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Oxygen Delivery and Consumption during

Hypothermia and Rewarming in the Dog

Jeffrey P. Morray, M.D.,* Edward G. Pavlin, M.D.t

Changes in oxygen consumption (Vo,) and oxygen delivery
(Do,) were compared in three groups of paralyzed, sedated dogs: 1)
a group (n = 5} cooled to 29° C and immediately rewarmed to 37°
C; 2) a group (n = 5) cooled to and maintained at 29° G for 24 h,
and then rewarmed; and 3) a group (n = 5) maintained at 37° C for
24 h. During the cooling phase, in both the acute and prolonged
hypothermia animals, Vo, and Do, decreased significantly from
control values (P < 0.05). The decrease in Do, occurred as a result
of a similar decrease in cardiac index (CI; P < 0.05) that was asso-
ciated with a significant increase in systemic vascular resistance index
(SVRI; P < 0.05). Arteriovenous oxygen content difference
(C(a-v)q,), O, extraction ratio, mixed venous oxygen tension
(Pvo,), pH, and base deficit (BD) were not different from control
values even during prolonged hypothermia. Normothermic control
dogs also demonstrated a significant decrease in CI (P < 0.05) at 24
h. Surface rewarming increased \"0, back to control values in the
acute hypothermia group and to values above control (P < 0.05) in
the prolonged hypothermia group. Dg, remained below control in
both groups, resulting in a significant increase in O, extraction (P
< 0.05) and a decrease in P¥o, (P < 0.05) in the prolonged hypo-
thermia animals. Following rewarming administration of sodium
nitroprusside returned Do, CI, and SVRI to control values but did
not increase Vo,. All animals survived the study without need for
inotropic support. The heart and peripheral vasculature appear to
be responsive to direct vasodilation when, with rewarming, residual
excess afterload prevents oxygen delivery from matching oxygen
requirement. (Key words: Anesthetic techniques: induced hypoten-
sion; nitroprusside. Heart: cardiac output. Oxygen: consumption;
delivery. Temperature: hypothermia.)

HYPOTHERMIA, secondary to environmental exposure,l
or to iatrogenic attempts to protect the brain®? or heart*
from periods of hypoxia or ischemia is associated with a
decrease in oxygen consumption Vo, and a proportional
decrease in cardiac index (CI). Thus, a 10° C decrease in
core temperature reduces both Vo, and CI by approxi-
mately 50%° and arteriovenous oxygen content difference
(C(a-v)o,) remains constant. However, Steen et al.® found
that in dogs cooled to 29° C for 24 h, the decrease in CI
exceeded the decrease in Vo,, causing a mismatch be-
tween the demand for and the supply of oxygen. During
rewarming Vo, increased although not back to control
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values), whereas CI did not respond, thereby increasing
the discrepancy between the two and resulting in severe
tissue hypoxia and acidosis; death occurred in some of
the animals. A similar phenomenon has been reported
during rewarming following prolonged hypothermia in
humans.” By contrast, rewarming following acute hypo-
thermia, as during cardiopulmonary bypass, is generally
well tolerated.®

How can this apparent difference in the response to
acute versus prolonged hypothermia be explained, and
why does it persist into the rewarming period? Prolonged
hypothermia may result in exceedingly high systemic vas-
cular resistance index (SVRI),® which may limit cardiac
output and therefore oxygen delivery (Do,) during re-
warming. Another possibility is that the myocardium is
directly depressed during hypothermia and cannot in-
crease its output to meet the increased demands during
rewarming. Finally, the observation in the Steen e al.®
dogs that Vo, failed to return to control values during
rewarming raises the possibility that Vo, was being limited
by oxygen supply. Cain and Bradley® and Schumaker et
al.'® have demonstrated abnormalities of oxygen extrac-
tion during hypothermia in rats and dogs, respectively.
Thus, it is possible that shock-like states during rewarming
result not only from an inadequate CI but also from an
inability to increase oxygen extraction to compensate for
poor output.

The purposes of our study, therefore, were as follows:
1) to assess the differences in Do, and Vo, between acute
versus prolonged hypothermia and rewarming in dogs; 2)
to assess the reversibility of the hypothermia-associated
changes in CI and SVRI by administering the direct-acting
vasodilator sodium nitropusside following rewarming
(Specifically, we wanted to determine if the peripheral
vasculature was capable of responding to a direct vaso-
dilator, and if so, if the heart was capable of increasing
its output in the face of decreased afterload; and 3) to
assess whether or not increasing Do, would result in an
increase in Vg,.

Materials and Methods

Fifteen unmedicated, fasted mongrel dogs weighing
15-22 kg were anesthetized with 3% halothane, 50% ni-
trous oxide, and oxygen. The trachea was intubated with
a 7.0 cuffed endotracheal tube without the use of muscle
relaxants. The inspired halothane concentration was de-
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creased to 2% and the nitrous oxide was discontinued.
Mechanical ventilation was initiated with a Harvard®
pump using tidal volumes of 13-15 ml/kg and a respi-
ratory rate sufficient to maintain end-tidal carbon dioxide
concentration at 35-45 mmHg. The electrocardiogram
was measured continuously. A temperature probe was in-
serted in the distal esophagus for continuous measurement
of core temperature. An arterial cannula was inserted via
cutdown in the foreleg and threaded into the thoracic
aorta. A 7-Fr balloon-tipped thermodilution catheter was
passed via cutdown in the external jugular vein into the
pulmonary artery. A urinary bladder catheter was in-
serted. All animals received a continuous infusion of 5%
dextrose in 0.45% saline at 2.5 ml-kg™" - h™'. Following
monitor placement halothane was discontinued and in-
fusions of pancuronium 0.1 mg- kg™ +h™" and diazepam
0.1 mg-kg™' - h™! were begun and continued throughout
the study period. The initial data collection, performed
at least 30 min and less than 1 h after halothane was dis-
continued, included core temperature (T), heart rate
(HR), and systemic and pulmonary arterial pressures (sys-
tolic, diastolic, and mean [MAP, MPAP]), pulmonary
capillary wedge pressure (PCWP), central venous pressure
(CVP), thermodilution cardiac output (CO) (5 ml iced
saline injectate X 3), hematocrit (Hct), and arterial and
mixed venous blood gases (at 37° C). Cardiac index (CI)
was calculated by dividing CO by body weight in kilo-
grams. Hemoglobin saturation was calculated from Pao,
following correction for temperature, pH, and base deficit
(BD).!! O content (COg) was calculated from the formula:
CO; = [1.39 ml Oy/g Hb X Hb (hemoglobin) X % sat-
uration] + [0.003 X Po,]. Oxygen consumption (Vo,) was
calculated as the product of CI and the arteriovenous Oy
content difference (C(a-v)o,). Oxygen delivery (Do,) was
calculated by multiplying CI by Cao,. Os extraction ratio
was calculated by dividing C(a-v)o, by Cao,. Pulmonary
and systemic vascular resistance indices were calculated
from standard equations.

Arterial blood samples for measurement of epinephrine
and norepinephrine concentrations were placed in sodium
bisulfite-containing tubes, centrifuged, and frozen until
assayed. Epinephrine and norepinephrine were extracted
from plasma by absorption to alumina after adding the
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internal standard dihydroxybenzylamine (DHBA). Fol-
lowing washing to remove plasma proteins and other con-
taminants, the catecholamines and DHBA were eluted
(75% yield) and concentrations determined by high-per-
formance liquid chromatography using a C-18 column
and electrochemical detector as previously described
(LCEC Application Note No. 14, Bioanalytical Systems,
West Lafayette, Indiana). The assay has a coefficient of
variation of 6-10% using the internal standard to correct
for any losses incurred during the extraction; the limit of
detection of norepinephrine and epinephrine is approx-
imately 100 pg/ml.

One millimeter of Evans blue dye was injected and ar-
terial blood samples were drawn at 15, 20, and 25 min.
Samples were centrifuged and the plasma spectrophoto-
metric absorbance at 605 nm was measured. Plasma vol-
ume (PV) was estimated using Evans blue dilution as de-
scribed by Gibson and Evans.'?

Three groups, each of five dogs, were studied:

1) Acute hypothermia animals (n = 5) were surface-
cooled with ice packs to T 29° C over 4 h, then surface
rewarmed over 4 h with heating blankets and a radiant
warming lamp to T 37° C.

2) Prolonged hypothermia animals (n = 5) were sur-
face cooled over 4 h with ice bags to T 29° C, maintained
at T 29° C for 20 h, then surface rewarmed over 4 h to
T 37° C.

3) Normothermic control animals (n = 5) were main-
tained at T 37° C for 24 h. At the conclusion of the study
period, three animals in each group were given sodium
nitroprusside (NTP) 2-3 ug- kg™'min~! intravenously for
30 min. Acute hypothermia animals had data collections
repeated at T 29° C, 37° C, and following NTP admin-
istration; prolonged hypothermia animals at T 29° C, ev-
ery 4 h while at 29° C, at 37° C, and following NTP
administration; and normothermic control animals every
4 h and following NTP administration (table 1).

Differences between groups at any given study period
were analyzed with a one-way analysis of variance (AN-
OVA)and the Student-Newman-Keuls procedure. Within
each group, differences in each variable from 37° C con-
trol were analyzed with a repeated measures ANOVA

TABLE 1. Study Conditions

Group Period 1 Period 2 Period 8 Period 4 Peviod 5 Period 6 Period 7 Period 8 Period 9

Acute hypothermia 37°C 29°C — — — — — 37°C 37°C
(n = 5) NTP
Prolonged hypothermia 37°C 29°C 29°C 29° G 29°C 29°C 29° C 37°C 37°C
(n = b) Oh 4h 8h 12h 16 h 20 h 24h NTP
Normothermic controls 37°C — 37°C 37°C 37°C 37°C 37°C 37°C 37°C
(n = 5) 4h 8h 12h 16 h 20 h 24 h NTP
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T P < 0.05, versus NC.
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I P < 0.05, versus AH and NC.
§ P < 0.05, versus period 8.

prolonged hypothermia; NC = normothermic controls;

AH = acute hypothermia; PH

NTP = sodium nitroprusside.
* P < 0.05, versus period 1.

Values are mean + SD.

following log transformation. Differences between values
obtained following rewarming (period 8) and those ob-
tained after NTP administration (period 9) were analyzed
with a two-tailed Student’s ¢ test for paired data. Statistical
significance was assumed for values of P < 0.05.

Results

Data for all three groups of animals are summarized
in table 2. For both the acute and the prolonged hypo-
thermia groups, Do,, Vog, C(a-v)o, and Og extraction ra-
tio data are also presented as per cent of control (fig. 1).

During the cooling phase of the study, Vo, decreased
more quickly than did Do,; upon reaching 29° C, Vo,
was 36% and 42% of control for the acute hypothermia
and prolonged hypothermia animals, respectively (P
< 0.05), and Do, was 69% and 67% of control values,
respectively (P < 0.05). Decrease in Do, occurred because
of a significant decrease in CI of a similar magnitude; this
decrease in CI was associated with a significant increase
in systemic vascular resistance index (SVRI). Because
V._-,2 decreased more than did Do,, C(a-v)o, and the O,
extraction ratio also decreased, although the only signif-
icant change was the oxygen extraction ration for the
acute hypothermia animals (P < 0.05). Nevertheless,
P¥o, did not change significantly with cooling. Some vol-
ume contraction appeared to be associated with cooling,
with a decrease in plasma volume, CVP, and PCWP, and
an increase in Hct. However, only the increase in Het in
the acute hypothermia animals was statistically significant
(P < 0.05).

During the maintenance of hypothermia in the pro-
longed hypothermia group, Vo,and Do, were consistently
reduced from control levels by similar amounts beyond
8 h at 29° C (fig. 1). With this parallel reduction in Vo,
and Do,, C(a-v)o,, O2 extraction ratios, Pvo,, pH, and
BD were not different from control values. SVRI contin-
ued to be significantly above control values.

Acute hypothermia and prolonged hypothermia ani-
mals reacted to the rewarming phase of the study differ-
ently. Acute hypothermia animals increased Vo, to values
no different from control, whereas prolonged hypother-
mia animals had values significantly above control (P
< 0.05). For both groups Do, remained significantly below
control, although SVRI decreased and CI increased sig-
nificantly (P < 0.05). Thus, for the prolonged hypother-
mia animals only, C(a-v)o, and Oy extraction ratios in-
creased significantly above control (P < 0.05). For both
groups of animals, PVo, decreased significantly below
control values (P < 0.05), although pH and BD did not
change significantly. Blood pressure decreased, although
no animals in either group required either inotropic drugs
or fluid administration to maintain adequate blood pres-
sure.
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FIG. 1. Per cent change from control of oxygen delivery (Vo,), ox-
ygen consumption (Do,), arteriovenous oxygen content difference
(Ca-v)o,), and Oy extraction ratio with acute (A) and prolonged (B)
hypothermia and surface rewarming, followed by sodium nitroprusside
administration (NTP) in sedated, paralyzed dogs.

The administration of NTP augmented oxygen deliv-
ery in both groups of animals but did not have a significant
effect on V,_-)2 Thus, both C(a-v)o, and Oy extraction ra-
tios decreased in both groups, although these changes
were not statistically significant. CI, SVRI, MAP, and
PV, returned to control range with the administration
of NTP.
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Some of the changes seen in the acute and prolonged
hypothermia animals were also seen in the normothermic
controls. Following the control period these animals had
a significant decrease in Do,, resulting from a decrease
in CI (P < 0.05). Vo._, was unchanged. As a result,

C(a-v)o, and oxygen extraction ratios were significantly
decreased from control values (P < 0.05). We suspect
that some of the animals may have had increased cardiac
output during the control measurements because of in-
strumentation under light anesthesia despite the time al-
lowed for stabilization thereafter. If so, some, but not all,
of the response to acute and prolonged hypothermia may
be accounted for similarly.

The normothermic control animals also showed a re-
sponse to NTP, with a significant increase in Do, and a
decrease in C(a-v)o, and oxygen extraction ratio. Thus,
the effect of NTP was not specific to animals rewarmed
following acute or prolonged hypothermia.

Contraction of plasma volume (PV) was seen in both
hypothermic groups, but the change did not reach statis-
tical significance until 20 h in prolonged hypothermia an-
imals. Rewarming resulted in an increase in PV to baseline
values. PV did not change in normothermic control ani-
mals. The addition of NTP resulted in a significant in-
crease in PV in prolonged hypothermia and normother-
mic control dogs; the increase in acute hypothermic an-
imals was not statistically significant. Urine output in the
prolonged hypothermic animals was higher during the
cooling phase (5.9 + 2.4 ml- kg™ +h™") than during the
subsequent 20 h at 29° C (2.5 + 0.7 ml-kg™!-h~!
during rewarming (2.0 + 1.8 ml-kg™'-h™!) (P < 0.05).
Urine output during cooling was also higher than that
for the normothermic control dogs (2.9 + 0.6 ml- kg™

h™!) (P < 0.05).

Catecholamine concentrations varied widely. Epineph-
rine concentrations decreased after the control period in
all groups, but none of these changes were statistically
significant. Norepinephrine concentrations increased
during hypothermia, but the changes were not significant.
No significant changes in arterial oxygen or carbon diox-
ide tension were observed in any of the groups during
the study period. The prolonged hypothermia animals
had a greater baseline base deficit than the other two
groups for reasons that are unclear. With cooling both
acute hypothermia and prolonged hypothermia animals
developed more of a metabolic acidosis than did the nor-
mothermic control animals. With rewarming this differ-
ence did not persist.

Discussion

In our study the link between oxygen delivery (Do,)
and oxygen consumption (Vo,) was maintained in dogs
subJected to both acute and prolonged (24 h) hypother-
mia; although Vo, decreased more rapidly than Do, dur-
ing the cooling phase, both were reduced by a similar
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amount after approximately 8 h at 29° G, resulting in no
change in tissue oxygen extraction. The response to re-
warming, however, was different in the two groups of
animals. Do, failed to keep pace with Vo, in both groups,
but the discrepancy was larger in the prolonged hypo-
thermia animals because in this group Vo, increased above
control with rewarming. In both groups of animals NTP
administration following rewarming augmented Do, by
increasing cardiac output, indicating a responsiveness of
the peripheral vasculature to vasodilation and of the heart
to afterload reduction. In the face of increased Do, , how-
ever, Vo, did not change, indicating that Vo, during re-
warming was not supply limited.

Several mechanisms could be invoked to explain the
increase in Vo, in our prolonged hypothermia animals to
values above control during rewarming. Shivering can
increase Vo, by as much as 600%.'* However, muscle
relaxation was maintained throughout the study period;
no animals shivered visibly or had muscle activity artifact
seen on ECG.

The increase in Vo, to values above control during
rewarming in our prolonged hypothermia animals sug-
gests that an oxygen debt had been present that was at
least partially satisfied. This debt may have occurred be-
cause of severely reduced or absent flow through micro-
vascular channels during prolonged hypothermia. The
reduction in plasma volume seen in the animals is consis-
tent with this hypothesis. Using carbon black infusions,
Steen et al. observed heterogeneous loss of perfusion to
skeletal muscle during prolonged hypothermia in his an-
imals.® These areas of decreased or absent perfusion be-
come relatively hypoxic and generate lactate, which be-
cause of the perfusion deficit may not reach the central
circulation. With reperfusion lactate reenters normal ox-
idative pathways, consuming oxygen in the process.

Tissue hypoxia also produces adenosine and hypoxan-
thine as breakdown products of adenosine monophos-
phate (AMP)."* With rewarming and reperfusion these
compounds can combine with oxygen in the formation
of uric acid and oxygen radicals.'* Thus, nonrespiratory
utilization of oxygen may account for some of the increase
in Vo, observed during rewarming in our prolonged hy-
pothermia animals. The fact that this was not seen during
rewarming of the acute hypothermia animals suggests that
the perfusion defect is a time-related phenomenon.

Despite the difference in Vo, response during rewarm-
ing, the acute and prolonged hypothermia groups exhib-
ited a similar decrease in Pvg, and increase in oxygen
extraction. However, mean Pvo, for both groups re-
mained above 40 mmHg and no animal had a significant
change in pH or BD. All animals survived the study. This
is in marked contrast to the study of Steen et al.,®in which
all animals had hemodynamic deterioration during re-
warming and at least one died. There are a number of
possible explanations for the differences in response to
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hypothermia and rewarming in the two studies. The lungs
of our animals were ventilated with 100% oxygen,
whereas those in the Steen et al.® study received 30% ox-
ygen. In studies of oxygen transport in hypothermic dogs
Bigelow et al.'® found a lower mortality in animals the
lungs of which were ventilated with higher concentrations
of inspired oxygen compared with animals the lungs of
which were ventilated with room air. The Steen et al.®
animals had a much higher calculated systemic vascular
resistance (38,743 £ 9,357 dyne - s - cm™ %) and much lower
cardiac index (approximately 25 m!-min™!-kg™') than
our animals at the end of the hypothermic period. Thus,
net oxygen delivery was decreased compared with that in
our animals, resulting in a lower Pvo, and in the produc-
tion of a metabolic acidosis not seen in our animals.
Others™!? have demonstrated a reduction in oxygen ex-
traction with hypothermia. Although the mechanism of
reduced efficiency of oxygen extraction during hypo-
thermia remains unclear, reduced capillary blood flow
due to an increase in arteriolar and precapillary vasocon-
strictor tone has been proposed.'? All of the Steen et al.®
animals received high-dose epinephrine infusions (2
pg - kg™' + min~") during the warming phase, which could
have induced additional vasoconstriction and decreased
oxygen delivery. Thus, it seems likely that in the Steen et
al.® model, reduced inspired oxygen concentration, high
afterload, and severely restricted cardiac output resulted
in marked reduction of O; delivery to some tissues, al-
lowing Pvo, to reach the critical value at which lactate
production occurs.'®

A critical level of Do, is that level below which Vo,
decreases proportionally to supply.'” Because the critical
level of Do, depends in part on tissue Op requirements,
one might expect that hypothermia, by lowering metabolic
rate, reduces the critical level of Do, required to maintain
Vo,. Critical Do, is not reduced, however, because Oz
extraction is impaired during hypothermia.'® Oxygen
extraction has not been evaluated previously during the
rewarming phase. During rewarming in our study oxygen
extraction increased as Vo, increased and Do, remained
below control. This would suggest that increases in oxygen
extraction during rewarming are possible, although our
study was not designed to test the limits of oxygen ex-
traction by inducing severe reductions in oxygen delivery
via hypoxia, severe anemia, or low output.

Much of the increase in systemic vascular resistance
that occurs with hypothermia can be accounted for by
increases in blood viscosity, which occur from hemocon-
centration and from altered rheologic properties of blood
at low temperature.'® Microscopic evaluation of arterioles
in hypothermic rat mesentery and hamster cheek pouch
have shown reduction and even cessation of flow without
a change in the diameter of resistance vessels.'® Bond et
al.!? observed red blood cell aggregation in dog mesentery
during hypothermia. These observations do not rule out
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the possibility of active or passive vasoconstriction in other
tissues and in other species, however. Local factors, such
as a temperature-related decrease in oxygen requirement,
could mediate active vasoconstriction'®; a decrease in
plasma volume could cause passive vasoconstriction or
“derecruitement”’ of vessels. It seems unlikely, based on
circulating catecholamine levels in our study and others,?
that catecholamine-induced vasoconstriction is a factor.
Pharmacologic means of improving oxygen delivery
during hypothermia and rewarming have not been thor-
oughly investigated. The administration of pentoxiphyl-
line, a theobromine that increases erythrocyte deform-
ability and reduces resistance to flow in capillaries} has
been shown to improve oxygen extraction and reduce the
critical level of Do, during hypothermia in dogs.?! We
administered a direct vasodilator, NTP, to determine if
the elevated SVRI was pharmacologically reversible and
if this would result in increased CI and Do, . In both acute
and prolonged hypothermia animals, NTP resulted in a
significant increase in plasma volume, CI, and Do, and a
significant reduction in SVRI. The increment in plasma
volume could have resulted from an influx of interstitial
fluid or from release of plasma or blood from vessels in
which flow had ceased. Intravenous infusion rates were
held constant during NTP administration. The significant
increase in Do, associated with NTP administration did
not increase oxygen consumption, implying that con-
sumption was not supply-dependent during rewarming.
The increase in Cl in response to afterload reduction sug-
gests that residual increases in afterload rather than direct
myocardial depression were responsible for the low output
state. N'TP administration following rewarming caused a
decrease in the oxygen extraction ratio, reflecting an im-
provement in delivery relative to consumption. Further
studies are required to determine if NTP administration
could prevent the severe metabolic acidosis and hemo-
dynamic deterioration observed when O, delivery is more
limited than in our study.®
The results of our study would suggest that with either
acute or prolonged hypothermia, Vo, and Do, are re-
duced by similar amounts; no oxygen deficit occurs unless
delivery becomes extremely low, either because of anemia,
hemoglobin desaturation, or low output.® Given these
circumstances, oxygen extraction should increase to com-
pensate but may be limited by changes in regional blood
flow.*! With rewarming oxygen debt may occur as
Vo, increases out of proportion to increases in Do,. In
this setting judicious use of NTP may improve delivery
and prevent the onset of oxygen debt.

1 Ehrly AM: The effect of pentoxiphylline on the flow properties
of human blood. Curr Res Med Opin 5:608-613, 1978
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