that just 1-3°C brain hypothermia also provides substantial protection 
against brain and spinal cord ischemia. Consequently, most anesthesiologists con- 
sider mild hypothermia therapeutic during procedures (such as neurosurgery) in 
which cerebral ischemia is likely.32 Mild hypothermia also provides substantial 
protection against malignant hyperthermia, a rare anesthetic-induced hypermeta- 
bolic state.33 

Myocardial Ischemia and Arrhythmias 

Myocardial infarctions may be the leading cause of perioperative mortality. 
Hypothermia has long been suspected of contributing to myocardial ischemia by 
triggering postoperative shivering. And consistent with this theory, less than 2°C 
core hypothermia triples the incidence of myocardial ischemia in high-risk vascular 
surgery patients (TABLE l).34 However, the evidence that shivering causes the 
ischemia remains poor. 

The oft-cited logic is that shivering doubles or triples metabolic rate. Such an 
increase is certainly stressful and likely to be poorly tolerated by fragile elderly 
patients with underlying cardiac disease who are recovering from the physiologic 
insults of surgery.35 The difficulty with this scenario is that elderly patients rarely 
shiver after surgery, and shivering-when observed in this population-increases 
metabolic rate only slightly.36 Furthermore, there appears to be little correlation 
between shivering and myocardial ischemia,34 suggesting that hypothermia predis- 
poses ischemia via another mechanism. Just what that mechanism might be re- 
mains unclear, but may be related to plasma catecholamine concentrations three 
times normal. 

Coagulapathy and Allogeneic Transfusion Requirement 

Local hypothermia significantly prolongs the bleeding time, directly impairing 
platelet function by reducing release of thromboxane A, .37 Hypothermia further 

TABLE 1. Mild Intraoperative Hypothermia Increases the Incidence of 
Myocardial Ischemia in Elderly Patients a 

Normothermic Hypothermic P 
Initial postoperative core 35.9 2 0.1 34.2 ? 0.1 <0.001 

Myocardial ischemia (%) 13 36 <0.01 
temperature (“C) 

(I Mild hypothermia in elderly patients undergoing vascular surgery tripled the incidence 
Reprinted of myocardial ischemia in the first 24 postoperative hours. (From Frank et 

by permission from Anesthesiology.) 
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TABLE 2. Mild Intraoperative Hypothermia Increases Blood Loss during 
Hip Arthroplasty " 

Normothermic Hypothermic P 
Final intraoperative core 36.6 f 0.4 35.0 2 0.5 <0.001 

Blood loss (L) 1.7 2 0.4 2.2 2 0.6 <0.001 
temperature ("C) 

Allogeneic blood (mlipatient) 10 t 55 80 ? 154 <0.02 

Mild hypothermia significantly increased blood loss and the requirement for allogeneic 
blood transfusion in patients undergoing total hip arthroplasty. (From Schmied er 
Reprinted by permission from Lancet.) 

reduces coagulation by directly impairing enzymes of the coagulation cascade. 
Clinicians often fail to detect this defect because blood sent to the laboratory is 
analyzed at 37°C irrespective of the patient's t e m p e r a t ~ r e . ~ ~  As might be expected 
from these in uitro data, less than 2°C core hypothermia significantly increases 
surgical blood loss and allogeneic transfusion requirement (TABLE 2).39 

Surgical Wound Infections and Duration of Hospitalization 

Wound infections are a devastating complication of surgery, causing substantial 
morbidity. They also increase cost of patient care by billions of dollars each year 
in the United States, Mild hypothermia potentially decreases resistance to surgical 
wound infections via two mechanisms. The first is that hypothermia triggers ther- 
moregulatory vasoconstriction, which in turn decreases delivery of oxygen to 
wounded tissue. The primary immune defense against common surgical pathogens 
is oxidative killing by neutrophils; oxygen is a substrate for oxidative killing, 
and the process depends critically on tissue oxygen tension. Scar formation and 
adequate healing also depend on tissue oxygen tension and are thus impaired by 
hypothermia. The second mechanism is direct inhibition of oxidative killing by 
neutrophils (at constant tissue oxygen tension); mild hypothermia also directly 
impairs numerous other immune defenses. 

Mild hypothermia decreases resistance to test infections in animal models. 
More importantly, only 2°C core hypothermia triples the incidence of surgical 
wound infections in patients undergoing colon surgery. Hypothermic patients also 
require longer hospitalizations, and hospitalizations are prolonged even when 
analysis is restricted to patients not developing infections (TABLE 3).@ The duration 

TABLE 3. Mild Intraoperative Hypothermia Increases the Incidence of Surgical 
Wound Infections and the Duration of Hospitalization" 

Final intraoperative core 36.6 f 0.5 34.7 2 0.6 <0.001 

Infections/number of patients 51105 16/95 eo.01 
Duration of hosDitalization (days) 11 * 4  14 * 4 <0.01 

Normothermic Hypothermic P 

temperature ("C) 

Mild hypothermia tripled the incidence of surgical wound infections and prolonged 
hospitalization 25% in patients undergoing elective colon resection. (From Kurz et a/." 
Reprinted by permission from the New England Journal of Medicine.) 
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FIGURE 9. Mild intraoperative hypothermia prolongs postoperative recovery. One hundred 
fourteen patients were randomly assigned to normothermia or ==2.5"C core hypothermia. 
Fitness for discharge was determined using defined criteria by observers blinded to patient 
temperature and group assignment. The percentage of patients not fit for discharge are plotted 
against time, using survival curve analysis. Hypothermia significantly delayed discharge by 
-20 minutes (left side of figure). When normothermia (core temperature >36"C) also was 
required for discharge, the difference between the groups increased to nearly two hours 
(right side of figure). These data indicate that mild hypothermia significantly prolongs postan- 
esthetic recovery. (From Lenhardt et aL4' Reprinted by permission from Anesthesiology.) 

of postanesthetic recovery (an important cost factor) was similarly shown to be 
prolonged in a subset of these patients (FIG. 9).41 

Postoperative Shivering 

Shivering reportedly occurs in about 40% of postoperative patients, although 
it now seems far less common. The current low incidence may result because 
opioids and other relatively long-acting intravenous anesthetics are now used more 
generously. Postanesthetic shivering appears to be thermoregulatory ; that is, it 
is preceded by arterio-venous shunt vasoconstriction and observed primarily in 
hypothermic subjects. Most postanesthetic shivering is simply the normal thermo- 
regulatory response to hypothermia, and demonstrates the classical 4-8 cycle/ 
minute "waxing-and-waning'' electromyographic pattern.42 

Some postanesthetic shivering, however, has an atypical electromyographic 
pattern virtually identical to pathological clonus observed after spinal cord transec- 
tion. The etiology of this tremor has yet to be fully characterized, but it may result 
because the spinal cord is relatively resistant to volatile anesthetics. The initial 
phase of recovery may thus be characterized by a period during which the spinal 
cord function has recovered but the brain remains "asleep." This produces a 
functional spinal cord transection and may explain the observed clonic tremor-the 
typical response to spinal cord t r a n ~ e c t i o n . ~ ~  
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FIGURE 10. Effect of multiple layers of passive insulation. Although a single layer of 
passive insulation reduces heat loss =30%, additional layers provide only modest additional 
protection. For example, three layers of cotton blanket, whether warmed or unwarmed, 
decrease heat loss only slightly more than a single warmed or unwarmed cotton blanket. 
Heat loss across the skin surface was considered positive. (From Sessler et aLS2 Reprinted 
by permission from Anesthesiology.) 

Because postoperative shivering is thermoregulatory, it can be prevented by 
maintaining core normothermia. Given the other complications of hypother- 
mia,34~39.40 this is obviously the preferred approach. In patients becoming hypother- 
mic, shivering can be treated by warming the skin surface.44 Cutaneous warming 
stops shivering because -20% of the thermal input to the central regulatory system 

0 4 8 12 
Time (h) 

FIGURE 11. Forced-air warming is the most effective noninvasive patient warming tech- 
nique. In this study, for example, forced-air and circulating-water were compared in patients 
undergoing very large and long operations. At the end of surgery, core temperature in the 
patients given forced-air warming exceeded those in the circulating-water group by 3 .S"C! 
The difference would have been even greater, but in every case it proved necessary to 
decrease the temperature of the forced-air warmer to prevent hyperthermia. (From Kurz 
et aL5' Reprinted by permission from Anesthesia and Analgesia.) 
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FIGURE U. Relative effects of warming methods on mean body temperature. The vertical 
axis shows the change in mean body temperature (A MBT) as a function of time (upper 
portion of figure) or administered fluid (lower portion of figure). The calculations assume 
an undressed 70-kg patient with a metabolic rate of 80 kcal/h (93 W), in thermal steady state 
with a typical 21°C operating room environment. Further assumptions are an initial core 
temperature of 37"C, an average human specific heat (SPJ of 0.83 kcal . kg-' ."C-', a minute 
ventilation of 5 l/min, dry inspired gas at ambient temperature, and saturated expired gas 
at 37°C. Only changes resulting from specific treatments are shown; changes from combined 
interventions will be additive. Core temperature changes may lag behind changes in MBT, 
especially when patients are vasoconstricted. (a-d) Applies to blood or crystalloid infu- 
sions since their specific heats are similar. The changes in MBT per L of administered fluid 
("CIL) were calculated 

where Tc is the patient's initial core temperature (37"C), TF is temperature of administered 
fluid in "C, SF is the heat capacity of the administered fluid (1 kcal . L-' . "C-', and Wt is the 
weight of the patient (70 kg). (c) Delivered temperature with a conventional fluid warmer, 
e.g., FlowTem" (DataChem, Inc., Indianapolis, IN), with 1.2-m extension tubing at a one- 
I/h flow. (d) As from Hotline" warmer (Level 1 Technologies, Inc., Marshfield, MA), 
incorporating direct warming of extension tubing. (e) Inspired gas fully saturated at  40°C, 
expired gas saturated at  37°C. The change in MBT("C/h) was calculated 
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is derived from the skin.4’ The best clinical warming devices increase mean skin 
temperature = 3 T .  Consequently, skin warming can compensate when core tem- 
perature is within -0.6”C of the shivering threshold (which depends on residual 
anesthetic concentration, patient age, etc.). 

An alternative treatment strategy is to block shivering by administration of 
peripherally or centrally acting drugs. Muscle relaxants are the primary class of 
drugs preventing shivering via aperipheral mechanism. Of course they also prevent 
all spontaneous movement including ventilation, thus requiring that patients be 
intubated and mechanically ventilated. Muscle relaxants thus do not represent a 
subtle intervention and should be reserved for the rare patient who is already 
mechanically ventilated and resistant to more sophisticated treatments. 

A better approach is to administer drugs that centrally reduce the shivering 
threshold without causing the complications of muscle relaxants. The prototypical 
pharmacological treatment of shivering is meperidine (pethidine).I6 This opioid is 
far more effective than most, apparently because it combines activity at the kappa- 
receptor with the more typical preceptor activity.45 Other effective drugs include 
~ l o n i d i n e ~ ~ . ~ ~  and k e t a n ~ e r i n . ~ ~  

Impaired Drug Metabolism 

Anesthesiologists place a premium on short-acting drugs, because they allow 
rapid emergence from anesthesia. Short recovery times not only decrease cost, 
but minimize the time during which postoperative patients are at greatest risk of 
complications including hypoventilation, airway obstruction, and aspiration of 
stomach contents. Most enzymes, including those that metabolize anesthetic 

where VH is the ventilation per hour (L/h), A C is the change in inspired gas water 
content induced by heating and humidification (0.6% g/L saturated at  40°C and 0 glL dry 
at 21”C), Hv is the heat of vaporization of water (0.58 kcal/g), A TG is the change in inspired 
gas temperature (40°C us 21”C), and SG is the specific heat of air (0.0003 kcal * L-’ . T I ) .  
This calculation overestimates the benefit of airway heating and humidification because gas 
expired via an endotracheal tube is <37”C and not fully saturated, gas inspired from a circle 
system is not dry and exceeds ambient temperature, and few humidifiers actually deliver 
saturated gas at 40°C. Passive heat-and-moisture exchanging filters save about half as much 
heat as active systems. (f-i) The changes in MBT were calculated 

A Flux A M B T = - .  wt . SR ’ 

where A Flux is the change in cutaneous heat loss (kcal/h) induced by treatment. (f, g) 
Warmed or unwarmed blankets, with all skin below the neck covered. Savings are similar 
with a single layer of other passive insulators. Adding two additional blankets produces an 
only moderate further reduction in heat. Protection is proportionately reduced when less 
skin is covered. (h) Full-length mattress, set at  40°C. Even less heat transfer has been reported 
under clinical conditions; more heat is transferred when water-filled cover is positioned over, 
rather than under, individuals. (i) Bair Huggerm Model 200 blower (Augustine Medical, Inc., 
Eden Prairie, MN) set on “high;” full-length cover (Bair Huggerm Model 300). Heat transfer 
is proportionately reduced when less skin is covered or air temperature is lower. (From 
Se~s le r . ’~  Reprinted by permission from Anesrhesia Clinics of North America. See original 
figure legend for citations.) 
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drugs, are remarkably temperature sensitive. It is thus not surprising that even 
mild hypothermia profoundly impairs drug metabolism. The duration of action 
of the muscle relaxant vecuronium, for example, is doubled by just 2°C core 
h y p ~ t h e r m i a . ~ ~  This effect is entirely pharmacokinetic, rather than phamacody- 
n a r n i ~ . ~ ~  Similarly, the duration of action of another muscle relaxant, atracurium, 
is also prolonged by hypothermia, and steady-state plasma concentrations of the 
intravenous anesthetic propofol are increased by h y p ~ t h e r m i a . ~ ~  

THERMAL MANAGEMENT 

Recent years have seen increasing evidence that the health consequences 
of even mild intraoperative hypothermia are substantial. Fortunately, effective 
intraoperative patient warming systems are now available. Hypothermia is thus 
usually preventable and the “standard of care” is now to maintain intraoperative 
normothermia unless hypothermia is being used therapeutically, say, to ameliorate 
anticipated cerebral ischemia. 

Internal redistribution of body heat is among the most important causes of 
hypothermia. Redistribution can be minimized by “prewarming” patients because 
heat flows only down temperature gradients. Increasing peripheral tissue tempera- 
ture thus minimizes redistribution because peripheral and core temperatures are 
similar. The efficacy of this approach has been demonstrated in volunteerss1 and 
patients,24 but has yet to be adopted for routine clinical use. 

Increasing ambient temperature is probably the easiest method of maintaining 
intraoperative normothermia. However, it is not practical in most cases because 
high ambient temperatures are excessively uncomfortable for surgeons who are 
heavily gowned and working under hot operating-room lights. A more sophisticated 
approach to thermal management is to restrict interventions to the patient. A 
variety of passive insulators are readily available in most operating rooms. These 
include cotton blankets, sterile drapes, and reflective “space blankets.” Each 
insulator is effective, reducing cutaneous heat loss -30%. However, there are no 
clinically important differences among them, meaning that clinicians can use which 
ever is most available and least expensive (FIG. 

Forced-air is the most effective clinically available, noninvasive active warming 
device. This technique transfers far more heat than the other commonly-used 
warmer: circulating water (FIG. 1 l).53 FIGURE 12 shows the calculated effects of 
fluid warming and various clinical heating modalities on mean body temperature. 
The two most important methods are forced-air and fluid warming. 

SUMMARY 

In summary, both regional and general anesthesia markedly impair the normal 
precise regulation of core body temperature. Consequently, inadvertent periopera- 
tive hypothermia is common. Hypothermia develops because the typical operating 
room environment is cold; however, it is anesthetic-induced impairment of thermo- 
regulatory responses that contributes most. Internal redistribution of body heat 
is a surprisingly important factor, contributing more to core hypothermia than net 
heat loss in most patients. There is now convincing evidence that a typical amount 
of intraoperative hypothermia, say 2“C, predisposes numerous complications and 
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alters patient outcome. Fortunately, effective methods are available for prevent- 
ing hypothermia. 
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