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We tested the hypothesis that once thermoregulatory 
vasoconstriction is triggered at a given core tempera- 
ture during isoflurane anesthesia, redilation starts at a 
substantially higher core temperature. To avoid direct 
perception of cutaneous cooling and warming, we used 
epidural anesthesia and limited our thermal manipu- 
lations to the blocked area. Seven volunteers were anes- 
thetized with isoflurane/epidural anesthesia (-T9 der- 
matomal level). Core hypothermia was induced by 
surface cooling restricted to the legs. Cooling was con- 
tinued until fingertip blood flow suddenly decreased 
(vasoconstriction threshold). The core was then re- 
warmed by heating the legs until fingertip flow 

suddenly increased toward initial values (redilation 
threshold). The difference between the two thresholds 
defined the direction-dependent hysteresis. Vasocon- 
striction occurred at 35.2 ? 0.6"C and vasodilation at 
36.2 -C 0.5"C ( P  < 0.01, paired t-test); consequently, the 
hysteresis was 1.0 ? 0.6"C. The observed hysteresis 
suggests that thermoregulatory responses during com- 
bined isoflurane/epidural anesthesia are not deter- 
mined simply by instantaneous thermal input to cen- 
tral controllers, but may also depend on the direction 
of core temperature change. 

(Anesth Analg 1993;77:811-6) 

nitiation of a thermoregulatory response can be 
defined by its threshold (i.e., the core temperature I triggering that specific response ill). Temperatures 

between the sweating and vasoconstriction thresholds 
(at constant skin temperature) identify the interthresh- 
old range (2). In unanesthetized individuals, this 
range is <0.6"C, with a mid-point near 37°C (3). One 
consequence of the normally small interthreshold 
range is that redilation occurs at a temperature no 
more than a few tenths of a degree above that trigger- 
ing vasoconstriction. 

Anesthetics profoundly impair normal thermo- 
regulatory control: the threshold for fingertip arterio- 
venous shunt constriction is reduced from normal 
values near 37°C to 33-35°C in adult patients given 
halothane/oxygen (4), nitrous oxide/fentanyl (5), 
enflurane/oxygen (6), and nitrous oxide/propofol 
(7). Similarly, the threshold temperature triggering 
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vasoconstriction during isoflurane anesthesia is in- 
versely proportional to anesthetic concentration, and 
decreases -3°C per percent end-tidal anesthetic con- 
centration (8). Once triggered, however, vasoconstric- 
tion intensity is normal during isoflurane anesthesia 
(9). The clinical significance of vasoconstriction is that 
it limits cutaneous heat loss (9) and sequesters meta- 
bolic heat to the thermal core (10); together, these fac- 
tors minimize further intraoperative hypothermia 
(4,5,10). 

In our studies of thermoregulatory vasoconstric- 
tion in anesthetized patients, we occasionally ob- 
served that redilation did not necessarily occur at the 
same core temperature triggering fingertip, arteriove- 
nous shunt vasoconstriction. This surprising hyster- 
esis suggests that arteriovenous shunt dilation during 
general anesthesia is not determined simply by in- 
stantaneous thermal input to central controllers, but 
may depend also on the direction of core temperature 
change. Accordingly, we tested the hypothesis that 
once thermoregulatory vasoconstriction is triggered 
during isoflurane anesthesia, redilation starts at a 
substantially higher core temperature. 

Thermal input from the skin contributes to central 
thermoregulatory control (11-13). To avoid the direct 
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effects of cutaneous cooling and warming, we used 
epidural anesthesia and limited our thermal manipu- 
lations to the area of sensory blockade. Thus, we 
were able to evaluate the effects of isolated core tem- 
perature perturbations on the threshold for vasocon- 
striction and redilation. 

Methods 
With approval from our Committee on Human Re- 
search, we studied five men and two women. None of 
the volunteers was obese, was taking medication, or 
had a history of thyroid disease, dysautonomia, 
Raynaud's syndrome, or malignant hyperthermia. The 
women were studied during the first 10 days of their 
monthly cycles. The volunteers' height was 173 t 11 cm 
(mean t SD), weight 69 t 11 kg, and age 27 f_ 4 yr. 

Treatment Protocol 
Studies started at approximately 9:30 AM and volun- 
teers fasted during the 8 h preceding each study. They 
were minimally clothed and reclined on their backs on 
a standard operating room table. A pediatric-sized 
circulating-water mattress set at 42°C was positioned 
beneath their legs. Ambient temperature was main- 
tained near 23°C throughout the studies. The percent- 
age of body fat in the volunteers was 21 t 7, as de- 
termined using infrared interactance (Futrex 1000, 
Futrex, Inc., Hagerstown, MD) (14). 

Lower body thermal sensation then was blocked 
with epidural 2-chloroprocaine. Using standard tech- 
nique, a catheter was advanced 2-3 cm into the epi- 
dural space. The epidural catheter was then injected 
with 3 mL of 2% 2-chloroprocaine (Chloroprocaine 
HC1, USl'@, Abbott Laboratories, North Chicago, IL) 
with epinephrine 1:100,000. This test dose was fol- 
lowed in 5 min by slow administration of 15-20 mL of 
2% 2-chloroprocaine without epinephrine. During in- 
duction of epidural anesthesia, 1500 mL of warmed lac- 
tated Ringer's solution was administered intrave- 
nously (IV) to minimize sympathectomy-induced 
vascular volume shifts. 

Chloroprocaine was chosen as the epidural anes- 
thetic because it is rapidly metabolized in plasma. Sys- 
temic absorption of the anesthetic and subsequent re- 
circulation to the brain was thus unlikely to influence 
centrally mediated thermoregulatory responses (15). 

The initial volume of 2-chloroprocaine was chosen 
based on each volunteer's height and calculated to pro- 
duce a dermatomal level of sensory blockade near T10, 
as determined by loss of cutaneous cold sensation and 
response to pinprick. Subsequently, a continuous in- 
fusion of 2% 2-chloroprocaine was administered at a 
rate of 13-18 mL/h to maintain a comparable sensory 
block level. The volunteers were observed 30-60 min 

after induction of epidural anesthesia to assure hemo- 
dynamic stability. 

Without any preanesthetic medication, the volun- 
teers then were anesthetized with isoflurane. Anesthe- 
sia was induced by inhalation of 3 % 4 %  isoflurane in 
70% nitrous oxide and oxygen; thiopental and opioids 
were not administered. Vecuronium bromide (10 mg) 
was administered IV to facilitate endotracheal intuba- 
tion; muscle relaxation was subsequently maintained 
by an infusion of vecuronium adjusted to maintain 0-1 
twitches in response to supramaximal train-of-four 
electrical stimulation of the ulnar nerve at the wrist. 
Nitrous oxide was discontinued after induction of an- 
esthesia, and the trachea of each volunteer was intu- 
bated. Mechanical ventilation was adjusted to maintain 
end-tidal Pco2 near 35 mm Hg. Anesthesia was main- 
tained with isoflurane at an end-tidal concentration 

Core hypothermia was induced via leg cooling by 
gradually reducing the temperature of the circulating- 
water mattress to 10°C. We continued cooling until core 
temperatures were -1°C below the temperature trig- 
gering fingertip vasoconstriction. Each volunteer was 
then rewarmed via the legs by increasing the tempera- 
ture of the circulating-water mattress to 42°C and add- 
ing a Bair Hugger@ forced-air warmer set on "high 
(Model 420 lower body cover and Model 200 warmer, 
Augustine Medical, Inc., Eden Prairie, MN). Rewarm- 
ing was continued until fingertip vasodilation occurred 
and the finger blood flow approached values recorded 
immediately after induction of isoflurane anesthesia. 

of 0.7%. 

Monitoring 

Core temperature was measured in the distal fourth of 
the esophagus with a probe incorporated into an 
esophageal stethoscope (Mallinckrodt Anesthesia 
Products, Inc., St. Louis, MO). Area-weighted, upper 
body skin surface temperature was computed from 
measurements at seven sites by assigning the following 
regional percentages to each area: head, 11 %; upper 
arms, 17%; forearms, 11%; hands, 5%; fingers, 4%; back, 
34%; chest, 18%. In the same way, area-weighted lower 
body skin surface temperature was derived from eight 
sites: abdomen, 21%; medial thigh, 13%; lateral thigh, 
13%; posterior thigh, 15%; anterior calves, 16%; poste- 
rior calves, 9%; feet, 9%; toes, 4% (16). Core and skin 
surface temperatures were recorded from thermo- 
couples connected to two calibrated Iso-Thermex@ 16- 
channel electronic thermometers having an accuracy of 
0.1"C and a precision of 0.01"C (Columbus Instruments 
International Corp., Columbus, OH). 

Absolute right middle fingertip blood flow, resulting 
primarily from arteriovenous shunt flow (171, was 
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quantified using venous-occlusion volume plethys- 
mography at 5-min intervals (18). Volume plethysmog- 
raphy is considered the most reliable measure of ex- 
tremity blood flow; we previously described in detail 
our technique for determining finger blood flow (19). 
The vasoconstriction threshold was defined as the core 
temperature triggering a sudden decrease in finger 
blood flow, and the vasodilation threshold was the core 
temperature triggering a sudden increase in finger 
blood flow. 

Heart rate was monitored continuously using three- 
lead electrocardiography. Oxyhemoglobin saturation 
(Spo2) was measured continuously using pulse oxim- 
etry, and blood pressure was determined oscillometri- 
cally at 5-min intervals at the left upper arm. Analog 
and serial thermoregulatory data were recorded at 
5-min intervals using a modification of a previously 
described data acquisition system (20). Anesthetic data 
were recorded using IdaCareTM, version 1.3 (Hermes 
System Inc., Angleur, Belgium). 

The level of sensory block produced by epidural an- 
esthesia was confirmed before induction and after 
emergence from general anesthesia by both cold sen- 
sation and pinprick response. 2-Chloroprocaine infu- 
sion was continued during recovery from isoflurane 
anesthesia until volunteers were able to respond to 
questions about cold sensation and pinprick. At that 
time, the level of block was measured and the chloro- 
procaine infusion terminated. After recovery from iso- 
flurane and epidural anesthesia, back pain was evalu- 
ated at 20-min intervals using a 100-mm visual analog 
scale, with 0 = no pain and 100 = worst imaginable 
pain. 

Data Analysis 

The difference between the distal esophageal tempera- 
ture triggering vasoconstriction and that triggering 
redilation in each volunteer was considered the 
hysteresis. The thresholds, end-tidal isoflurane concen- 
trations, and upper and lower body skin temperatures 
were compared using two-tailed, paired t-tests. All val- 
ues are expressed as means -t SD; differences were con- 
sidered significant when P C 0.01. 

Results 
Induction of epidural anesthesia typically produced 
sensory block to the T8 dermatome (range TPT11). 
During recovery from isoflurane anesthesia, the block 
level typically was T9 (range T5-Ll). 

Ambient, upper body, and lower body temperatures 
at the vasoconstriction and vasodilation thresholds are 
shown in Table 1. Ambient and upper body skin surface 
temperatures did not change significantly during the 
study. By design, lower body temperatures were 

813 

Table 1. Isoflurane Concentration and Temperatures 

Vasoconstriction Vasodilation 

Ambient ("C) 23.0 f 1.1 23.5 f 1.3 
Lower body skin ("C) 29.2 f 0.6 37.3 k 0.9" 
Upper body skin ("C) 32.4 f 1.2 31.6 +- 0.9 
[Isoflurane] (%) 0.69 k 0.01 0.70 f 0.02 

~ ~ 

Ambient, upper body, and lower body temperatures at the vasoconstriction 
and vasodilation thresholds. End-tidal isoflurane concentrations at the thresh- 
olds also are shown. End-tidal isoflurane concentration and ambient and upper 
body skin surface temperatures did not differ significantly during the study. 
By design, lower body temperatures were significantly higher at the vasodi- 
lation than the vasoconstriction thresholds. However, increased leg skin tem- 
perature presumably was not recognized by the central thermoregulatory sys- 
tem during epidural anesthesia. 

a Statistically significant differences from the vasoconstriction threshold. 

significantly higher at the vasodilation than the vaso- 
constriction thresholds. However, increased leg skin 
temperature presumably was not recognized by the 
central thermoregulatory system during epidural 
anesthesia. End-tidal isoflurane concentrations at the 
thresholds also are shown in Table 1, and were virtually 
identical during the trials. The rate of core cooling was 
1.4 2 0.6"C/h, and the rate of rewarming was 1.8 & 
l.O"C/h. 

Once vasoconstriction started, it rapidly progressed 
until finger blood flow was near minimal. Typically, 
flow at the start of vasoconstriction was 0.6 mL/min. 
Similarly, once triggered, vasodilation rapidly pro- 
gressed until finger flow approached values observed 
immediately after induction of anesthesia. Typically, 
flow at the start of vasodilation was 0.1 mL/min. An 
example is shown in Figure 1. The average vasocon- 
striction threshold was 35.2 t 0.6"C, whereas redilation 
occurred at 36.2 & 0.5"C; accordingly, the hysteresis 
was 1.0 ? 0.6"C (Figure 2). 

No volunteer experienced severe back pain after 
6.5 ? 0.4 h of epidural anesthesia using 92 ? 8 mL of 
2% 2-chloroprocaine. The maximum recorded back 
pain score, recorded using a 100-mm visual analog 
scale, was 62 mm, but typical values were 0-28 mm. 

Discussion 
It is well established that both core and average skin 
surface temperatures contribute to the control of most 
thermoregulatory responses 01-13]. It also is known 
that the rate of change of skin temperature contributes 
to thermoregulatory responses (12). However, Wyss 
and colleagues have shown that linear models incor- 
porating core temperature, mean skin temperature, 
and rates of positive and negative skin temperature 
changes are insufficient to predict regulatory responses 
to sudden skin temperature perturbations (21). They 
conclude from these data that at least one driving vari- 
able is missing from the model, and suggest that it 
might be time, direction of core temperature change, or 
a term describing the recent history of the system. 
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33 ? .01 .1 1 

Fingertip Flow (ml/min) 
Figure 1. Changes in fingertip blood flow during induction of hy- 
pothermia and rewarming in one volunteer. Each of the data points 
represents a 5-min data acquisition epoch. Initial fingertip blood 
flow was -1 mL/min, which is a typical vasodilated value. Flow 
changed little as core temperature was reduced from >36T to 
-.34.6"C, then rapidly decreased to -0.02 mL/min with minimal 
further reduction in core temperature (0). Similarly, finger blood 
flow remain low during rewarming from -34°C to -36.3"C, but 
then increased to nearly control values with only a slight further 
increase in core temperature (0). In this example, the vasoconstric- 
tion threshold was 34.6"C and the redilation threshold was 36.3"C; 
the hysteresis thus was 1.7OC. Although the thresholds and amount 
of hysteresis differed among individuals, comparable sudden 
changes in finger flow always were apparent. 

37 1 

Esoph 36 
Temp 
("0 

35 

34 J 
Constriction Dilation 

Figure 2. The vasoconstriction threshold was 35.2 5 0.6"C and the 
vasodilation threshold was 36.2 ? 0.5"C; consequently, the hyster- 
esis was 1.0 ? 0.6"C. The asterisk (9 indicates that the thresholds 
differed significantly. Each symbol identifies a single volunteer. 

Our data indicate that there is an -1°C hysteresis 
between the vasoconstriction and redilation thresholds 
during combined epidural and isoflurane anesthesia. 
Under these circumstances, thermoregulatory re- 
sponses are not determined simply by instantaneous 

thermal input to central controllers, but depend also on 
the direction of core temperature change. Thus, 
anesthetic-induced impairment of thermoregulatory 
control may be more complicated than previously 
thought. The etiology of this hysteresis remains un- 
clear, but three factors must be considered: (a) the ef- 
fects of general anesthesia, (b) the effects of epidural 
anesthesia, and (c) local skin cooling resulting from 
vasoconstriction. 

We evaluated the direction dependence of arterio- 
venous shunt constriction in volunteers given isoflu- 
rane because it was in anesthetized patients that we 
first observed the phenomenon. Vasoconstriction oc- 
curs at a higher temperature than shivering, and shunts 
surely dilate before sweating is initiated (22). In un- 
anesthetized individuals, however, the entire 
sweating-to-shivering range is only -0.6"C (3). Fur- 
thermore, our unpublished data indicate that the 
(sweating-to-vasoconstriction) interthreshold range is 
only 0.2"C. Thus, a direction-dependent hysteresis ap- 
proaching 1°C without anesthesia is unlikely. Why gen- 
eral anesthesia might facilitate such a hysteresis re- 
mains unknown. 

There is increasing evidence the thermoregulatory 
vasomotion substantially alters core temperature pat- 
terns during anesthesia and surgery (10). To the ex- 
tent that vasoconstriction is direction dependent, in- 
traoperative thermoregulatory responses may differ 
from those expected based simply on state- 
dependent models. 

A limitation of thermoregulatory studies in humans 
is that independent manipulation of core and skin tem- 
peratures has proven difficult. Some investigators have 
produced transitory changes in core temperature by 
having volunteers rapidly ingest ice cream or warm 
pudding (23). Others rapidly manipulated skin tem- 
perature and evaluated thermoregulatory responses 
before core temperature deviations were significant 
(24). However, extrapolations from such non-steady- 
state conditions often produce control models that are 
highly dependent on the protocol and core temperature 
measurement sites. For example, in one model (21), the 
relative contribution of core and skin thermal receptors 
differs by a factor of two, depending on whether core 
temperature is measured in the right atrium or distal 
esophagus. Such a strong dependence on the core tem- 
perature measurement site is disconcerting, because 
the right atrium and esophagus are adjacent tissues 
whose temperatures probably rarely differ by more 
than 0.2"C (25). 

To avoid extrapolating from non-steady-state con- 
ditions, we used epidural anesthesia to block tempera- 
ture input from the leg and limited thermal manipu- 
lations to nonsentient skin. This is the same strategy 
used by Downey and his colleagues in a series of stud- 
ies of thermoregulation in patients with spinal cord 
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transections (26). It has the advantage of permitting 
core temperature perturbations while maintaining 
nearly constant sentient skin temperature. Thus, our 
study evaluated the static contribution of core tempera- 
ture to shunt constriction and redilation. 

An implicit assumption of using epidural anesthesia 
to block cutaneous thermal input is that regional an- 
esthesia per se is not producing the observed hysteresis. 
Regional anesthesia does not directly affect central 
thermoregulatory control (15). Nonetheless, spinal (27) 
and epidural (28) anesthesia decrease the vasoconstric- 
tion threshold =O.5-1.O0C and may also increase the 
interthreshold range (26,29). The extent to which re- 
gional anesthesia alters normal thermoregulatory 
control-and the mechanism of impairment-remains 
unclear. Thus, although a direction-dependent hyster- 
esis in the arms is unlikely to result from concurrent 
regional anesthesia, the possibility of complex interac- 
tions between general and regional anesthesia cannot 
be ignored. 

Arteriovenous shunt vasoconstriction decreases fin- 
ger blood flow more than 10-fold, consequently 
decreasing fingertip temperature - 10°C (20). Vasocon- 
striction is mediated primarily by central thermo- 
regulatory control (30), but also is influenced by local 
skin temperature (17,311. Thus, it remains possible that 
local cutaneous hypothermia prolonged shunt con- 
striction after the centrally mediated drive to conserve 
dissipated heat. 

We (32) and others (33,34) have reported severe back 
pain after epidural administration of large volumes of 
2-chloroprocaine. Pain appears particularly common 
after administration of Nesacaine-MPF (Astra, Phar- 
maceuticals, Westborough, MA), containing ethylene- 
diaminetetraacetic acid (EDTA) (35). Although the eti- 
ology of the pain remains disputed (34), a likely 
possibility is EDTA-mediated hypocalcemic tetany in 
paraspinous muscles (36). 

Despite the back pain observed in our previous 
study (32), we again chose 2-chloroprocaine because 
this drug is rapidly metabolized after absorption into 
the systemic circulation. Thus, it is unlikely to influence 
central thermoregulatory processing via this route (15). 
However, based on the putative etiology of the pain, we 
made four changes in our administration protocol: (a) 
the initial bolus was given slowly and subsequent drug 
was administered by infusion to minimize the spread 
of anesthetic outside the epidural space; (b) instead of 
Nesacaine-MPF, we used Chloroprocaine HC1, USP@ 
(Abbott Laboratories, North Chicago, IL) without 
EDTA; (c) we used 2% 2-chloroprocaine, rather than 
3%; and (d) the block was maintained at a lower level 
(=T9 versus mT3). These precautions apparently were 
sufficient, as none of our volunteers experienced severe 
back pain. Their lack of pain is consistent with-but 
does not prove-the proposed EDTA/ tetany etiology. 

In summary, there was a -1°C hysteresis between 
thermoregulatory arteriovenous shunt vasoconstric- 
tion and redilation during combined epidural and 
isoflurane anesthesia. These data suggest that ther- 
moregulatory responses under these conditions are 
not determined simply by instantaneous thermal in- 
put to central controllers, but may also depend on the 
direction of core temperature change. 
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