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Abstract

Background—Mild perioperative hypothermia produces morbid cardiac outcomes that may result
from sympathetically induced hypertension. However, volatile anesthetics produce vasodilatation
that may reduce the haemodynamic response to hypothermia. We tested the hypothesis that the
volatile anesthetics isoflurane and desflurane blunt the normal cold-induced hypertensive response.

Methods— We analyzed prospective data from three analogous studies: 1) ten volunteers given
desflurane (2.6 Volume %) maintained in left-lateral position, 2) nine volunteers without anesthesia
or anesthetized with various doses of desflurane, and 3) eight volunteers given various concentrations
of isoflurane. Mean skin temperature was reduced to 31°C, which decreased core body temperature
and triggered thermoregulatory vasoconstriction. Mean arterial pressures were determined before
and after hypothermia provoked intense thermoregulatory vasoconstriction.

Results—The hemodynamic responses to thermoregulatory vasoconstriction were similar without
anesthesia and at all concentrations of desflurane and isoflurane. On average, mean arterial pressure
increased 14 (SD=5) mmHg with and without anesthesia.

Conclusion—We conclude that thermoregulatory vasoconstriction significantly increases arterial
pressure with or without isoflurane or desflurane anesthesia.
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Surface cooling increases arterial pressure and decreases heart rate in unanesthetized subjects
(1). Hypertension is associated with earlier onset of angina in patients with coronary artery
disease during cold stress (1,2). Consistent with these observations, hypertension is worse in
the winter (3) and the risk of myocardial infarction increases (4).

Cardiac morbidity is the leading cause of otherwise unexpected perioperative death (5). Mild
hypothermia triples the risk of morbid postoperative myocardial events (6). A likely
mechanism is cold-induced sympathetic activation and consequent hypertension (7). Cold-
induced hypertension has been demonstrated in young, unanesthetized volunteers (8).
However, volatile anesthetics are potent peripheral and central vasodilators (9,10) that
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potentially counteract cold-induced vasoconstriction and the resulting increase of arterial
pressure. Volatile anesthetics may thus minimize the hemodynamic consequence of
thermoregulatory vasoconstriction during anesthesia.

Interestingly, the effects of cold-induced vasoconstriction on arterial pressure during volatile
anesthesia remain poorly characterized. We therefore compared the effects of cold-induced
vasoconstriction on arterial pressure in unanesthetized volunteers with the effects in volunteers
given various concentrations of isoflurane and desflurane. Specifically, we tested the
hypothesis that the volatile anesthetics isoflurane and desflurane blunt the normal blood
pressure response to cold.

We analyzed data from three prospective studies to determine the effect of cold-induced
vasoconstriction on arterial pressure with and without volatile anesthesia. All data were
recorded prospectively and treatments within each study were randomly assigned. Each
followed a similar study protocol. Data for this manuscript were extracted from the original
case report forms of all three studies; the blood pressure measurements we present here were
not previously analyzed or reported.

With IRB approval and written informed consent, we studied healthy male volunteers. None

was obese, taking medication, or had a history of thyroid disease, dysautonomia, or Raynaud’s
syndrome. The studies started in the morning so that responses were triggered at similar times
each day to minimize circadian thermoregulatory fluctuations (11). Volunteers were minimally
clothed during the protocol; ambient temperature was maintained at 22—23°C. An intravenous
catheter was inserted in the left forearm for fluid administration. Anesthesia was induced by

administration of propofol (3-5 mg-kg™1) and maintained with a volatile anesthetic.

In the first study (12), general anesthesia was maintained with 2.8 volume % desflurane in ten
volunteers. The volunteers were subsequently turned to the left-lateral position. Padding was
positioned under the rib cage to avoid compression of the brachial artery and consequent flow
restriction to the dependent arm. These patients were paralyzed and mechanically ventilated
with a PEEP of zero. In the second study (13), nine volunteers were each evaluated on three
different days: 1) no anesthesia (control), 2) a target end-tidal desflurane concentration of 3.5%
and, 3) a target end-tidal desflurane concentration of 5.6%. These patients breathed
spontaneously. In the third study (14), eight volunteers were each evaluated on four days: 1)
a target end-tidal isoflurane concentration of 0.6%, 2) a target end-tidal isoflurane
concentration of 0.7%, 3) no anesthesia (control) and a target end-tidal concentration of 0.8%,
and 4) a target end-tidal concentration of 1.0%. These patients also breathed spontaneously.

On each study day, thermoregulatory vasoconstriction was induced by reducing mean-skin
temperature to 31°C with a circulating-water mattress (Cincinnati Sub-Zero, Cincinnati, OH)
and forced-air cooler (Augustine Medical, Inc., Eden Prairie, MN). Throughout the protocol,
arms were protected from active warming and cooling to avoid locally mediated vasomotion
(15).

Measurements

Heart rate and arterial pressure were determined oscillometrically (Modulus CD, Ohmeda Inc.,
Salt Lake City, UT) at 5-minute intervals. End-tidal volatile anesthetic concentrations were
measured using a Rascal anesthetic monitor (Ohmeda Inc. Salt Lake City, UT). End tidal
PCO, was maintained between 35 and 40 mmHg in all three studies (12-14).
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Vascular tone was estimated using Laser Doppler flowmetry with an integrating multiprobe
(Periflux 3, Perimed Inc., Piscataway, NJ, “wide-band” setting) positioned on the fourth finger
of the right hand (16). Laser Doppler flowmetry evaluates both capillary and arteriovenous
shunt flows, although the one we used is most sensitive to capillary flow. Vascular tone was
also evaluated on the right second finger using the perfusion index, a measure that is derived
from absorption of two infrared wavelengths. All measures of flow were recorded at 1-minute
intervals.

In each case, core body temperature was measured at 1-minute intervals from the tympanic
membrane (Tyco-Mallinckrodt Anesthesiology Products, Inc., St. Louis, MO). Mean skin-
surface temperature was calculated from measurements at 15 area-weighted sites (17). All
temperatures were displayed at 1-second intervals, and recorded at 1-minute intervals from
thermocouples connected to calibrated Iso-Thermex thermometers having an accuracy of 0.1°
C and a precision of 0.01°C (Columbus Instruments, Corp., Columbus, OH).

Our primary measurement for peripheral vasodilatation and cold-induced vasoconstriction was
the gradient between the skin-surface temperature on the fingertip and the skin-surface
temperature of the forearm on the exposed arm. There is a strong correlation between the skin-
temperature gradient and laser Doppler flowmetry, volume plethysmography, and the
perfusion index (18).

Data Analysis

Results

Because both skin and core temperatures contribute to control of thermoregulatory responses
(19), we arithmetically compensated for actual skin temperature using a previously described
equation (20). Beta was set to 0.2 with a designated mean-skin temperature of 34°C.

We expressed thermoregulatory vasoconstriction in terms of the forearm-minus-fingertip skin
temperature gradient (18). Volunteers with gradients exceeding +2°C were considered
vasoconstricted; those with gradients less than —2°C were considered vasodilated.

All arterial pressure, heart rate, laser Doppler, and perfusion index data were averaged within
each volunteer, and then averaged among the volunteers treated similarly. All values during
vasodilatation were similarly averaged within each volunteer, and then averaged among the
volunteers.

Morphometric characteristics of the patients in the three studies were compared with one-way
analysis of variances. Arterial pressure, heart rate, perfusion index, and laser Doppler
flowmetry values at each anesthetic concentration were compared between the vasodilatation
and during vasoconstriction phases using two-tailed, paired t tests. Differences in arterial
pressures, heart rates, perfusion index, and laser Doppler flowmetry values between the
vasodilatation and vasoconstriction phases were compared between the control group and the
anesthesia group at various concentrations of the volatile anesthetics used and between the
control group and the data of patients receiving various concentrations of anesthetics together
using two-tailed, unpaired t tests with Bonferroni correction. Results are presented as means
(SDs); P < 0.05 was considered statistically significant.

The demographic and morphometric characteristics of the volunteers in the three studies were
comparable (Table 1). The control group shown listed in Tables 1 and 2 consisted of
unanesthetized volunteers from the second and third studies. We report a complete set of data
for 10 volunteers on the control day. That explains the difference between the total numbers
in Tables 1 and 2.
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When the forearm-minus-fingertip skin temperature gradient was less than —2°C, the perfusion
index averaged 2.6 (0.5) units and the laser Doppler averaged 185 (14) units in the anesthetized
subjects. In contrast, when the forearm-minus-fingertip skin temperature gradient was greater
than +2°C, the perfusion index averaged 0.4 (0.1) units and the laser Doppler averaged 28
(6) units in the same anesthetized subjects. These differences indicated a transition from nearly
complete vasodilatation to nearly complete vasoconstriction. Results with and without
anesthesia were comparable.

In the first study, mean arterial pressure in the dependent arm was significantly greater (80
(20) mmHg) than in the upper arm (62 (17) mmHg, P = 0.003). After vasoconstriction, arterial
pressure increased significantly in both arms, by 16 (14) mmHg in the dependent arm and by
24 (31) mmHg in the upper arm (P < 0.005). Heart rate changes were not significant. All these
measurements were made during general anesthesia.

In the second and third studies, thermoregulatory vasoconstriction increased mean arterial
pressure significantly during each anesthetic and at every concentration. Averaged across all
groups, vasoconstriction significantly increased mean arterial pressure from 74 (6) mmHg to
87 (5) mmHg. Mean arterial pressure thus increased 14 (5) mmHg, which was virtually identical
to the increase without anesthesia (Control, Table 2). The increases in systolic and diastolic
arterial pressures were also similar. Heart rate changes in the anesthetized groups were not
statistically significant (Fig. 1). In contrast, the control group had a significant decrease in heart
rate (Table 2).

Throughout all studies, the threshold for vasoconstriction occurred at core temperatures that
are typical in unwarmed surgical patients (Table 3).

Discussion

Exposure to cold increases circulating concentrations of epinephrine, norepinephrine, and
cortisol in both unanesthetized (21,22) and anesthetized subjects (6). An increase in plasma
concentrations of norepinephrine and epinephrine contributes to cold-induced myocardial
ischaemia (23,24). Cardiac events remain the leading cause of perioperative death (5), and even
mild hypothermia triples the risk of a morbid postoperative cardiac outcome (25). Interestingly,
shivering per se does not appear to be the cause. Instead, adverse cardiac outcomes are likely
to result from cold-induced hypertension, combined with a concomitant three-fold increase in
plasma norepinephrine concentrations.

Hypothermia triggers thermoregulatory vasoconstriction, and it is well established that
vasoconstriction increases mean arterial pressure in unanesthetized subjects (1,3) and in the
postoperative period (25). Our purpose was thus to determine the extent to which volatile
anesthetics impair the hypertensive response to thermoregulatory vasoconstriction. In our first
study, arterial pressures in the upper and dependent arms differed by 22 mmHg, an amount
similar to previous reports (26). Mean arterial pressure increased significantly more in the
upper than dependent arm, perhaps because hydrostatic forces counteracted the central
vasoconstriction signals more in the dependent arm. However, vasoconstriction substantially
increased mean arterial pressure in each arm.

The second and third studies revealed almost identical increases in arterial pressure in
volunteers given various concentrations of isoflurane and desflurane. No dose-dependence was
detected, and the results were comparable with each anesthetic. Interestingly, the increase in
mean arterial pressure during anesthesia (14 [5] mmHg) was virtually identical to that observed
without anesthesia (14 [5] mmHg). We thus conclude that the hypertensive response to
thermoregulatory vasoconstriction remains well preserved during volatile anesthesia.
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The core temperatures that triggered vasoconstriction were typical for unwarmed surgical
patients. The use of currently available warming devices to maintain normothermia can prevent
intraoperative thermoregulatory vasoconstriction.

Bradycardia in the control subjects was probably mainly a reflex reaction to cold-induced
hypertension. However, there is also a parasympathetic control of heart rate that is independent
of arterial pressure and stroke volume (27). For example, there is normally a linear relationship
between heart rate and skin temperature between 35°C and 23°C that is mediated by the vagus
nerve (28). However, it is well established that volatile anesthetics blunt vagal reflexes that
normally protect unanesthetized humans (29,30). Thus, in our anesthetized subjects, the
bradycardia to cold-induced hypertension may have been attenuated by the anesthesia.

We present a retrospective analysis of data that were prospectively collected for other purposes.
However, the studies were all conducted over a relatively brief period, in the same laboratory,
and used virtually identical methodology. Furthermore, our primary outcome (arterial pressure)
is an objective measure that was surely recorded accurately and is not subjected to investigator
bias. It thus seems unlikely that our results would differ were the entire study repeated
prospectively. However, a prospective design would have allowed us to evaluate plasma
catecholamine concentrations and record other measurements that may have helped identify
the specific mechanism by which mild hypothermia triggers the observed substantial and
clinically important increase in arterial pressure.

Avrterial pressure was measured oscillometrically on the arm rather than at the radial artery.
However, Hynson and co-workers have shown that radial arterial systolic arterial pressure is
exaggerated by thermoregulatory vasoconstriction. Oscillometric arterial pressure thus more
reliably reflects central arterial pressure (31). Participants in our first study were paralyzed
during anesthesia and mechanically ventilated (PEEP = zero); in contrast, the others breathed
spontaneously. However, neither the use of muscle relaxants per se nor the type of ventilation
is likely to alter the thermoregulatory thresholds for vasoconstriction or steady-state arterial
pressure.

A limitation of these studies was that cardiac output was not measured during the experimental
procedure. However, since heart rate did not differ significantly in the vasodilated and
vasoconstricted states, an increase in vascular resistance seems the most likely mechanism for
the increase in arterial pressure.

In conclusion, cold-induced vasoconstriction significantly increased systolic, mean, and
diastolic arterial pressures in both unanesthetized and anesthetized subjects. The increases were
comparable with and without anesthesia and were independent of anesthetic dose. We,
therefore, failed to confirm our hypothesis that volatile anesthesia at the concentrations used
in these studies reduces the hemodynamic consequence of thermoregulatory vasoconstriction.
Hypothermia-induced increases in intraoperative arterial pressure may contribute to
perioperative myocardial morbidity. The best way to avoid thermoregulatory vasoconstriction
is simply to maintain normothermia.
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Fig. 1.

Systolic arterial pressure (SAP), diastolic arterial pressure (DAP), mean arterial pressure
(MAP), and heart rate (HR) before and after vasoconstriction. Each symbol represents one
group of study subjects. Data are represented as means of the individual studies, with the
average and standard deviations for the entire study population also shown. Asterisks (*)
identify statistically significant differences from vasodilatation (P < 0.001). See Table 2 for

statistical analysis and detailed information.
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