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Intraoperative core hypothermia develops in three 
characteristic phases: 1) core-to-peripheral redistribu- 
tion of body heat that is most prominent during the first 
hour after induction of anesthesia; 2) subsequent slow 
linear decrease in core temperature resulting largely 
from heat loss exceeding metabolic heat production; 
and 3) core temperature plateau resulting when ther- 
moregulatory vasoconstriction decreases cutaneous 
heat loss and constrains metabolic heat to the core ther- 
mal compartment. Accordingly, we tested the hypoth- 
eses that: 1) core cooling does not depend on body fat 
(BF) or the ratio of weight-to-surface area (Wt/SA) dur- 
ing the initial redistribution phase; 2) the core cooling 
rate is a function of the Wt/SA ratio during the second 
phase; and 3) the rate of core cooling during the plateau 
phase (after vasoconstriction) will be determined by the 

percentage of BF. In 40 patients undergoing elective co- 
lon surgery, the amount of redistribution hypothermia 
was inversely proportional to the percentage of BF 
(AT, = 0.034 * BF - 2.2, r2 = 0.63) and the Wt/SA ratio 
(AT, = 0.052 * Wt/SA - 3.35, r2 = 0.66). Thecorecooled 
linearly during the second phase, and the cooling rate 
was inversely proportional to the Wt/SA ratio (rate = 
0.035 * (Wt/SA) - 2.2, r2 = 0.29). Thermoregulatory va- 
soconstriction was effective in virtually all patients in- 
dependent of their morphology, and produced a four- 
fold reduction in the core cooling rate. These results 
indicate that patient morphometric characteristics sub- 
stantially influence intraoperative core temperature 
changes, and that the effect depends on the hypother- 
mia phase. 

(Anesth Analg 1995;80:562-7) 

C 
ore hypothermia during general anesthesia de- 
velops with a characteristic, three-phase pat- 
tern. Each phase has a different primary eti- 

ology. Hypothermia initially results largely from 
core-to-peripheral redistribution of body heat that 
occurs when anesthesia inhibits tonic thermoregula- 
tion vasoconstriction (1). Subsequently, heat loss ex- 
ceeding metabolic heat production decreases core 
temperature in a slow, linear fashion (2). Finally, a 
core temperature plateau results when emergence of 
thermoregulatory vasoconstriction decreases cutane- 
ous heat loss (3) and constrains metabolic heat to the 
core thermal compartment (4). It is a common clinical 
observation that obese patients become less hypo- 
thermic during surgery than thin ones. It is likely that 
patient morphometric characteristics such as body 
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size and fat content will alter the three temperature 
phases differently. 

Redistribution results from a large internal flow of 
heat and should not, therefore, be directly influenced 
by metabolic heat production or cutaneous heat loss. 
The rate of core cooling during the second phase is 
largely determined by the ratio of heat production to 
heat loss. Metabolic heat production is roughly pro- 
portional to body weight (5) but cutaneous heat loss is 
proportional to skin surface area (1,6). Because weight 
increases faster than surface area as body size in- 
creases, larger patients will lose a smaller fraction of 
their heat production. Larger patients might thus be 
expected to better maintain core temperature during 
the second phase. 

The plateau phase-coinciding with re-emergence 
of thermoregulatory vasoconstriction-also is likely to 
depend strongly on patient morphometric character- 
istics. Cutaneous heat loss may be relatively well 
maintained even in obese patients, so long as they 
are vasodilated, because the skin remains well per- 
fused with warm blood. When vasoconstricted, cuta- 
neous perfusion decreases markedly (7). The superior 
insulating properties of fat will then become apparent, 
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restricting heat loss more in obese than thin patients. 
The protection provided by thermoregulatory vaso- 
constriction (i.e., ability to maintain core temperature) 
thus is likely greater in obese than thin patients (8). 

Accordingly, we tested the hypotheses that: 1) core 
cooling does not depend on body fat (BF) or the ratio 
of weight-to-surface area (Wt/SA) during the initial 
redistribution phase; 2) the core cooling rate is a func- 
tion of the Wt/SA ratio during the second phase; and 
3) the rate of core cooling during the plateau phase 
(after vasoconstriction) will be determined by the per- 
centage of BF. 

Methods 

This study was undertaken with approval of the Uni- 
versity of Vienna Ethics Committee and informed con- 
sent from the patients. We studied 40 ASA physical 
status I-III patients undergoing elective colon surgery. 
The patients were aged 59 IT 14 yr (mean + SD; range, 
26-79 yr, and 45% were male. Their morphometric 
characteristics included weight of 73 + 20 (range, 
40-110) kg, and height of 169 + 7 (range, 152-180) cm. 
None of the participants had a history of thyroid 
disease, dysautonomia, Raynaud’s syndrome, or ma- 
lignant hyperthermia. 

Surgery started near 8:30 AM in most of the patients, 
and typically finished near 12:OO noon. Ambient tem- 
perature, measured using a thermocouple positioned 
at the level of the patient, was maintained at 21.0 5 
0.4”C. The patients were premeditated with 10 mg 
oral diazepam. General anesthesia was induced by 
administration of 3-5 mg/kg of sodium thiopental, 
fentanyl250 pg, and 0.1 mg/kg vecuronium. The tra- 
chea was intubated, and the lungs were ventilated 
mechanically to maintain end-tidal CO, partial pres- 
sure near 35 mm Hg. Anesthesia subsequently was 
maintained with 60% nitrous oxide and isoflurane. 
End-tidal isoflurane concentrations, 0.7% ? 0.1% (Ci- 
cero; Drager, Liibeck, Germany), were adjusted as nec- 
essary to keep mean arterial blood pressure >60 mm 
Hg and additional fentanyl was given at the discretion 
of the attending anesthesiologist. Additional vecuro- 
nium was administered as required to maintain l-2 
mechanical twitches in response to supramaximal 
electrical stimulation of the ulnar nerve at the wrist. 

The patients were covered with a single layer of 
sterile draping during surgery (6), but were not oth- 
erwise actively warmed. Specifically, we avoided 
forced-air heaters, circulating-water mattresses, air- 
way heating and humidification, and intravenous 
fluid warmers. Intravenous fluids were administered 
at a basal rate of lo-15 mL * kg-’ * h-l. Additionally, 
4 mL of crystalloid was given to compensate for each 
estimated milliliter of intraoperative blood loss. Blood 

was administered as necessary to maintain a hemato- 
crit >25%-30%. The abdomen was irrigated during 
surgery in all patients; however, the fluid was warmed 
to near body temperature and thus did not alter heat 
balance. 

When surgery was complete, the neuromuscular 
block was antagonized by administration of neostig- 
mine (2.5 mg) and glycopyrrolate (0.5 mg). The pa- 
tients’ tracheas then were extubated, and the patients 
transferred to the postanesthesia care unit. 

The participants’ heights (kg) and weights (kg) 
were measured during their preoperative evaluation. 
Core temperatures were measured at the tympanic 
membrane before induction of anesthesia. The aural 
probes were inserted until the patients felt the ther- 
mocouple touch the tympanic membrane; appropriate 
placement was confirmed when they easily detected 
a gentle rubbing of the attached wire. The probe was 
then taped in place, the aural canal occluded with 
cotton, and the external ear covered with a gauze pad. 
After induction of anesthesia, core temperatures were 
measured in the distal quarter of the esophagus. Tym- 
panic membrane temperatures correlate well with 
distal esophageal temperatures in the perioperative 
period (9,lO). 

Thermoregulatory vasoconstriction was evaluated 
using forearm minus fingertip, skin-temperature gra- 
dients (7). The gradients were recorded from an arm 
not having an intravenous cannula or blood pressure 
cuff. We have previously demonstrated that a skin- 
temperature gradient of 0°C (corresponding to a fin- 
ger flow of = 1 mL/min) coincides with the core 
temperature plateau (4). Consequently, we consid- 
ered a gradient exceeding 0°C as significant vasocon- 
striction. Temperatures were recorded at lo-min in- 
tervals, starting 20 min after induction of anesthesia. 
Postoperative thermal and anesthetic management 
was determined by a separate thermoregulatory pro- 
tocol (11). 

From the patients’ heights (Ht) in centimeters and 
weights (Wt) in kilograms, lean body mass in kilo- 
grams (LBM) was calculated using formulae adapted 
to gender (12): females: LBM = (1.07. Wt) - 
1148 * (Wt/Ht)‘l; males: LBM = (1.10. Wt) - 
1128 * (Wt/Htj21. The percentage of BF was then cal- 
culated from the LBM and the weight of each par- 
ticipant. The body surface area in square meters of 
each patient was estimated using the equation (13): 
Area = (Wt0.425)~(Ht0.725)~(0.0072). We estimated the 
ratio of heat production to heat loss by dividing 
patients’ weights by their calculated surface areas 
(Wt/SA ratio). 

The three phases of intraoperative core temperature 
changes were analyzed separately: 1) The initial core- 
to-peripheral redistribution of body heat contributes 
most to core hypothermia during the first 60 min of 
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anesthesia. We consider reduction in core temperature 
occurring within the first hour of induction of anes- 
thesia as an index of redistribution. 2) The second 
phase (linear decrease) was defined by the period 
from the end of redistribution until initiation of ther- 
moregulatory vasoconstriction. The rate at which core 
hypothermia developed during this period (degrees 
Centigrade per hour) was evaluated by fitting the 
core temperatures for each patient using least-squares 
linear regression. Values from 1 h until the skin- 
temperature gradient exceeded 0°C (or 3 h of anes- 
thesia elapsed) were entered into these regressions. 
The slope of this regression equation thus indicated 
the rate at which core temperature decreased during 
the second phase. 3) The clinical importance of the 
plateau phase also was evaluated using linear regres- 
sion: data from the time of significant vasoconstric- 
tion until the end of surgery were entered into these 
regressions. 

We considered the following morphometric charac- 
teristics in our analysis of intraoperative core temper- 
ature changes: height, weight, percentage of BF, sur- 
face area, and Wt/SA ratio. Additionally, women 
usually have a greater percentage of BF than mean, 
and the distribution of fat differs in men and women. 
We therefore included gender as a factor in our anal- 
ysis of morphometric characteristics. Each of these 
morphometric characteristics was entered into a step- 
wise linear regression to determine their fractional 
contributions to redistribution hypothermia (core tem- 
perature decrease after 1 h of anesthesia) and the rates 
of core cooling during the second and plateau phases. 
Factors not contributing significantly to overall pre- 
dictive ability were sequentially eliminated from the 
regressions. 

Core cooling rates during the second (linear de- 
crease) and plateau phases were compared using a 
paired, two-tailed t-test. Core cooling during the first 
hour of anesthesia, stratified by the percentage of BF, 
was compared at 20-min intervals using one-way 
analysis of variance and Scheffe’s F-tests. The same 
tests were applied at 30-min intervals to the core tem- 
peratures during the second phase, stratified by the 
Wt/SA ratio. All values are expressed as means + SD; 

differences were considered significant when P < 0.01. 

Results 

The types of surgery were comparable in patients of 
different sizes. There was no relation between dura- 
tion of surgery and morphometric characteristics. The 
duration of surgery was 3.8 t 1.3 h. Total adminis- 
tered fluid volume was 3.7 + 1.2 L (14 + 4.1 
mL * kg-’ *h-l). Eleven patients were given packed 
red cells (2.8 ? 1.2 U), and there was no correlation 
between blood administration and BF or Wt/SA ratio. 

0.0 1 
A Core -0.5 / 9 

Body Fat (%) 

Figure 1. The amount of redistribution hypothermia (reduction in 
core temperature during the first hour of anesthesia [AT,]) was 
inversely proportional to the percentage of body fat (BF): AT, = 
0.034ABF - 2.2, r2 = 0.63. The 95% confidence interval for the slope 
was 0.025 to O.O43”C/%. 

Redistribution hypothermia (reduction in core tem- 
perature during the first hour of anesthesia [AT,] was 
inversely proportional to percentage of BF and Wt/SA 
ratio: AT, = 0.016 * BF + 0.033. (Wt/SA) - 3.0, f = 
0.71 (Figs. 1 and 2). Other morphometric characteris- 
tics did not contribute significantly to the regression’s 
predictive ability. Core cooling during the first hour of 
anesthesia, stratified by percentage of BF, is shown in 
Figure 3. 

Of the 40 patients, 31 vasoconstricted (skin- 
temperature gradients ?O”C) 140 + 40 min after in- 
duction of anesthesia at a core temperature of 34.8 f 
0.6”C. There was no correlation between BF and the 
vasoconstriction threshold. The core cooled linearly 
during the second phase (r2 = 0.93 + 0.051, at a rate 
averaging -0.8 + 0.4”C/h. Cooling rate was inversely 
proportional to Wt/SA ratio, although the relation- 
ship was weak: rate = 0.035 * (Wt/SA) - 2.2; r2 = 0.29 
(Fig. 4). Other morphometric characteristics did not 
contribute significantly to this regression’s predictive 
ability. Core cooling during the second phase, strat- 
ified by Wt/SA ratio, is shown in Figure 5. 

Thermoregulatory vasoconstriction was effective in 
virtually all patients, and minimized further core hy- 
pothermia. The core cooling rate during the plateau 
phase was -0.2 f 0.3”C, which was significantly less 
than that during the second phase. 

Discussion 

We were able to confirm only the second of our three 
hypotheses-that core cooling rate during the second 
(linear decrease) phase would be a function of the 
Wt/SA ratio. Although the correlation was relatively 
weak (r2 = 0.29), this was the only morphometric 
characteristic that contributed significantly to the re- 
gression’s predictive ability. Although it is likely that 
metabolic heat production (on a per kilogram basis) is 
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Figure 2. The amount of redistribution hypothermia (reduction in 
core temperature during the first hour of anesthesia [AT,]) was 
inversely proportional to the weight-to-surface area (Wt/SA) ratio: 
AT, = 0.0524 * Wt/SA - 3.34, r2 = 0.66. The 95% confidence interval 
for the slope was 0.040 to O.O65Y/%. 
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Figure 3. Core temperature during the first hour of anesthesia in 
patients having lo%-24% (n = 18), 25%-35% (n = ll), and 36%-50% 
(n = 11) body fat. Elapsed time 0 indicates induction of anesthesia. 
Data are presented as means ? SD. Values in the three groups 
differed significantly at all times after 20 elapsed minutes. 

similar in most anesthetized adults (5), the skin sur- 
face is only one of several avenues by which metabolic 
heat may be dissipated to the environment. Evapora- 
tive loss from surgical incisions (14) and conductive 
cooling resulting from administration of unwarmed 
intravenous fluids (15) also are major sources of heat 
loss; neither was monitored or controlled in this study 
and surely contributed variability to our results. 

Against our first hypothesis-that redistribution 
hypothermia would not be influenced by morpho- 
metric characteristics-redistribution hypothermia 
was a strong function of both BF content and Wt/SA 
ratio. Although hypothermia during the first hour of 
anesthesia results largely from an internal, core-to- 
peripheral redistribution of body heat (l), imbalance 
between metabolic heat production and heat loss to 

::: 
* 30 35 40 45 50 55 
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Figure 4. The core cooling rate during the second (linear decrease) 
phase was inversely proportional to the weight-to-surface area 
(Wt/SA) ratio, although the relationship was weak: Rate = 
0.035. (Wt/SA) - 2.2; r = 0.29. The 95% confidence interval for the 
slope was 0.017 to O.OSS”C/%. 
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Figure 5. Core temperature during the second phase in patients 
having weight to surface area (Wt/SA) ratios 535 kg/m2 (n = 14), 
36-44 kg/m* (n = 16), and ~45 kg/m2 (n = 10). Elapsed time 0 
indicates induction of anesthesia. Data are presented as means 2 SD. 

Values in the three groups differed significantly at all times. 

the environment contributes slightly to initial core 
temperature changes. It is thus logical that core hy- 
pothermia during the first hour of anesthesia was to 
some extent a function of the Wt/SA ratio. However, 
it was surprising that the correlation should be 
greater during the first than the second phase (r2 = 
0.66 vs 0.29, respectively). The unexpectedly high 
correlation between Wt/SA ratio and initial core cool- 
ing-and the even less expected strong correlation 
between BF content and initial core cooling-suggests 
that another mechanism may relate morphometric 
characteristics and redistribution hypothermia. 

A detailed examination of the initial core tempera- 
ture changes provides a clue to the possible relation 
between redistribution hypothermia and morphomet- 
ric characteristics. Peripheral tissues serve as a thermal 
buffer by allowing body heat content to change as 
much as -150 kcal at constant core temperature (16). 
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This system is efficient because it allows thermoregu- 
latory vasomotion to protect core temperature from a 
wide range of transient thermal environments without 
activation of costly responses including shivering and 
sweating. Because the specific heat of human struc- 
tures is essentially constant (171, an inevitable conse- 
quence of changing peripheral tissue heat content is a 
comparable alteration in peripheral tissue tempera- 
ture. The Second Law of Thermodynamics specifies 
that heat can only flow down a temperature gradient. 
Heat flow during redistribution thus requires a tem- 
perature gradient, and the amount of redistribution 
depends on the strength of this gradient. 

Consistent with the Second Law of Thermodynam- 
ics, redistribution hypothermia can be minimized di- 
rectly by “prewarming” peripheral tissues (18,19) or 
indirectly by drug-induced vasodilation (20). Inhibi- 
tion of redistribution hypothermia in patients having 
high Wt/SA ratios or high BF contents is comparable 
in magnitude to that produced by prewarming and 
may result similarly. Specifically, such patients will 
have relatively less surface area from which to dissi- 
pate metabolic heat. Further available surface area will 
dissipate less heat than in thin patients because fat 
insulates roughly three times as well as muscle (21). 
Unanesthetized patients having high Wt/SA ratios or 
high BF contents will thus generally have difficulty 
dissipating sufficient heat to maintain a steady-stat 
thermal balance. 

Obese patients will spend a relatively large fraction 
of their time during surgery vasodilated, and thus 
maintain their peripheral tissues at high temperatures 
than do smaller or thinner patients. Just as in pre- 
warmed (18,19) or chemically vasodilated (20) pa- 
tients, those having high Wt/SA ratios or high BF 
contents will generally have low core-to-peripheral 
temperature gradients and little redistribution hypo- 
thermia after induction of anesthesia. In this scenario, 
intraoperative hypothermia is minimized in obese pa- 
tients largely by an effect of obesity on vasomotor tone 
in the hours before induction of anesthesia. 

The core temperature reached a plateau in nearly all 
patients, including the thinnest. These data are consis- 
tent with our previous study that demonstrated the 
efficacy of thermoregulatory vasoconstriction in pre- 
venting further core hypothermia (4). This efficacy 
prevented us from testing our third hypothesis: ther- 
moregulatory vasoconstriction would protect core 
temperature better in obese than thin patients. In- 
creased BF content will likely increase efficacy of ther- 
moregulatory vasoconstriction in patients undergoing 
major operations in sufficiently cold environments. 
This benefit of extra insulation may be observed only 
rarely because few patients undergo larger operations 
than those we studies. 

Nitrous oxide (22) and all volatile (9,23,24) and in- 
travenous (25,261 anesthetics so far tested markedly 
reduce the core temperature triggering thermoregula- 
tory vasoconstriction. The vasoconstriction threshold 
(triggering core temperature) in these patients (34.8 t 
0.6”C) was similar to that reported previously under 
similar circumstances (35.1 + 0.3”C) (27). These results 
are consistent with our prior finding that the vasocon- 
striction threshold in patients given clinical doses of 
most anesthetics- and anesthetic combinations-is 
between 33 and 35°C (28). 

Both metabolic heat production and cutaneous heat 
loss have been directly measured in our previous 
studies (1,3,16). We did not directly evaluate heat 
production or loss in this study because our purpose 
was to determine the clinical effects of morphometric 
differences rather than specific mechanisms by which 
such differences alter intraoperative core temperature. 
Our results depend to some extent on the accuracy of 
the equations we used to calculate LBM and skin 
surface area. Both formulae have been relatively well 
validated (12,13), and height and weight are the major 
morphometric characteristics generally available to 
clinicians. Our results indicate the extent to which core 
temperature changes during each phase relate to these 
values. 

Our data indicate that the risk of intraoperative 
hypothermia is inversely proportional to the percent- 
age of BF during the initial hour of surgery. Active 
warming is thus less likely to be required in obese 
patients than in thinner ones, especially during short 
operations in which most core hypothermia results 
from redistribution. During subsequent hours of an- 
esthesia, obese and thin patients cool at comparable 
rates and both will profit from thermal manipulation. 

In summary, there are three phases of intraopera- 
tive hypothermia: 1) core-to-peripheral redistribution 
of body heat during the first hour after induction of 
anesthesia (1); 2) a subsequent slow, linear decrease in 
core temperature resulting from heat loss exceeding 
metabolic heat production (2); and 3) a core temper- 
ature plateau resulting when thermoregulatory va- 
soconstriction decreases cutaneous heat loss (3) and 
constrains metabolic heat to the core thermal compart- 
ment (4). Redistribution hypothermia was inversely 
related to percentage of BF and Wt/SA ratio. The core 
cooled linearly during the second phase, and the cool- 
ing rate was inversely related to the Wt/SA ratio. 
Thermoregulatory vasoconstriction was effective 
in virtually all patients independent of morphology, 
decreasing core cooling rates by a factor of approxi- 
mately four. These results indicate that patient mor- 
phometric characteristics substantially influence intra- 
operative core temperature changes, and that the 
effect depends on the hypothermia phase. 
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