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ABSTRACT General anesthesia markedly impairs nor-
mal control of body temperature, reducing the threshold
(triggering core temperature) for thermoregulatory
vasoconstriction from -37 to 34.5#{176}C.Sweating and ac-
tive vasodilation thresholds similarly are increased,
widening the range of temperatures not triggering regula-
tory compensations from 0.2 to 4#{176}C. However, once
initiated, the gains (slopes of response intensity vs. core
temperature curves) and maximum intensities of ther-
moregulatory responses are nearly normal. Intraopera-
tive core temperature initially decreases rapidly because
anesthetic-induced inhibition of tonic thermoregulatory
vasoconstriction causes a core-to-peripheral redistribu-
tion of body heat. The subsequent slower, linear decrease
in body temperature results from heat loss exceeding
metabolic heat production. And finally, after 3-4 h of
anesthesia, core temperature stabilizes at an abnormally
low value. In patients experiencing minimal heat loss,
and therefore not becoming sufficiently hypothermic to
trigger vasoconstriction, this plateau can be passive
steady state in which heat loss equals production. Con-
versely, patients becoming sufficiently hypothermic will
trigger thermoregulatory vasoconstriction that both
decreases cutaneous heat loss and sequesters some meta-
bolic heat in the core. Epidural and spinal anesthesia also
cause core hypothermia by inhibiting tonic ther-
moregulatory vasoconstriction, producing an internal
redistribution of heat from the warm core to cooler
peripheral tissues. Core hypothermia provokes ther-
moregulatory responses including vasoconstriction
(above the block level) and shivering. Nonetheless, many
patients feel warmer after induction of regional anesthe-
sia, apparently because perceived skin temperature is
elevated. The following review will focus on anesthetic-
induced impairment of normal thermoregulatory control
and the resulting alterations in heat balance.-Sessler,
D. I. Perianesthetic thermoregulation and heat balance in
humans. FASEBJ. 7: 638-644; 1993.
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CORE BODY TEMPERATURE IS AMONG the most jealously
guarded human physiological parameters. Although core
temperature varies slightly during the course of each day
(circadian rhythm) and monthly in women, at any given
time body temperature differs from the expected value by no
more than a few tenths of a degree. Anesthesia and surgery,
however, dramatically impair this delicate control: intraoper-
ative core temperatures 1-3#{176}Cbelow normal are common.

Complications of perioperative hypothermia include
postoperative shivering (which unacceptably increases pa-
tients’ metabolic rates) (1, 2), impaired coagulation (3),
prolonged drug action (4), and negative postoperative nitro-
gen balance (5). In this review I will describe how anesthesia

and surgery impair thermoregulation, the resulting changes
in heat balance, and the physiological responses provoked by
perioperative alterations in body temperature.

NORMAL THERMOREGULATION

The exact mechanisms effecting thermoregulatory control
are not yet defined. However, it is clear that the system is ex-
traordinary complicated, involving considerably redundancy
and multiple levels of positive and negative feedback. I will
present here a model, representing a compendium of various
proposed systems (6-8), that will provide a simple frame-
work from which to analyze thermoregulation. As with most
models, this one is purely descriptive and does not identify
mechanisms by which humans actually mobilize protective
responses.

In this model, thermal input from tissues throughout the
body are integrated at a variety of centers (including the spi-
nal cord and brain stem), but most importantly within the
hypothalamus (7). Individual responses are coordinated on
the basis of weighted averages from diverse inputs. There is
no requirement that a given set of inputs be handled simi-
larly in determining an effector response: for example, auto-
nomic responses are largely determined by core temperature
(9) whereas skin temperature contributes most to thermal
perception, and consequently to behavioral compensations (10).

Individual thermoregulatory responses can be character-
ized using the terms: threshold, gain, and moximum inten-
sity. Thresholds are integrated body temperatures triggering
responses. Because the integration parameters differ among
the responses (and likely also differ in a variety of situations),
the triggering core temperature usually is considered the
threshold for a response. Expressing thresholds in terms of
core temperature allows convenient comparison among
different responses. Such comparisons, however, remain
valid only when skin temperatures are similar and poten-
tially confounding factors such as circadian and monthly cy-
cles are eliminated.

Open-loop gains (i.e., proportional responses) are defined
by the response increments as core temperatures progres-
sively deviate from the triggering thresholds (6). Response
intensities usually increase linearly with core temperature,
and for convenience are expressed conventionally by a
regression equation as the slope of the response intensity vs.
core temperature. At some point, further deviation in core
temperature no longer increments response intensity,
defining the maximum intensity.

Under normal circumstances, behavioral compensation
probably contributes more to maintaining core temperature
than autonomic regulation. But restricting consideration to
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autonomic responses, the interthreshold range identifies core
temperatures between the highest cold response threshold
(vasoconstriction) and the lowest warm threshold (sweating)
at a constant skin temperature. The magnitude of the inter-
threshold range in humans is not precisely established, but
it probably is only a fraction of a degree because the entire
sweating-to-shivering range spans only -0.6#{176}C(11). Be-
cause energy cost and nutrients are conserved without exces-
sive autonomic control within this range, some animals such
as camels and desert rats use this strategy extensively, allow-
ing core temperature changes up to 10#{176}Ca day.

Most thermoregulatory models, including this one, do not
adequately account for the rates at which core and
peripheral temperatures change. Consequently, they should
be applied to vigorously dynamic situations with caution.
The extent to which time-dependent factors contribute to
human thermoregulatory responses remains unclear, but
several sophisticated models address these problems (12, 13).

THERMOREGULATION DURING GENERAL
ANESTHESIA

All general anesthetics so far tested significantly impair ther-
moregulatory responses. For example, typical clinical doses
of halothane (14) and fentanyl/nitrous oxide (15) decrease the
threshold for vasoconstriction to approximately 34.5#{176}C;
propofol combined with nitrous oxide apparently produces
even more inhibition (16), whereas enflurane produces some-
what less (17). Also, the decrease in the vasoconstriction
threshold is dose dependent during isoflurane anesthesia,
with a slope of -3#{176}C/% isoflurane (18) (Fig. 1). Presuma-
bly, the thermoregulatory effects of other anesthetics also are
dose dependent. Thus, thermoregulatory vasoconstriction

Threshold
(#{176}C)

Isoflurane (%)

Figure 1. The thermoregulatory threshold in four unanesthetized
volunteers and five surgical patients given isoflurane/air/oxygen
anesthesia. The threshold was prospectively defined as the core tem-
perature at which the forearm minus fingertip, skin temperature
gradient (a measure of peripheral vasoconstriction) first exceeded
4#{176}C.The threshold was inversely correlated with end-tidal
isoflurane concentration. The line indicates the least-squares
regression: threshold (#{176}C)= 37.1 - 3.1 [isoflurane], r -0.97.
(Modified from ref 18.)

(which usually is initiated near 37#{176}C)does not occur during
typical clinical doses of isofiurane until core temperature
reaches approximately 34#{176}C.Thermoregulatory vasocon-

striction during halothane (19) and isoflurane (20) anesthesia
is comparably impaired in infants, children, and adults.

The ratio of cutaneous to core thermal input to autonomic
thermoregulatory responses ranges from 5 to 20% in various
studies (21), and it is unknown if the ratio remains similar
in anesthetized individuals. But once triggered, the intensity

of arterio-venous shunt vasoconstriction during anesthesia is
similar to that in unanesthetized individuals (22).

Nonshivering thermogenesis increases metabolic heat
production twofold in paralyzed, anesthetized infants (un-
published observations). The magnitude of this increase is
similar to that reported in unanesthetized infants exposed to
cold (21). However, nonshivering thermogenesis during
anesthesia is triggered at about the same (abnormally low)
temperature as vasoconstriction, suggesting that anesthesia
decreases the thresholds for each response similarly. In con-
trast, nonshivering thermogenesis does not significantly in-
crease heat production in anesthetized adults (23).

Shivering rarely, if ever, occurs during surgical planes of
anesthesia. However, vigorous shivering-like tremor is com-
mon during postanesthetic recovery. Normal shivering may

be the most complicated and poorly understood ther-
moregulatory response in humans. Additional complexities
in the postoperative period, including a simultaneous rapid
increase in core temperature and decrease in brain
anesthetic concentration, have confounded analysis of this
response. Nonetheless, the assumption that all involuntary
postanesthetic muscular activity (tremor) is normal shiver-
ing appears unwarranted: in 1972, astute clinicians observed
two distinct patterns of postanesthetic muscular activity after
anesthesia (24).

Electromyographic analysis of involuntary postanesthetic
muscular activity does, in fact, reveal two distinct patterns

(2). By far the most common is an irregular, tonic tremor
that resembles normal thermoregulatory shivering (25). The
other tremor pattern is a 5- to 7-Hz phasic activity identical
to that produced by pathological clonus after spinal cord
transection. Similar electromyographic activity is not a fea-
ture of cold-induced shivering in supine volunteers. Both
muscular activity patterns are thermoregulatory; that is, al-
ways preceded by core hypothermia and peripheral vasocon-
striction (2, 26). Thus, although recovery from general anesthe-
sia is characterized by two distinct motor patterns, only one
of which resembles normal shivering, both are thermoregu-
latory. The gain of involuntary muscular activity during
recovery from potent, volatile anesthetics has not been
quantified, but is relatively well preserved in volunteers im-
mersed in cold water while breathing 30% nitrous oxide (27).

- Because postanesthetic motor activity is thermoregulatory,
it can be suppressed by maintaining intraoperative nor-
mothermia. Skin-surface warming is an effective treatment
for shivering (28), presumably because increasing skin tem-
perature provides a warm signal that counteracts some
degree of core hypothermia. Postanesthetic tremor can also
be minimized by intravenous administration of the central
ct2-adrenergic agonist clonidine (75-150 g) (29), which is
consistent with the observation that intracerebroventricular
administration of norepinephrine decreases core tempera-
ture and metabolic rate while increasing skin temperature
(30). Similarly, meperidine (25 mg) (31) also treats shivering.
Why meperidine is far more effective than equipotent doses
of other opioids remains unknown (32, 33), but the observa-
tion suggests that its action is not mediated only by t receptors.
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Isofiurane anesthesia produces a dose-dependent increase
in the sweating threshold (34). However, the increase in the
sweating threshold is far less than the decrease in the
vasoconstriction threshold. For example, 1.2% isoflurane
decreases the vasoconstriction threshold to approximately
33#{176}Cbut increases the sweating threshold only to 38.2#{176}C.
Why these response thresholds are shifted differently re-
mains unknown, but an aggressive response to hyperthermia
is fortuitous because hyperthermia is more dangerous than
a comparable degree of hypothermia.

Although isoflurane anesthesia increases the sweating

threshold, the gain of this response remains normal and the
maximum sweating intensity is reduced only slightly by
isofiurane anesthesia (Fig. 2). It is interesting that the sweat-
ing threshold is approximately 0.4#{176}Chigher in women than
men, and this difference is preserved during isoflurane
anesthesia.

Behavioral thermoregulation obviously is unimportant
during surgical doses of general anesthesia because patients
are unconscious and frequently paralyzed. Nonetheless, clin-
ical observation suggests that patients in a cool environment
frequently feel warmer after administration of various seda-
tive drugs. Similarly, mice given subanesthetic concentra-
tions of nitrous oxide choose a cooler environment than those
given only air (35). Surprisingly, volatile anesthetics do not
phase-delay circadian body temperature cycles (36),
although anesthesia combined with surgery apparently does (37).

Taken together, these studies show that general anesthetics
increase the interthreshold range from a normal value
near 0.2#{176}Cto approximately 4#{176}C(Fig. 3). It is possible that
body temperature remains accurately sensed during
anesthesia, but that temperatures within the interthreshold
range simply are not integrated to initiate regulatory
responses. However, once body temperature deviates
sufficiently from normal to trigger thermoregulatory
responses, the gain and maximum intensity of these effector
responses remain nearly normal. Markedly altered ther-
moregulatory thresholds with relatively well-preserved gain
and maximum intensities contrast starkly with anesthetic
effects on several other homeostatic systems.

36 37 38 39 40

Esophageal Temp (#{176}C)
Figure 2. The sweating rate in a typical male volunteer shows the
threshold, gain, and maximum intensity during hyperthermia
alone (0%) and at 0.8% and 1.2% end-tidal isoflurane concentra-
tions. The thresholds were markedly increased by anesthesia; in

contrast, gains and maximum sweating rates were relatively well
preserved. The thermoregulatory threshold for sweating increased
linearly with increasing end-tidal isoflurane concentration. In men,
the regression equation was: threshold (#{176}C)= 36.6#{176}C+
1.3 . [Isoflurane], r2 = 0.94. In women, the regression equation
was: threshold (#{176}C)= 37.1#{176}C+ 1.0 . [Isoflurane], r2 = 0.87.
(From ref 34.)

Vasoconstriction
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Figure 3. A schematic illustrating thermoregulatory thresholds in

unanesthetized and anesthetized humans. The slanted lines

represent different regulatory responses and the dark horizontal

lines show core body temperature; the intersection of each line with
the temperature scale is the threshold. The interthreshold range is
shown as the distance between the first cold response (vasoconstric-
tion) and the first warm response (sweating); temperatures within

this range will not elicit autonomic thermoregulatory compensa-

tion. Because each thermoregulatory response has its own threshold
and gain, there is an orderly progression of responses and response
intensities in proportion to need. During general anesthesia (bot-
tom part of figure), the thresholds for vasoconstriction and non-
shivering thermogenesis are shifted down to 34.5#{176}C(depending
on anesthetic type and dose). Similarly, the thresholds for active
precapillary vasodilation and sweating are increased 1#{176}C.
(Modified from ref 64.)

HEAT BALANCE DURING GENERAL ANESTHESIA

Thermal steady state is defined by heat loss to the environ-
ment equaling metabolic heat production. Thus, over the
long term heat loss must equal heat production to maintain
body temperature. However, body temperature and tissue
heat content are not uniformly distributed: thermoregula-
tion keeps core temperature nearly constant, whereas
peripheral tissues usually are maintained at a lower tempera-
tures by tonic vasoconstriction (38).

In practice, vasomotion alters peripheral tissue heat con-
tent without altering temperature of the vital organs, using
the periphery as a thermal buffer. This allows individuals to
lose heat in a cold environment or absorb heat in a warm en-
vironment (39). This strategy minimizes the need for other
autonomic responses that may be costly in terms of meta-
bolic needs, use of resources, or behavioral requirements.
Because of their large mass, the legs probably constitute
most of the peripheral thermal buffer. The capacity of the
peripheral compartment is approximately 150 kcal (i.e., body
heat content can change this amount without altering core

temperature) (39).
Body temperature, which normally is well maintained

even in a cool environment, decreases 0.5 to 1.5#{176}Cin the
40 mm after induction of general anesthesia. This

decrease has been attributed to undressing patients in a cool
environment, anesthetic-induced vasodilation (which in-
creases skin temperature), evaporation of surgical skin
preparation solution, loss of heat from surgical incisions, and
anesthetic-induced reduction in metabolic rate. However,
general anesthesia reduces heat production only 20% (40)
and anesthetic-induced vasodilation minimally increases
heat loss (41). Furthermore, hypothermia develops rapidly
after induction of anesthesia even in volunteers not undergo-
ing skin preparation or surgical heat losses (41) (Fig. 4).
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Figure 4. Tympanic membrane temperatures remained constant
during the control period (0-30 elapsed mm), but then decreased
1.2 ± 0.2#{176}Cduring the 50 mm after induction of isoflurane
anesthesia. Changes in total cutaneous heat loss were minimal both
during the control period and during isoflurane administration
(30-80 mm). Results are presented as means ± SD. (From ref 41.)

These data indicate that the initial rapid hypothermia results
largely from internal redistribution of body heat from the
warm core to cooler peripheral tissues. Because the redistri-
bution is internal, body heat content and average body tem-
perature remain nearly constant during the process.

Redistribution hypothermia is difficult to treat (42), but
can be prevented by cutaneous warming before induction of
anesthesia (43). Preinduction warming only slightly in-
creases core temperature (which remains well regulated), but
markedly increases peripheral compartment temperature.
Because heat only flows down a temperature gradient, redis-

tribution is prevented in proportion to the reduction in the
core-to-peripheral temperature gradient.

Redistribution hypothermia is followed by a slow, approxi-
mately linear decrease in core temperature usually lasting
2-3 h. This decrease apparently results from heat loss ex-
ceeding metabolic heat production. Because heat production
remains nearly constant during anesthesia (40), the rate at
which hypothermia develops during this period is largely de-
termined by cutaneous heat loss. [Respiratory heat loss is
small compared with metabolic production (44).] The major
factors determining intraoperative heat loss are ambient
temperature (45), insulation provided by surgical draping
(46), and evaporative water loss from within surgical inci-
sions. The extent to which heat loss from surgical incisions
contributes to hypothermia in humans remains unknown.
However, studies in animals suggest that loss can be substan-
tial, perhaps reaching half of the total. With sufficient active
cutaneous warming, nearly all surgical patients can be kept
normothermic (42).

After 3-4 h of anesthesia and surgery core temperature
usually stops decreasing. This plateau phase may occur at a
relatively high temperature (e.g., 35.5#{176}C)in patients with
minimal heat loss to the environment. These patients do not
become sufficiently hypothermic to trigger vasoconstriction
and establish a passive thermal steady state in which heat
loss equals metabolic heat production without thermoregula-
tory intervention. In contrast, patients experiencing greater
heat loss become more hypothermic and eventually trigger

peripheral vasoconstriction. The core temperature plateau
in these patients results directly from this thermoregulatory
compensation.

A core temperature plateau coincident with vasoconstric-

tion initially suggested that decreased cutaneous blood flow
significantly reduces heat loss from the skin to the environ-

0.0 ment. However, subsequent study indicated that the
decrease may be insufficient to induce a thermal steady state
(22). It thus appears likely that the core temperature plateau
results, at least in part, when thermoregulatory vasoconstric-

#{176}C)tion sequesters metabolic heat in the core thermal compart-
ment. Under these conditions, metabolic heat production

-1.0 (which remains nearly constant) is largely maintained within
the relatively small core compartment. Because metabolic
heat is now distributed into a smaller fraction of the body

1 5 mass, core temperature remains constant. In contrast,peripheral tissues become hypothermic even more rapidly

because heat loss to the environment is only slightly reduced,
local cellular metabolism is decreased 5%/#{176}C,and
minimal heat is now supplied from the core. In effect, se-
questration of metabolic heat to the core reestablishes the
normal core-to-peripheral temperature gradient but does not
represent a thermal steady state (47).

Taken together, these studies suggest that intraoperative
hypothermia develops in three phases. Initially, core temper-

ature decreases rapidly when anesthetic-induced inhibition
of tonic thermoregulatory vasoconstriction allows core-to-
peripheral redistribution of body heat. Although difficult to
treat, redistribution hypothermia can be prevented by warm-
ing peripheral tissues before induction of anesthesia. Second,
a slower, linear decrease in body temperature results from
heat loss exceeding metabolic heat production. Because
nearly all heat is lost from the skin surface, adding cutaneous
insulation will decrease the rate of cooling; similarly,
sufficient active warming will increase body temperature
during this phase. And in the final phase, core temperature
stops changing after 3-4 h of anesthesia. This plateau can be
passive in patients remaining relatively warm, or may be ac-
companied by thermoregulatory vasoconstriction, which

decreases cutaneous heat loss and sequesters metabolic heat

to the core.

EPIDURAL AND SPINAL ANESTHESIA

Epidural anesthesia is produced by injecting 20-30 ml of
local anesthetic into the potential space between the ligamen-
tum flavum and the dura mater (typically between the third
and fifth lumbar segments). The anesthetic prevents conduc-
tion in nerve roots exiting via the epidural space, producing
sympathetic, sensory, and motor blocks in the corresponding
dermatomal regions. Spinal anesthesia is induced by insert-
ing the needle further into the subarachnoid space; local
anesthetic (3-4 ml) injected there bathes the adjacent spinal
cord or cauda equina, blocking nerve conduction. Because
regional anesthesia spares the upper spinal cord and brain,
central thermoregulation presumably remains intact.
Shivering-like involuntary motor activity (above the block) is
common during regional anesthesia, with an incidence esti-
mated at 40%.

Spinal cord temperature receptors have been documented
in every mammal studied (48), and presumably also exist in
humans. These receptors contribute roughly 20% of the to-
tal thermal information projecting to the central regulating
system (49, 50). However, shivering cannot be induced in
nonpregnant volunteers, even by epidural administration of
large volumes of ice-cold saline (51). Epidural anesthesia in
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nonpregnant volunteers (52) and patients (53) does produce
shivering, but the incidence is comparable with cold or warm
anesthetic. Minimal thermoregulatory effect from cold lum-
bar epidural injections may result because spinal cord ther-
mal receptors are most densely distributed in the cervical
region (48) or because lower receptors are tonically inhibited
by higher ones. Pregnant women shiver more often when
given cold, rather than warm, epidural anesthetic (54); why
lumbar thermal receptors might contribute more to shiver-
ing during pregnancy remains unknown.

As in patients with spinal cord transections (55), tremor
during epidural anesthesia is preceded by core hypothermia
and cutaneous vasoconstriction above the level of the block,
features that define it as thermoregulatory (52). Further-
more, analysis of the motor activity reveals the typical
waxing-and-waning pattern of normal shivering (56) without
the clonic components detected during recovery from
general anesthesia (2). Tremor during epidural anesthesia is,
thus, normal thermoregulatory shivering triggered by core
hypothermia. Just as during induction of general anesthesia
(41), hypothermia during regional anesthesia results from an
internal core-to-peripheral redistribution of body heat (56).

Nonetheless, more hypothermia than usual is required to
trigger thermoregulatory responses during regional anesthe-
sia. For example, shivering during spinal (57) and epidural
(52) anesthesia is delayed until core temperatures are
0.5-1.0#{176}Cbelow normal. Regional anesthesia blocks both
A& fibers (conveying most cold signals) and C fibers (trans-
mitting heat). However, at typical skin temperatures,
predominantly cold signals converge on the central ther-
moregulatory system. The hypothalamus may interpret
anesthetic-induced inhibition of tonic cold input from the
lower body as tissue warming. In this scenario, more core
hypothermia than usual might be tolerated because the lower
body would be perceived as atypically warm.

Tymparnc,,’

Shivering

I I I . I . I

0 j3O 60 90 120
I Minutes

Injection

Figure 5. Changes in tympanic membrane temperatures, percen-
tage increase in shivering intensity, and thermal comfort (mil-

limeters on a visual analog scale) after epidural lidocaine injections
in six volunteers. Zero millimeters on the visual analog scale was
defined as the worst imaginable cold; 100 mm was defined as worst
imaginable heat. Epidural injections were given after a 15-mm con-
trol period. Shivering started when tympanic membrane tempera-
ture decreased about 0.5#{176}Cand continued until central tempera-
ture returned to within 0.5#{176}Cof control. Thermal comfort
increased after epidural injection in each volunteer; maximal com-
fort occurred at the lowest core temperature. Results are presented
as means ± SD. (From ref 52.)

A striking feature of regional anesthesia is that shivering
patients frequently do not report feeling cold. Behavioral
thermoregulatory responses in many mammals are relatively
insensitive to core temperature perturbations (58); in con-
trast, changing skin temperature provokes vigorous
responses (59). Humans, who also are exquisitely sensitive to
skin temperature (60), apparently consciously sense core
temperature poorly. Thus, although sufficient redistribution
hypothermia triggers vasoconstriction and shivering, per-
ceived lower body temperature simultaneously increases.
Consequently, shivering patients sometimes have an overall
perception that regional anesthesia increases thermal com-
fort (10, 52) (Fig. 5).

Maintaining normothermia prevents thermoregulatory
shivering during regional anesthesia (52). Redistribution
hypothermia can be prevented by cutaneous warming before
induction of anesthesia (61). Shivering can be treated by
skin-surface warming above the level of the block (28), which
presumably induces tolerance for core hypothermia via in-
creased cutaneous thermal input. Additionally, intravenous
or epidural administration of opioids including meperidine
(62) or sufentanil (63) are effective treatments for shivering
during regional anesthesia. It remains unclear if the anti-
shivering effects of these epidurally administered drugs are
mediated locally or via transport to higher centers by
cerebrospinal fluid or blood.

Taken together, these studies indicate that involuntary mo-
tor activity during regional anesthesia is normal ther-
moregulatory shivering induced by core hypothermia.
Hypothermia results when sympathetic nerve block obliter-
ates tonic thermoregulatory vasoconstriction, allowing redis-
tribution of heat from the warm core to cooler peripheral tis-
sues. Despite the core hypothermia and shivering, many
patients feel warmer after induction of regional anesthesia,
apparently because perceived skin temperature is elevated.
Shivering can be prevented by maintaining normothermia;
as during general anesthesia, redistribution hypothermia is
difficult to treat, but can be prevented by peripheral tissue
warming before induction of anesthesia.

Received from the Department of Anesthesia, University of Califor-
nia, San Francisco. Some described studies were supported by Na-
tional Institute of Health grant #R29 GM39723 and Augustine
Medical, Inc.
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