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Forced-air warming during anesthesia increases core tem- 
perature comparably with and without thermoregulatory 
vasoconstriction. In contrast, posto erative forced-air 

K warming may be no more effective t an passive insula- 
tion. Nonthermoregulatory anesthesia-induced vasodila- 
tion may thus influence heat transfer. We compared post- 
anesthetic core rewarming rates in volunteers given 
cotton blankets or forced air. Additionally, we compared 
increases in peripheral and core heat contents in the post- 
anesthetic period with data previously acquired during 
anesthesia to determine how much vasomotion alters in- 
tercompartmental heat transfer. Six men were anesthe- 
tized and cooled passively until their core temperatures 
reached 34°C. Anesthesia was then discontinued, and 
shivering was prevented by giving me eridine. On one 
day, the volunteers were covered WI 4 warmed blan- 
kets for 2 h; on the other, volunteers were warmed with 
forced air. Peripheral tissue heat contents were deter- 
mined from intramuscular and skin thermocouples. Pre- 
dicted changes in core temperature were calculated as- 
suming that increases in body heat content were evenly 
distributed. Predicted changes were thus those that 
would be expected if vasomotor activity did not impair 
peripheral-to-core transfer of applied heat. These results 
were compared with those obtained previously in a simi- 
lar study of anesthetized volunteers. Body heat content 

increased 159 + 35 kcal (mean ? SD) more during forced- 
air than during blanket warming (P < 0.001). Both periph- 
eral and core temperatures increased significantly faster 
during active warming: 3.3 ? 0.7”C and 1.1 2 0.4”C, re- 
spectively. Nonetheless, predicted core temperature in- 
crease during forced-air warming exceeded the actual 
temperature increase by 0.8 ? 0.3”C (P < 0.001). Vasocon- 
striction thus isolated core tissues from heat applied to the 
periphery, with the result that core heat content increased 
32 2 12 kcal less than expected after 2 h of forced-air 
warming (P < 0.001). In contrast, predicted and actual 
core temperatures differed only slightly in the anesthe- 
tized volunteers previously studied. In contrast to four 
previous studies, our results indicate that forced-air 
warming increases core temperature faster than warm 
blankets. Postanesthetic vasoconstriction nonetheless im- 
peded peripheral-to-core heat transfer, with the result that 
core temperatures in the two groups differed less than 
might be expected based on systemic heat balance esti- 
mates. Implications: Comparing intercompartmental 
heat flow in our previous and current studies suggests 
that anesthetic-induced vasodilation influences intercom- 
partmental heat transfer and distribution of body heat 
more than thermoregulatory shunt vasomotion. 

(Anesth Analg 1997;85:899-906) 

T hermoregulatory shunt vasoconstriction moder- 
ates core temperature perturbations in part by 
functionally separating the core and peripheral 

thermal compartments (1). This same vasoconstriction- 
induced isolation of the core allows peripheral tissues to 
act as a thermal buffer during environmental challenges. 
These data suggested that thermoregulatory arterio- 
venous shunt vasoconstriction might decrease the effi- 
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cacy of cutaneous warming by restricting transfer of 
applied heat to the core. 

To test the ability of thermoregulatory vasomotion 
to impede peripheral-to-core heat transfer, we recently 
quantified body heat content and core temperature 
during forced-air warming in vasodilated and vaso- 
constricted volunteers (2). Anesthesia was adminis- 
tered throughout this study because it is otherwise 
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difficult to maintain vasodilation during hypothermia. 
Forced-air warming increased body heat content and 
core temperature similarly under each condition, 
which suggests that thermoregulatory vasoconstric- 
tion only minimally decreases peripheral-to-core heat 
transfer during general anesthesia. 

Comparable rewarming rates during anesthesia with 
and without vasoconstriction contrasts with reports that 
postoperative forced-air warming is no more effective 
than passive insulation (3-5)l. These data suggest that 
anesthesia per se may influence heat transfer. Consistent 
with this theory, general anesthetics cause considerable 
direct, peripheral arterial, and arteriolar vasodilation 
(6). Accordingly, we used two approaches to evaluate 
the influence of anesthesia on peripheral-to-core heat 
transfer. 

First, we compared postanesthetic core rewarming 
rates in volunteers given cotton blankets or forced air. 
The purpose of this comparison was to confirm pre- 
vious reports that efficacy would be similar, which 
would indicate that postanesthetic vasoconstriction ef- 
fectively isolates the core thermal compartment. Second, 
we compared increases in peripheral and core heat con- 
tents to determine how much vasoconstriction isolated 
core tissues from peripherally applied heat. Postanes- 
thetic isolation of the core was compared with previ- 
ously obtained values in similar vasodilated and vaso- 
constricted volunteers during anesthesia (2). Our 
purpose was to determine the independent effects of 
general anesthesia and thermoregulatory vasomotion 
on core-to-peripheral heat transfer, thus distinguish- 
ing between direct anesthetic-induced peripheral va- 
somotion and centrally mediated thermoregulatory 
vasomotion. 

Methods 
With approval from the Committee on Human Re- 
search at the University of California, San Francisco, 
and written, informed consent, we studied six male 
volunteers. None was obese, was taking medication, 
or had a history of thyroid disease, dysautonomia, 
Raynaud’s syndrome, or malignant hyperthermia. The 
volunteers’ morphometric characteristics included: 
age 27 & 4 yr, height 184 t 4 cm, weight 82 f- 8 kg, 
and body fat 19% & 2%. Each participated on two 
study days. 

Pro toco1 

Studies started at approximately 8:30 AM, and volun- 
teers fasted during the 8 h preceding the study. 
Throughout the studies, minimally clothed volunteers 

1 Mort TC, Rintel TD, Altman F. Shivering in the cardiac patient: 
evaluation of the Bair Hugger warming system [abstract]. Anesthe- 
siology 1990;73:A239. 

reclined on an operating room table set in chaise- 
lounge position. An intravenous (IV) cannula was in- 
serted in the right antecubital fossa, and lactated Ring- 
er’s solution warmed to 37°C was infused at a rate of 
100 mL/h. 

Anesthesia was induced by IV administration of 
propofol (3-5 mg/ kg), midazolam (2 mg), and vecu- 
ronium bromide (0.1 mg/ kg). The volunteers’ tracheas 
were intubated, and mechanical ventilation was ad- 
justed to maintain end-tidal Pco, near 35 mm Hg. 
Anesthesia was maintained with desflurane (3%-5%) 
in oxygen and air. An infusion of vecuronium was 
adjusted to maintain one mechanical twitch in re- 
sponse to supramaximal train-of-four electrical stim- 
ulation of the ulnar nerve at the wrist. 

Volunteers were allowed to cool passively until 
their core temperatures reached 34°C. If necessary, the 
desflurane concentration was then reduced to approx- 
imately 3% to provoke thermoregulatory vasoconstric- 
tion (see below), which was maintained for 1 h. Mus- 
cle relaxation was then antagonized by administration 
of atropine 0.5 mg and edrophonium 50 mg. Meperidine 
50-200 mg was administered IV, anesthesia was discon- 
tinued, and the volunteers’ tracheas were extubated. 

On one randomly assigned study day, volunteers 
were warmed with forced air (Augustine Medical Inc., 
Eden Prairie, MN) during recovery. On the other, they 
were covered with two warmed cotton blankets that 
were replaced at 15-min intervals. The blankets were 
kept in an oven, which was thermostatically con- 
trolled to 50°C until immediately before use. Forced- 
air or blanket warming continued for 2 h. Meperidine 
was administered in 25-mg boluses whenever shiver- 
ing was observed, detected electromyographically, or 
indicated by an increase in oxygen consumption (see 
below). 

Measurements 

Energy expenditure, derived from oxygen consump- 
tion and carbon dioxide production, was measured 
using a metabolic monitor (Deltatracl”; SensorMedics 
Corp., Yorba Linda, CA). Measurements were aver- 
aged over 5-min intervals and recorded every 5 min. 
Area-weighted heat flux and temperatures from 15 
skin-surface sites were measured using thermal flux 
transducers (Concept Engineering, Old Saybrook, CT). 
As in previous studies, measured cutaneous heat loss 
was augmented by 10% to account for insensible trans- 
cutaneous evaporative loss and 3% to compensate for 
the skin covered by the volunteers’ shorts. We further 
augmented cutaneous loss by 10% of the metabolic 
rate (as determined from oxygen consumption) to ac- 
count for respiratory loss. We defined flux as positive 
when heat traversed skin to the environment. 

Arm and leg tissue temperatures were determined 
as previously described (7). Briefly, the length of the 
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thigh (groin to mid-patella) and lower leg (mid-patella 
to ankle) were measured in centimeters. Circumfer- 
ence was measured at the mid upper thigh, mid lower 
thigh, mid upper calf, and mid lower calf. At each 
circumference, right leg muscle temperatures were 
recorded using, S-, 1%, and 3%mm, 21-gauge needle 
thermocouples (Mallinckrodt Anesthesiology Prod- 
ucts, Inc., St. Louis, MO) inserted perpendicular to the 
skin surface. Skin-surface temperatures were recorded 
immediately adjacent and directly posterior to each set 
of needles. Subcutaneous temperature was measured 
on the ball of the foot using a Coretemp@ (Terumo 
Medical Corp., Tokyo, Japan) “deep tissue” thermom- 
eter (8). This device estimates tissue temperature ap- 
proximately 1 cm below the skin surface. 

The lengths of the right arm (axilla to elbow) and 
forearm (elbow to wrist) were measured in centime- 
ters. The circumference was measured at the midpoint 
of each segment. As in the right leg, 8-, 18-, and 38-mm 
needle thermocouples were inserted into each seg- 
ment. Skin-surface temperatures were recorded imme- 
diately adjacent to each set of needles. Additionally, an 
8-n-m needle thermocouple was inserted directly into 
the adductor pollicis. Core, skin-surface, and muscle 
temperatures were recorded from thermocouples con- 
nected to two calibrated Iso-Thermex@ 16-channel elec- 
tronic thermometers (Columbus Instruments Interna- 
tional, Corp., Columbus, OH) and Mon-a-Therm@ 6510 
two-channel thermometers (Mallinckrodt Anesthesiol- 
ogy Products Inc.). 

The leg was divided into five segments: upper 
thigh, lower thigh, upper calf, lower calf, and foot. 
Each thigh and calf segment was further divided into 
an anterior and posterior section, with one third of the 
estimated mass considered to be posterior. 

Anterior segment tissue temperatures, as a function 
of radial distance from the center of the leg segment, 
were calculated using skin-surface and muscle tem- 
peratures using fourth-order regressions. Tempera- 
ture at the center of the thigh was set to core temper- 
ature. In contrast, temperature at the center of the 
lower leg segments was estimated from the regression 
equation with no similar assumption. Anterior limb 
heat content was estimated from these temperatures, 
as previously described (9), using the formula: 

1 , (1) 
where Qcodr) (Cal) is heat content of the leg segment 
from the center to radius r, L (cm) is the length of the 
leg segment (i.e., groin to mid-thigh, mid-calf to an- 
kle), p (g/cm3) is tissue density, s (cal * ‘C-i . g-i) is 
the specific heat of leg tissues, a, (“C) is the tempera- 
ture at the center of the leg segment, and a2 (“C/cm*) 
and a4 (“C/ cm4) are the fourth-order regression con- 
stants. The specific heat of muscle was taken as 0.89 

cal * OCP1 * g-i, and density was taken as 1.06 g/cm3 
WV 

Rather than assume full radial symmetry, we as- 
sumed only that radial temperature distribution in the 
posterior leg segments would also be parabolic. Ac- 
cordingly, we calculated the regression constant a2 in 
the posterior leg segments from aa determined from 
the adjacent anterior segment and the posterior seg- 
ment skin temperature. Posterior segment tissue heat 
contents were then determined from Equation 1 with 
a4 set to 0. Average segment tissue temperatures were 
determined by the equation: 

2 2 

T AW 
=a,+a,r + F! !?.  

2 3 
(2) 

We have previously described the derivation of these 
equations, as well as their limitations (9). 

Deep temperature, measured on the ball of the foot, 
was assumed to represent the entire foot. Foot heat 
content was calculated by multiplying foot tempera- 
ture by the mass of the foot and the specific heat of 
muscle. Average temperatures of the thigh and lower 
leg (calf and foot) were calculated by weighting values 
from each of the nine segments in proportion to their 
estimated masses. The right and left legs were treated 
comparably throughout this study, so we assumed 
that average tissue temperatures in the two limbs were 
similar. 

Arm tissue temperature and heat content were cal- 
culated from parabolic tissue temperature regressions 
and the above equations with a4 set to 0. In the arms, 
we assumed full radial symmetry and thus did not 
separately calculate posterior segment values. Adduc- 
tor pollicis temperature was assumed to represent that 
of the entire hand. Hand heat content was calculated 
by multiplying adductor pollicis temperature by the 
mass of the hand and the specific heat of muscle. As in 
the leg, average temperatures of the arm and forearm 
(forearm and hand) were calculated by weighting val- 
ues from each of the three segments in proportion to 
their estimated masses. 

Changes in trunk and head heat content were mod- 
eled simply by multiplying the weight of the trunk 
and head by the change in core temperature and the 
average specific heat of human tissues. Trunk and 
head weight was estimated by subtracting the calcu- 
lated weight of the extremities (from the radial inte- 
gration) from the total weight of each subject. 

Core temperatures were recorded from the tym- 
panic membrane. The aural probe was inserted by 
volunteers until they felt the thermocouple touch the 
tympanic membrane; appropriate placement was con- 
firmed when volunteers easily detected a gentle rub- 
bing of the attached wire. The aural canal was oc- 
cluded with cotton, the probe was securely taped in 
place, and a gauze bandage was positioned over the 
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external ear. Temperatures and thermal flux were 
measured at l-s intervals, then averaged and recorded 
every 5 min. 

Electrodes were positioned to record the electrical 
activity of the right pectoralis, trapezius, rectus abdo- 
minis, and the quadriceps. The active electrodes were 
positioned 4 cm apart and oriented in the direction of 
the muscle fibers. After appropriate amplification, the 
signals were recorded on a thermoelectric printer having 
a linear resolution to 1000 Hz. Synchronous waxing and 
waning activity identified significant shivering. 

Right index fingertip blood flows were quantified 
using volume plethysmography. As in previous inves- 
tigations, we considered flows CO.25 mL/min to in- 
dicate intense arteriovenous shunt vasoconstriction. 
Total arm flow was quantified using capacitance- 
based “extensometer” plethysmography. Calf blood 
flow was similarly recorded, but measurements were 
made with and without a distal tourniquet (to exclude 
arteriovenous shunts in the foot). All measures of flow 
were recorded at 5-min intervals. 

Data Analysis 

Extubation of the trachea was designated elapsed time 
zero. Mean body temperatures were calculated from 
the weighted average of peripheral tissue and core 
temperatures. Changes in whole-body heat content on 
each study day were calculated using two indepen- 
dent methods: time integral of metabolic heat produc- 
tion minus cutaneous heat loss; and sum of extremity 
and core tissue heat contents. 

Core rewarming rates during forced-air and blanket 
heating were evaluated using linear regression, incor- 
porating values between 0 and 2 elapsed h. Increases 
in core and peripheral tissue heat contents with each 
treatment were similarly evaluated. Finally, the rates 
at which peripheral and core compartment heat con- 
tent increases were compared within each treatment 
(to evaluate peripheral-to-core heat transfer). 

To evaluate the extent to which postanesthetic va- 
soconstriction decreased transfer of applied heat from 
peripheral to core tissues, we compared actual and 
predicted changes in core temperature. Predicted core 
temperature was estimated by assuming that the in- 
crease in body heat content during warming was 
equally distributed between peripheral and core tis- 
sues. The difference between predicted and measured 
core heat content thus identified the extent to which 
vasoconstriction isolated the core from peripherally 
applied heat. We have used a similar technique in 
previous studies (1,7,11). Our current data evaluating 
postanesthetic isolation of peripherally applied heat 
was compared with previously obtained data in anes- 
thetized volunteers (2). 

Differences between the forced-air and blanket 
study days and among peripheral and core tissue heat 

Table 1. Hemodynamic, Anesthetic, and 
Environmental Data 

Blankets Forced Air 

Desflurane (%) 3.2 t 0.9 3.2 ? 0.9 
Meperidine (mg)b 105 -+ 63 90 + 47 
Postanesthetic core temperature 34.0 5 0.2 33.9 +- 0.1 

("Cl 
Heart rate (bpm) 66 + 11 65 ? 9 
Mean arterial blood pressure 109 ? 10 103 ? 9 

(mm Hg) 
Ambient temperature (“C) 
Ambient humidity (%) 

23.0 k 0.5 22.8 -c 0.2 
41 * 4 44 +- 2 

Desflurane concentrations were averaged over the last hour of anesthesia, 
then averaged among volunteers. Meperidine doses are the totals for the 
entire study day. Hemodynamic and environmental data were averaged 
within individual treatments over the period from O-2 elapsed hours. Results 
are presented as means 2 SD. Values on the two study days did not differ 
significantly. 

contents and temperatures were evaluated using two- 
tailed, paired f-tests. Postanesthetic isolation of core 
tissues was compared with isolation during anesthesia 
using one-way analysis of variance and ScheffG’s 
F-tests. Results are expressed as means 5 SD; differ- 
ences were considered statistically significant when 
P < 0.01. 

Results 
Postanesthetic core temperatures, heart rates, mean 
arterial blood pressures, ambient temperatures, and 
humidity were comparable on the two treatment days. 
End-tidal desflurane concentrations and meperidine 
administration also were comparable on each study 
day (Table 1). The arms weighed 9 t 1 kg, and the legs 
weighed 24 + 2 kg; consequently, peripheral tissues 
constituted approximately 40% of the volunteers’ total 
body mass. Per protocol, arteriovenous shunts were 
intensely vasoconstricted during the last hour of an- 
esthesia in all volunteers. Vasoconstriction was main- 
tained throughout recovery with warmed blankets; 
arm and leg blood flows increased during the last 
hour of warming as core temperatures approached 
normal; the increase, however, was not statistically 
significant. 

Heat production increased when anesthesia was 
discontinued; however, heat production was similar 
during forced-air and blanket warming because shiv- 
ering was treated aggressively by meperidine admin- 
istration. Heat losses, which were similar during an- 
esthesia, differed markedly during recovery. Loss was 
approximately 37 kcal/ h with warmed blankets, 
whereas approximately 48 kcal/ h was gained during 
forced-air warming, representing a difference of 85 
kcal/h. Consequently, total-body heat content after 
2 h (as determined by systemic heat balance) increased 
159 + 35 kcal more during forced-air than during 
blanket warming (Fig. 1A). 
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Figure 1. A, Two hours of warming increased body heat content 108 ? 35 kcal (mean 2 SD) with warmed blankets and 267 t 29 kcal with 
forced air (P = 0.0001). Consequently, total-body heat content after 2 h (as determined by system heat balance) increased 159 t- 35 kcal more 
during forced-air than during blanket warming. “Statistically significant difference between forced-air and blanket warming. Error bars were 
deleted when they were smaller than the data symbols. B, Core heat content increased significantly faster during forced-air than during 
blanket rewarming: 51 ? 9 ZIS 28 ? 11 kcal/h (P = 0.0006), respectively. Peripheral tissue heat content increased significantly faster during 
forced-air than during blanket rewarming: 80 t 13 US 27 ? 8 kcal/h (P = O.OOOl), respectively. During blanket warming, peripheral tissue 
heat content increased at the same rate as core heat content: 27 i- 8 us 28 i 11 kcal/h (P = 0.9). However, peripheral tissue heat content 
increased faster during forced-air than during blanket warming: 80 2 13 US 51 1. 9 kcalih (P = 0.003). Time zero indicates the end of 
anesthesia and the beginning of passive or active rewarming. *Statistically significant difference between forced-air and blanket warming. 
Error bars were deleted when they were smaller than the data symbols. 

After 2 h of warming, core heat content increased 
44 + 15 kcal more with forced-air than with blanket 
rewarming; in the same time period, peripheral tissue 
heat content increased 106 t- 23 kcal more with forced- 
air than with blanket rewarming. Consequently, 
whole-body tissue heat content after 2 h (as deter- 
mined by tissue temperatures) increased 150 -+ 27 kcal 
more during forced-air than during blanket warming. 
This value did not differ substantially from the 159 + 
35 kcal determined by systemic heat balance meas- 
urements. During blanket warming, peripheral tissue 
heat content increased at the same rate as core heat 
content: 27 ? 8 vs 28 + 11 kcal/h (P = 0.9). However, 
peripheral tissue heat content increased significantly 
faster than core heat content during forced-air warm- 
ing compared with blanket warming: 80 t 13 vs 51 L 
9 kcal/h (P = 0.003) (Fig. 1B). Peripheral tissue tem- 
peratures increased significantly faster during forced- 
air than during blanket warming, differing by 3.3 + 
0.7”C after 2 h. Core temperatures also increased sig- 
nificantly faster during forced-air than during blanket 
warming, differing by 1.1 i- 0.4”C after 2 h. 

The postanesthetic predicted core temperature in- 
crease exceeded the actual temperature increase dur- 
ing forced-air warming by 0.8 + 0.3”C (P < 0.001). In 
contrast, predicted and actual core temperatures dif- 
fered only slightly during anesthesia (Fig. 2). Postan- 
esthetic vasoconstriction thus isolated core tissues 
from heat applied to the periphery, with the result that 
core heat content increased 32 t 12 kcal less than 
expected after 2 h of forced-air warming (P < 0.001). 
Much less isolation was observed during anesthesia 
(2) with or without thermoregulatory vasoconstric- 
tion. In all cases, isolation was most prominent during 
the first 30 min of warming, and it had little additional 
effect-or reduced effect-on intercompartmental 
heat transfer after 1 h of active warming when periph- 
eral and core temperatures were similar (Fig. 3). 

Discussion 
Metabolic rates were virtually identical during forced- 
air and blanket warming because shivering was pre- 
vented and, when necessary, treated by administra- 
tion of meperidine. This design models the typical 
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Figure 2. Predicted core temperature IS the change expected if 
apphed heat rapidly distributed within the body. The difference 
between predicted and measured increases m core heat content thus 
identified how much vasoconstriction isolated core tissues from 
peripherally applied heat. These volunteers demonstrated thermo- 
regulatory arteriovenous shunt vasoconstrlction throughout the 
study. Consequently, lack of isolation of core tissues during anes- 
thesia results from direct (nonthermoregulatory) anesthetlc-induced 
vasodllation. Data in the top portion of the figure are from the active 
warming day of the current postanesthetic study; the lower portion 
displays data from a previous similar study during anesthesia (2). In 
the top portion of the figure, time zero is the end of anesthesia; m 
both, time zero indicates the beginning of forced-air warming. “Sta- 
tistically sigmflcant differences between each set of values. 

hypothermic postoperative patient who is vasocon- 
stricted (12), but not shivering because of age, illness, 
or residual anesthesia (13). Observed differences in 
body heat content and core temperature during 
forced-air and blanket warming can largely be attrib- 
uted to the relative efficacy of each heating method 
rather than to evoked thermoregulatory defenses. 

Although some studies report faster postoperative 
rewarming in actively warmed patients (14,15), four 
randomized, prospective trials report that postopera- 
tive forced-air warming fails to increase core temper- 
ature more than passive insulation (3-5).’ Three of 
these evaluated patients recovering from cardiopul- 
monary bypass (4,5).’ Comparable rewarming rates in 
these patients may result, in part, from factors specific 
to the postbypass period. For example, rapid pump 
rewarming may produce large internal temperature 
gradients (16). Subsequently, core-to-peripheral redis- 
tribution (17) is likely to influence core temperature 
more than surface warming (18). An additional factor 
is that shivering was not prevented during these stud- 
ies and was therefore more common when patients 
were warmed with blankets than with forced air. Be- 
cause the metabolic rate was not evaluated, the con- 
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Figure 3. There was conslderably more isolation of core tissues 
after anesthesia than durmg anesthesia. In contrast, thermoregula- 
tory arteriovenous shunt vasoconstrictlon only mmlmally restricted 
peripheral-to-core heat transfer during anesthesia. These data mdi- 
cate that direct, anesthetic-induced vasodllatlon influences inter- 
compartmental heat transfer and dlstrlbution of body heat more 
than thermoregulatory shunt vasomotlon. For the postanesthetic 
data, time zero was the end of anesthesia; in all cases, time zero 
mdicates the beginning of forced-air warming. Isolation was signif- 
icantly greater after anesthesia than during anesthesia at all times 
after time zero. However, the amount of isolated heat did not differ 
slgmficantly during anesthesia when the volunteers had arterio- 
venous shunt vasodilatlon (AnesthiDilatlon) from values when 
thermoregulatory vasoconstrlctlon had been tnggered (Anesth/ 
Constriction). Data m anesthetized sublects were obtained in a 
previous, similar study (2). 

tribution of shivering thermogenesis to warming in 
the passively warmed patients cannot be determined. 

The remaining study evaluated patients recovering 
from total hip arthroplasty (3). These patients were 
anesthetized primarily with opioids, and they did not 
shiver during the 1.5-h postoperative study period. 
Measurements of oxygen consumption documented 
that metabolic heat production was comparable in the 
two treatment groups. A limitation of the study, how- 
ever, is that a cotton blanket was inserted between 
patients and the forced-air covers. A cotton blanket 
decreases heat transfer approximately 30% (19), some- 
what reducing the benefits of active warming (which 
normally is applied directly to the skin). Nonetheless, 
core temperatures in the two treatment groups would be 
expected to differ significantly unless thermoregulatory 
vasoconstriction effectively prevented peripheral-to-core 
heat transfer. 

In contrast to these four studies, our results indicate 
that forced-air warming increases both body heat con- 
tent and core temperature more than warm blankets. 
In this regard, our results are similar to other studies 
that concluded that postoperative forced air is supe- 
rior to warm blankets (14,15). Faster core rewarming 
during forced-air heating is also consistent with data 
that indicate that thermoregulatory vasoconstriction 
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during anesthesia minimally impairs peripheral-to- 
core heat transfer (2) and that nitroprusside adminis- 
tration does not speed active rewarming (20). 

Although core temperature increased significantly 
faster during forced-air than during blanket warming, 
postanesthetic vasoconstriction nonetheless did im- 
pede peripheral-to-core heat transfer. How much va- 
soconstriction isolated core tissues from active periph- 
eral warming was indicated by the difference between 
predicted and measured core temperatures. Actual 
core temperature increased 0.8”C less than predicted 
during two hours of warming active warming, which 
indicates that core compartment heat content increased 
32 t 12 kcal less than expected. This postanesthetic 
result contrasts markedly with minimal isolation ob- 
served previously in vasoconstricted and vasodilated 
patients during anesthesia (2). Anesthetic-induced vaso- 
dilation thus seems to contribute significantly to thermo- 
regulatory vasomotion, an effect that helps to explain 
previously observed thermal perturbations. 

For example, redistribution hypothermia that ac- 
companies the induction of general anesthesia (7) al- 
ters core temperature and body heat distribution far 
more than the core-temperature plateau that ac- 
companies reemergence of thermoregulatory vasocon- 
striction (1). The critical difference seems to be that 
during anesthetic induction, thermoregulatory (7) and 
anesthetic-induced (21) vasodilation combine to mark- 
edly alter body heat distribution. In contrast, the ther- 
moregulatory vasoconstriction that initiates the core- 
temperature plateau (1) must compete with continued 
anesthetic-induced vasodilation (6). Similarly, thermo- 
regulatory vasoconstriction during anesthesia impairs 
active cooling less than might be expected (22) and has 
essentially no influence on active warming (2), probably 
because thermoregulatory constriction must compete 
with continued anesthetic-induced vasodilation. 

Vasoconstriction-induced isolation of core tissues 
significantly reduced the potential rate of core warm- 
ing during forced-air heating. In contrast, core tem- 
perature increased at the expected rate during blanket 
warming. It seems likely that core compartment isola- 
tion was observed during active but not during pas- 
sive warming, because maintaining tissue tempera- 
ture homogeneity in the former case required a much 
greater rate of tissue heat transfer. The likelihood of 
observing clinically important isolation of the core 
thus depends not only on thermoregulatory and 
anesthetic-induced vasomotor state, but also on the 
rate of heat application. 

We use the term isolation to mean the extent to 
which vasoconstriction impedes transfer of peripher- 
ally applied heat to the core. This is consistent with 
common usage, in which a thermal insulator isolates 
distal objects from thermal perturbations. In contrast, 
we previously used the term constraint to represent 

the extent to which vasoconstriction prevented trans- 
fer of metabolically generated heat from core to pe- 
ripheral tissues. This is also consistent with common 
usage, in which an insulator restricts warming of an 
adjacent object by a heat source. However, the terms 
are simply opposites: vasoconstriction in this study 
thus isolated core tissues from active warming by 
constraining applied heat to the periphery. 

In summary, our results indicate that forced-air warm- 
ing increases core temperature faster than blanket warm- 
ing in postanesthetic, hypothermic volunteers. Vasocon- 
striction nonetheless impeded peripheral-to-core heat 
transfer, with the result that the core temperatures in the 
two groups differed less than might be expected based 
on systemic heat balance estimates. Comparing inter- 
compartmental heat flow in our previous and current 
studies suggests that anesthetic-induced vasodilation 
contributes significantly to thermoregulatory vasomo- 
tion and may help to explain the apparently divergent 
effects of thermoregulatory vasomotion reported in 
previous studies. We conclude that anesthetic-induced 
vasodilation influences intercompartmental heat transfer 
and distribution of body heat more than thermoregula- 
tory shunt vasomotion. 
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