Anesthesiology

2000; 93:629-37

© 2000 American Society of Anesthesiologists, Inc.
Lippincott Williams & Wilkins, Inc.

629

Core Cooling by Central Venous Infusion of Ice-cold

(4°C and 20°C) Fluid

Isolation of Core and Peripheral Thermal Compartments
Angela Rajek, M.D.,* Robert Greif, M.D.,T Daniel I. Sessler, M.D.,¥ James Baumgardner, M.D, Ph.D.,§

Sonja Laciny, M.D.,|| Hiva Bastanmehr, B.S.#

Background: Central venous infusion of cold fluid may be a
useful method of inducing therapeutic hypothermia. The aim of
this study was to quantify systemic heat balance and regional
distribution of body heat during and after central infusion of
cold fluid.

Methods: The authors studied nine volunteers, each on two
separate days. Anesthesia was maintained with use of isoflu-
rane, and on each day 40 ml/kg saline was infused centrally
over 30 min. On one day, the fluid was 20°C and on the other it
was 4°C. By use of a tympanic membrane probe core (trunk and
head) temperature and heat content were evaluated. Peripheral
compartment (arm and leg) temperature and heat content were
estimated with use of fourth-order regressions and integration
over volume from 18 intramuscular thermocouples, nine skin
temperatures, and “deep” hand and foot temperature. Oxygen
consumption and cutaneous heat flux estimated systemic heat
balance.

Results: After 30-min infusion of 4°C or 20°C fluid, core tem-
perature decreased 2.5 = 0.4°C and 1.4 = 0.2°C, respectively.
This reduction in core temperature was 0.8°C and 0.4°C more
than would be expected if the change in body heat content were
distributed in proportion to body mass. Reduced core temper-
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ature resulted from three factors: (1) 10—20% because cutanes
ous heat loss exceeded metabolic heat production; (2) 50—55"/};{
from the systemic effects of the cold fluid per se; and (3§
approximately 30% because the reduction in core heat conteng
remained partially constrained to core tissues. The postinfusion:
period was associated with a rapid and spontaneous recovery of
core temperature. This increase in core temperature was not asé
sociated with a peripheral-to-core redistribution of body heat bes
cause core temperature remained warmer than peripheral tissueg
even at the end of the infusion. Instead, it resulted from constraing
of metabolic heat to the core thermal compartment. )

Conclusions: Central venous infusion of cold fluid decreases.
core temperature more than would be expected were the reducg
tion in body heat content proportionately distributed. It thug
appears to be an effective method of rapidly inducing therapel%
tic hypothermia. When the infusion is complete, there is
spontaneous partial recovery in core temperature that facili
tates rewarming to normothermia. (Key words: Anesthesi:
heat; hypothermia; temperature; thermoregulation.)
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MILD hypothermia for cerebral protection during ne
rosurgical procedures has received increasing attentior
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in recent years. There is a large amount of experimental
evidence from animal studies indicating that mild hypo-
thermia (33-35°C) provides substantial cerebral protec-
tion.!”* These studies also suggest that cerebral protec-
tion is increased further as brain temperature is
decreased to 31°C.> Mild hypothermia may thus provide
cerebral protection during the temporary focal ischemia
that occurs during cardiac surgery and neurosurgical
procedures, including cerebral aneurysm clipping.’
Rapidly reducing core temperature to less than 34°C
without cardiopulmonary bypass has proven to be difficult.
The initial 1-1.5°C decrease in core temperature after in-
duction of general anesthesia results from core-to-periph-
eral redistribution of body heat.® Systemic heat loss then
continues to decrease core temperature until patients are
sufficiently hypothermic to trigger protective thermoregu-
latory vasoconstriction. However, this vasoconstriction is
effective and usually results in a core-temperature plateau.”
Induction of core hypothermia using surface cooling is
a relatively slow process, especially when patients are
vasoconstricted.® A second difficulty with surface cool-
ing is that mean skin temperature must be reduced
considerably before core temperature decreases much.
Because heat only flows down a temperature gradient,
peripheral tissue temperatures well below 32°C are re-
quired before core temperature can even approach that
value. This, of course, limits the rate at which core
temperature can be therapeutically reduced. More im-
portantly, peripheral tissue hypothermia makes rewarm-
ing extremely difficult once the critical surgical repair is
complete. This is both because the resulting large core-
to-peripheral tissue temperature gradient will promote
an afterdrop and because core rewarming will be de-
layed while peripheral tissue heat content is repleted.
A recent study suggested that intravenous infusion of
ice-cold fluid reduces core temperature far more than ex-
pected, apparently because the reduction in core heat
content remains constrained to core tissues for some time.”
Our aim was therefore to quantify systemic heat balance
and regional distribution of body heat during infusion of
cold fluid to determine the extent to which transient iso-
lation of the core and peripheral thermal compartments
facilitates core cooling and subsequent rewarming.

Methods
With approval from the Committee on Human Re-

search at the University of San Francisco, California, and
written informed consent, we studied nine healthy
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young male volunteers. None was obese, was taking
medication, or had a history of thyroid disease, dysauto-
nomia, Raynaud syndrome, sickle-cell disease, cryoglob-
ulinemia, or malignant hyperthermia.

Protocol

Studies started at approximately 8:30 am, and volun-
teers fasted during the preceding 8 h. Throughout the
study, minimally clothed volunteers reclined on an opéJ
erating table set in chaise-lounge position. An intraveg
nous cannula was inserted in the left antecubital veind
Each volunteer participated on 2 study days, separated
by at least 48 h. 5

Anesthesia was induced by intravenous administratior§
of propofol (4 mg/kg) and vecuronium bromide (0.1 mg/kg
The volunteers’ tracheas were intubated and mechanicai
ventilation was adjusted to maintain end-tidal carbofg
dioxide pressure near 35 mmHg. Anesthesia was maing
tained with isoflurane at 0.6 minimum alveolar conceng
tration in 30% oxygen and air throughout the studg
period. Fresh gas flow was maintained at 6 1/min. Alg
infusion of vecuronium was adjusted to maintain ong
mechanical twitch in response to supramaximal train—ofg
four electrical stimulation of the ulnar nerve at the wrist%
An 18-gauge central venous catheter then was inserted
into the superior vena cava.

During the first 1.5 h after induction of anesthesiag
core temperature was allowed to decrease via core-toﬁz
peripheral redistribution and passive systemic heat loss. 3
On each study day, we infused 40 ml/kg saline 0.9"/§
through the central venous catheter over a 30-min peg
riod. The fluid was given via an infusion pump. We havg
used similar infusions in previous studies but withoug
quantifying heat balance and distribution.'° ™ Fluid temg
perature was randomly assigned to either 4°C or 20°C 01%
the first study day, and each volunteer was assigned te
receive the alternative temperature on the second studg
day. Ninety minutes later, the neuromuscular block waé
antagonized by giving the volunteers atropine 0.5 mg
and edrophonium 50 mg, and anesthesia was disconting
ued. The volunteers subsequently participated in a rep
warming study (unpublished data).
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Measurements

End-tidal isoflurane and carbon dioxide concentrations
were monitored using a Capnomac Ultima (Datex Med-
ical Instruments, Tewksbury, MA). Blood pressures, ar-
terial saturation, and heart rates were measured using
monitors incorporated into an Ohmeda Modulus CD
anesthesia machine (Ohmeda, Inc., Salt Lake City, UT).
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Temperature of the administered intravenous fluid was
measured with a needle thermocouple inserted into the
fluid stream adjacent to the catheter insertion site. Arte-
riovenous shunt vasoconstriction was evaluated with
forearm minus fingertip, skin-temperature gradients.'*
Gradients exceeding 0°C were considered evidence of
vasoconstriction because that value is associated with
onset of the core-temperature plateau during general
anesthesia.”

Energy expenditure, derived from oxygen consump-
tion and carbon dioxide production, were measured
using a metabolic monitor (Deltatrac, SensorMedics
Corp., Yorba Linda, CA). Measurements were averaged
over 5-min intervals and recorded every 5 min. Area-
weighted heat flux and temperatures from 15 skin-sur-
face sites were measured using thermal flux transducers
(Concept Engineering, Old Saybrook, CT). As in previous
studies,®'> measured cutaneous heat loss was aug-
mented by 10% to account for insensible transcutaneous
evaporative loss and reduced 3% to compensate for the
skin covered by the volunteers’ shorts. We further aug-
mented cutaneous loss by 10% of the metabolic rate (as
determined from oxygen consumption) to account 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.®'® Briefly, the length of the thigh
(groin to midpatella) and lower leg (midpatella to ankle)
were measured in centimeters. Circumference was mea-
sured 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 8-,
18-, and 38-mm, 21-gauge needle thermocouples
(Mallinckrodt Anesthesiology Products, Inc., St. Louis,
MO) inserted perpendicular to the skin surface. Skin-
surface temperatures were recorded immediately adja-
cent to each set of needles and directly posterior to each
set. Subcutaneous temperature was measured on the ball
of the foot using a Coretemp (Terumo Medical Corp.,
Tokyo, Japan) “deep tissue” thermometer.'”-'® This de-
vice estimates tissue temperature approximately 1 cm
below the skin surface.

The lengths of the right arm (axilla to elbow) and
forearm (elbow to wrist) were measured in centimeters.
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 segment.
Skin-surface temperatures were recorded immediately
adjacent to each set of needles. Core, skin-surface, and
muscle temperatures were recorded from thermocou-
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ples connected to two calibrated Iso-Thermex 16-chan-
nel electronic thermometers (Columbus Instruments In-
ternational, Corp., Columbus, OH) and Mon-a-Therm
6510 two-channel thermometers (Mallinckrodt Anesthe-
siology Products). Temperatures and thermal fluxes
were measured at 1-s intervals, then averaged and re-
corded every 5 min.

Data Analysis

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

Anterior segment tissue temperatures, as a function o;%
radial distance from the center of the leg segment, wer%
calculated using skin-surface and muscle temperatureg
using fourth-order regressions. Temperature at the ceng
ter of the thigh was set to core temperature. In contrast}
temperature at the center of the lower leg segments Wa§
estimated from the regression equation with no similag
assumption. Anterior limb heat content was estimate@
from these temperatures, as previously described,® using
the formula:

L@O.Fpegmumoq
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where Qg_,, (cal) is heat content of the leg segmeng
from the center to radius r, L (cm) is the length of the leé?
segment (Z.e., groin to midthigh, midcalf to ankle), &
(g/crn3) is tissue density, s (cal - °Cct. g Y is the speciﬁé
heat of leg tissues, a, (°C) is the temperature at thééD
center of the leg segment, and a, (°C/cm?® and a§
(°C/Cm4) are the fourth-order regression constants. Thé
specific heat of muscle was taken as 0.89 cal- °C™ ' - g~
and density as 1.06 g/cm>."®

Rather than assume full radial symmetry, we assumed
only that radial temperature distribution in the posteriof;
leg segments would also be parabolic. Accordingly, wé&
calculated the regression constant a, in the posterior leg
segments from a, determined from the adjacent anterio¥
segment and the posterior segment skin temperature.
Posterior segment tissue heat contents were then deter-
mined from equation 1. Average segment tissue temper-
atures were determined by the equation

onb Aq ypd

Tave = 20 T (a51%/2) @
We have previously described the derivation of these

equations and their limitations.®
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Deep temperature, measured on the ball of the foot,
was assumed to represent the entire foot. Foot heat
content thus was calculated by multiplying foot temper-
ature 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 esti-
mated masses. The right and left leg were treated com-
parably throughout this study, so we assumed that aver-
age tissue temperatures in the two limbs were similar.

Arm tissue temperature and heat content was calcu-
lated from the parabolic version of equation 1. In the
arms, we assumed full radial symmetry and thus did not
separately calculate posterior segment values. Palm deep
temperature was assumed to represent that of the entire
hand. Hand heat content thus was calculated by multi-
plying deep palm 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 values from each of the
three segments in proportion to their estimated masses.

Changes in trunk and head heat content were modeled
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 calculated weight of
the extremities (from the radial integration) from the
total weight of each subject. Mean body temperature
was calculated from the weighted average of peripheral
tissue and core temperatures. Excess core heat was de-
termined by subtracting the actual change (change in
tympanic membrane temperature multiplied by the spe-
cific heat of human tissue and the weight of the trunk
and head) from the expected change in that region
(systemic heat balance multiplied by the fractional
weight of the trunk and head). Excess core heat thus
identifies the extent to which changes in body heat
content are disproportionately distributed between the
core and peripheral thermal compartments. Excess core
temperature was determined by subtracting core tem-
perature from mean body temperature.

As in previous investigations, changes in whole-body
heat content on each study day were calculated using
two independent methods: (1) time integral of metabolic
heat production minus cutaneous heat loss, combined
with cooling effect of the fluid; and (2) sum of extremity
and core tissue heat contents.

Results are expressed as mean * SD. Differences in
tissue temperatures and heat content were considered
statistically significant at P < 0.01.
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Results

The volunteers’ average height was 175 = 5 cm
(mean * SD), weight was 72 *= 11 kg, and age was 27 *
3 yr. Estimated mass of the legs (including the feet) was
26 * 5 kg; the legs thus represented approximately 36%
of the volunteers’ total mass. Similarly, estimated mass of
the arms (including the hands) was 9 * 2 kg, thus
representing approximately 12% of the volunteers’ bodgfJ
mass. Ambient temperature during the study period wa§
214 = 05°C. g

After 1.5 h of anesthesia, core temperature decrease@
to 35.7°C on each study day. All volunteers were vasog
constricted before the central venous infusion startedg
Forearm minus fingertip gradient was 2.4 = 2.7°C beforg
the start of the 4°C infusion and was 3.2 * 3.1°C beforé
the start of 20°C infusion. The infusion rate on both day§-
was 96 = 13 ml/min over 30 min, and the infuseci
volume was 2.9 = 0.2 1 of saline. 2

Infusion of 4°C (4.1 £ 0.1°C) and 20°C (20.2 = 0.1°C§
fluid over 30 min decreased core temperature by 2.5 £§
0.4°C and 1.4 £ 0.2°C, respectively. As mean bod§
temperature decreased by 1.8 = 0.1°C and 1.0 = 0.1°Cs
respectively, the decrease in core temperature wa?%
greater than expected. Peripheral tissue temperature afs
ter infusion of fluid at 4°C and 20°C decreased consiﬁz
erably less than either core or mean body temperature§
(1.3 £ 0.2°C vs. 0.8 = 0.2°C; fig. D).

Core and peripheral heat content did not differ befor&
start of infusion on the study days. Core heat COIltCIlE
after 4°C and 20°C infusion decreased by 78 + 17 kcag
and 43 * 9 kcal. Peripheral heat content decreased 39 iﬁ-E
14 kcal and 25 = 5 kcal, respectively (fig. 2).

Central venous infusion of 40 ml/kg of fluid reduced
metabolic rate 5 kcal/h on the 20°C day and 11 kcal/h 01%
the 4°C day. Cutaneous heat loss on both days exceeded
metabolic heat production throughout the study perioc%
and was slightly higher after 20°C fluid infusion. Thi%
decrease in body heat content, if distributed in proposs
tion to tissue mass, would correspond to a 0.3 * 0.1°(%
reduction in core temperature; this represents 10% and®
20% of the observed total decrease during 4°C and 20°C
fluid infusions.

Infusion of 40 ml/kg 4°C and 20°C fluid decreased
body heat content at a rate of 183 = 28 kcal/h and 90 *
14 kcal/h throughout the 30-min infusion period (fig. 3).
Fluid-induced reduction in body heat content, if propor-
tionately distributed, would account for 1.4°C and 0.7°C of
the core cooling. This represents 55% of the total decrease
during the 4°C infusion and 50% during the 20°C infusion.
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Fig. 1. Core, peripheral tissue, and mean body temperatures
before and after fluid infusion. The infusion of 40 ml/kg at 4°C

(open circles) and 20°C (filled circles) began at elapsed time
zero and lasted for 30 min. Results are presented as mean * SD.

The core-to-peripheral temperature gradient before
4°C and 20°C fluid infusion was similar: 2.1 * 1.1°C and
2.3 = 0.8°C, respectively. The gradient decreased after
fluid infusion and was lower after ice-cold fluid infusion.
The core-to-peripheral temperature gradient decreased
to 0.9 = 0.9°C during the 4°C fluid infusion to 2.8 *
0.8°C, whereas it decreased only to 1.7 = 0.6°C during
fluid infusion. During the 90 min after completion of the

50
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Heat
(kcal) ™
-100 4°C Fluid
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L .50 Heat

(kcal)

T --100

r T T T T T T
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Fig. 2. Change in core and peripheral heat contents before and
after fluid infusion. The infusion of 40 ml/kg at 4°C (open
circles) and 20°C (filled circles) began at elapsed time zero and
lasted for 30 min. Results are presented as mean * SD.
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infusion, the core-to-peripheral temperature gradient i
creased to 2.8 £ 0.8°C when the volunteers were give
4°C fluid and to 3.1 = 0.8°C after 20°C fluid infusion.

With 4°C and 20°C fluid infusion, core temperatur@
decreased by 0.8 £ 0.1°C and 0.4 = 0.3°C more thard
expected if the total change in body heat content ha(§
been proportionately distributed across the core an<§
peripheral thermal compartments. Heat content of thé
core compartment at the end of 4°C and 20°C flui§
infusion was 24 * 13 kcal and 12 = 9 kcal less thaf
expected, respectively. This represents 30% of the tota§
decrease observed during the 4°C and 20°C infusion (fig3
4, table 1). z

Total body heat content derived independently frong
tissue temperatures (extremities and core) after 4°C an(%
20°C fluid infusion was 8 kcal and 5 kcal higher than
overall systemic heat content derived from heat loss and
heat production. This difference was compensated by a
greater decrease in overall heat content during the 90
min after cooling. Thus, changes in body heat content
and overall heat content at the end of the study period
were almost identical whether determined from core and
peripheral tissue temperatures or from overall heat content
as determined from systemic heat balance (fig. 5).

000/9300
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Fig. 4. Core-to-peripheral temperature gradient, excess core
temperature, and excess core heat before and after fluid infu-
sion. The infusion of 40 ml/kg at 4°C (open circles) and 20°C

(filled circles) began at elapsed time zero and lasted 30 min.
Results are presented as mean * SD.

Discussion

Central venous infusion of fluid was effective, reducing
core temperature 2.5 * 0.4°C during infusion of 4°C
fluid and 1.4 £ 0.2°C during infusion of 20°C fluid.
Three factors contributed to this observed decrease in
core temperature.

The first factor contributing to core hypothermia dur-
ing the fluid infusion was simply the imbalance between
metabolic heat production and cutaneous heat loss. Cen-
tral venous infusion of 40 ml/kg of fluid reduced meta-
bolic rate 5 kcal/h on the 20°C day and 11 kcal/h on the
4°C day. This is consistent with previous reports that
reductions in body temperature decrease metabolic rate
only approximately 7%/°C.?°~?? Interestingly, metabolic
rate subsequently increased along with core tempera-
ture, although mean body temperature remained nearly
constant after the infusions were complete. Metabolic
heat production thus appears to depend more on core
than peripheral tissue temperature, which is consistent
with the fact that the most metabolically active organs
are centrally located.

In contrast, cutaneous heat loss decreased approxi-
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mately 8% during infusion of 20°C fluid and approxi-
mately 15% during infusion of 4°C fluid. However, cuta-
neous heat loss always exceeded metabolic heat
production as might be expected in a 21.5°C environ-
ment. Body heat content thus decreased approximately
18 kcal throughout the infusion period, even without
considering the effects of cold fluid. Assuming this im-
balance was proportionately distributed across body tis-
sues, only 0.3 = 0.1°C of the core cooling can be attribéJ
uted to excessive cutaneous heat loss. This represent§
just 10% of the observed total decrease during the 4"(‘;’;
infusion, and just 20% during the 20°C infusion.

For the purpose of this analysis, we assumed that th&
imbalance in systemic heat content was proportionate@
distributed between the core and peripheral comparts
ments. This is not actually the case because the reductiori
in metabolic heat production most directly decreases coré:-
heat content and therefore core temperature. Similarly, th%

woJ;

@
Table 1. Tissue Temperature, Heat Content, and Core-to- %
peripheral Temperature Gradient s
20°C Fluid 4°C Fluid®
Before cooling g
Core temperature (°C) 35.7+0.3 35.7 = 0.8
Peripheral tissue temp (°C) 33.3 + 0.7 33.5 0.6
Core-to-peripheral temperature 23 *0.8 21 = 1@
gradient (°C) g
Mean body temp (°C) 346 £ 04 347 £ 0.3
End of 30-minute cooling period =
Core temperature (°C) 343+04 331 0.8
Peripheral tissue temp (°C) 32.5+ 0.6 32.3 = 0.6
Core-to-peripheral temperature 1.7 £ 0.6 09 = O.§
gradient (°C) S
Mean body temp (°C) 33.4+04 32.7 £ 0.8
Decrease in core heat content 43*9 78 £ 173
(kcal) 3
Decrease in peripheral heat 25+5 39 + 1@
content (kcal) g
Decrease in total body heat 68 = 11 117 = 27%
content (kcal) 2
Excess core cooling (kcal) 12+9 24 =132
End of 90-minute observation §
period }3
Core temperature (°C) 34.6 £ 0.5 33.9 + 0.%
Peripheral tissue temp (°C) 315+ 0.5 31.0 + 0.8
Core-to-peripheral temperature 3.1+0.8 28+0.8
gradient (°C)
Mean body temp (°C) 33.1+04 325 +04
Decrease in core heat content 34 =11 56 = 17
(kcal)
Decrease in peripheral heat 57 =16 79 = 25
content (kcal)
Decrease in total body heat 91 =17 135 £ 39

content (kcal)

Data presented as mean + SD.
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Fig. 5. Change in body heat content, as determined by core and

peripheral tissue temperatures (extremities and core) and sys-
temic heat balance (overall). Results are presented as mean * SD.

reduction in cutaneous heat loss most directly moderates
further cooling of peripheral tissues. These factors oppose
each other, with the result that infusion of cold fluid re-
duces core temperature more than would be expected (via
reduction in metabolic rate) and reduces peripheral tissue
temperature less than would be expected (via reduction in
cutaneous heat loss).

The second factor contributing to core hypothermia
was that infusion of 4°C and 20°C fluid per se decreased
body heat content 87 kcal and 42 Kkcal, respectively.
Again assuming this cooling was proportionately distrib-
uted throughout the body, we can attribute 1.4°C and
0.7°C of the core cooling to a fluid-induced reduction in
body heat content. This represents 55% of the total
during the 4°C infusion and 50% during the 20°C infusion.
Roughly half of the observed core hypothermia thus results
directly from the cooling effect of the infused fluid.

The third factor contributing to core cooling during
cold fluid infusion was relative isolation of the core and
peripheral thermal compartments. With each fluid tem-
perature, the reduction in core temperature and heat
content far exceeded the reductions in peripheral tissue.
Consequently, core temperature also decreased consid-
erably more than mean body temperature. This can be
expressed as excess core cooling (compared with the
amount that would be expected were the total change in
body heat content proportionately distributed). Our data
indicate that the core was 24 * 13 kcal and 12 = 9 kcal
cooler than might otherwise be expected at the end of
the 30-min infusion period. Constraint of the fluid-in-
duced cooling to the core thermal compartment thus
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contributed 0.8°C and 0.4°C to the reduction in core
temperature observed during infusion of 4°C and 20°C
fluid. This represents 30% of the total observed during
both the 4°C and the 20°C infusion.

Constraint of fluid-induced cooling to the core thermal
compartment contributed significantly to core hypother-
mia, Z.e., the core cooled approximately 30% more than
would be expected were the change in systemic heat
balance proportionately distributed among body tissues§J
Although this contribution was somewhat less than es
timated in a clinical investigation,® our data confirm thé
previous conclusion that isolation of core and periphera$
thermal compartments makes central infusion of col&
fluid more effective than might otherwise be expectedg

Surface cooling has several disadvantages compared
with cold fluid infusion. The most obvious is that surfacéi
cooling is relatively slow: surface cooling (except during
water immersion) cannot decrease core temperaturg
nearly as quickly as fluid administration.'® An additionag
disadvantage is that surface cooling markedly reduceg
peripheral tissue temperature.'” This has two unfortus
nate consequences. The first is that with surface coolingy
mean body temperature and body heat content decreas®
out of proportion to the reduction in core temperature‘%
During rewarming, it is thus necessary to transfer large§
amounts of heat than might be expected based only 01%’
the reduction in core temperature. The second unfortud
nate consequence is that surface cooling markedly in§
creases the core-to-peripheral temperature gradientg
When cutaneous warming is then substituted for cool%
ing, both conductive®> %> and convective**?® factorg
contribute to a core-temperature afterdrop that must bé
overcome before any net increase in core temperaturé
can occur.?>?7"% Instead of an afterdrop, the perio@
immediately after infusion of cold fluid was associatea;a
with a rapid and spontaneous recovery of core tempess
ature. For example, after infusion of 4°C fluid decrease%
core temperature 2.5 £ 0.4°C, the temperature spontag
neously increased 0.7°C in the subsequent hour. Thi§
increase was all the more remarkable when one consid
ers that systemic heat balance was negative throughou
this entire period. From a clinical perspective, spontane-
ous recovery of core temperature makes infusion-based
cooling desirable because it facilitates return to normo-
thermia and presumably minimizes unnecessary risk of
hypothermic complications.?® 3>

The roughly exponential shape of the core-tempera-
ture recovery and previous mathematical modeling® sug-
gested that core temperature increased after the infusion
ended because of a “reverse afterdrop,” i.e., a peripheral-
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to-core redistribution of heat. One of our major experi-
mental purposes was to confirm this mechanism and
quantify its magnitude.

Infusion of cold fluid decreased core temperature far
more than peripheral tissue temperature. For example,
infusion of fluid at 4°C decreased core temperature
2.5 £ 0.4°C but peripheral temperature only 1.3 =*
0.2°C. The core-to-peripheral tissue-temperature gradi-
ent thus decreased from 2.1 = 1.1°C to 0.9 = 0.9°C. This
is a substantial and clinically important reduction, but
the gradient nonetheless remained positive, i.e., core
temperature remained greater than peripheral tissue
temperature even at the end of the 4°C infusion. Any net
flow of heat from the cool periphery to a warmer core
compartment would violate the Second Law of Thermo-
dynamics—making it immediately apparent that another
mechanism must be sought.

The solution to this apparent paradox lies in the plot of
excess core heat (fig. 4). The importance of this curve is
that it identifies the extent to which changes in body
heat content are disproportionately distributed between
the core and peripheral thermal compartments. Excess
core heat therefore does not necessarily indicate that the
core is warmer; instead, it means that the core is warmer
than would be expected for a given body heat content if
the changes were distributed between the compart-
ments in proportion to their respective weights.

Excess core heat was negative by nearly 25 kcal at the
end of the 4°C infusion, indicating that the core com-
partment was disproportionately cold. This is the ap-
proximate 30% constraint of fluid-induced cooling to the
core thermal compartment discussed previously. During
the subsequent approximate 45 min, excess core heat
returned to zero. This is equivalent to saying that the
changes in body heat content induced by fluid adminis-
tration and continued negative net heat balance were
again proportionately distributed between the core and
peripheral thermal compartments after approximately
75 min elapsed. Subsequently, however, excess core
heat continues to increase, indicating that the core was
disproportionately warm at the end of the study.

The key to understanding the excessive core heat that
was observed during the final 45 min of the study is the
effect of thermoregulatory vasoconstriction. The volun-
teers were vasoconstricted throughout the infusion and
the subsequent 90-min observation period. The signifi-
cance of this is that we have previously demonstrated
that arteriovenous shunt vasoconstriction effectively iso-
lates the core and peripheral thermal compartments,
allowing core heat content to increase even during pe-
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riods of negative systemic heat balance.” That is exactly
what happened during this study.

Mean body temperature and body heat content de-
creased slightly during the postinfusion period. How-
ever, metabolic heat (which is mostly generated in the
core thermal compartment) remained largely restricted
to the core. As a result, core temperature and excessive
core heat increased while peripheral tissue temperature
decreased. The postinfusion recovery in core temperagU
ture thus did not result from a peripheral-to-core redis%‘;
tribution of body heat, which would require an impos2
sible flow of heat from cold to warm tissues. Instead, i§
resulted from thermoregulatory vasoconstriction, whiclg
constrained metabolic heat to the core thermal compartg
ment—in effect, reestablishing the normal (i.e., preanes,
thetic) core-to-peripheral tissue-temperature gradient. §

We used a central venous catheter is this protocol, a§
we have previously.'>'> However, fluid can be givers
through an anticubital catheter with similar benefit. Wé
evaluated only a single fluid volume (40 ml/kg) at tW(g
temperatures. Obviously this volume cannot be safel§
given to all patients and would be inappropriate durin§
some procedures. However, 20 ml/kg of fluid at 4°G
could be given to most patients and would producé(—s
about the amount of core cooling observed with 40 ml/k§
of fluid at 20°C. The effects of other fluid volumes an@;
temperatures can presumably be estimated from the dat@
presented here by determining the “cold load” from thé
volume, temperature, and specific heat of the infused ﬂuid§

Many of our measurements are only approximations OE
values we would prefer to know with greater accuracys
Furthermore, we made numerous extrapolations anc%’
assumptions in our analysis. Most of these have previ§
ously been described in some detail. >'¢ As part of oug
study, we evaluated body heat content both from sy%
temic heat balance (metabolic rate minus cutaneous heag
loss) and measured changes in core and extremity tissués»
temperatures. The results were similar with these twg,
independent methods, which suggests that neither wa§
seriously in error. s

In summary, the decrease in core temperature durin§
central venous infusion of 4°C and 20°C fluid resulted
from three factors: (1) 10-20% because cutaneous heat
exceeded metabolic heat production; (2) 5-55% from
the systemic effects of the cold fluid per se; and (3) 30%
because the reduction in core heat content remained
partially constrained to core tissues. Central venous in-
fusion of cold fluid decreases core temperature more
than would be expected were the reduction in body
heat content proportionately distributed. It thus appears

y
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to be an effective method of rapidly inducing therapeu-
tic hypothermia. The postinfusion period was associated
with a rapid and spontaneous recovery of core temper-
ature that will facilitate rewarming to normothermia.
Spontaneous rewarming resulted from constraint of met-
abolic heat to the core thermal compartment rather than
a peripheral-to-core redistribution of body heat.

The authors thank Mallinckrodt Anesthesiology Products, Inc., St.
Louis, Missouri, for donating the thermocouples.
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