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Whole body oxygen consumption and the substrate for energy
production during the post-bypass period have not been clarified. We
hypothesized that the substrate composition for energy production
during post-bypass period might be different from that during pre
bypass period because of surgical diabetic state induced by hypother
mic cardiopulmonary bypass (CPB). We measured whole body oxygen
consumption, carbon dioxide production and respiratory quotient by
the gas exchange method using the Datex Deltatrac before and after
hypothermic cardiopulmonary bypass. We also measured oxygen con
sumption by Fick's principle. Whole body oxygen consumption (P <
0.001) and carbon dioxide production (P < 0.05) increased significantly
above pre-CPB values after the termination of CPB. Respiratory quo
tient (P < 0.01) decreased significantly below pre-CPB values after
the termination of CPB. We conclude that oxygen consumption in
creased significantly above pre-bypass values after the termination of
hypothermic cardiopulmonary bypass at least under the fentanyl, di
azepam, chlorpromazine anesthesia with continuous infusion of nitro
glycerin and nicardipine. The changes in respiratory quotient suggest
a relatively higher ratio of lipid metabolism for energy production dur
ing post-bypass period. (Key words: oxygen consumption, cardiopul
monary bypass, gas change method)

(Maruyama K, Hashimoto H, Nakamura K, et al.: Whole body
oxygen consumption after hypothermic cardiopulmonary bypass. J
Anesth 7:1-7, 1993)

Whole body oxygen consumption
(V02 ) decreases during hypothermic
(25°C) cardiopulmonary bypass (CPB)
by nearly 50%1. Reduction in V02

during hypothermic CPB was reversed
during normothermic CPB after re
warming) and V02 in the post-bypass
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period was not different from the
pre-bypass values in which anesthe
sia included 100 fLg·kg-1 fentanyl and
diazepam". Another study suggested
that metabolic demands increased dur
ing post-bypass period and ventilation
should be adjusted". The difference of
the results might be due to anesthe
sia protocol, the use of vasodilators
and cathecolamines during bypass and
post-bypass periods and the presence
or abscence of temperature drop after
CPB. Hyperglycemia due to dimin-
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ished utilization and increased mobi
lization of glucose during CPB has
been observed" and lipid metabolism is
dominant during CPB5 , suggesting the
use of free fatty acid as a substrate
for energy production during the by
pass period. We hypothesized that
the substrate composition for energy
production during post-bypass period
might be different from that during
pre-bypass period because of surgi
cal diabetic state induced by CPB.
The respiratory quotient, ratio of car
bon dioxide output to oxygen usage,
is useful to estimate ratio of carbo
hydrate and fat metabolism". In this
study oxygen consumption and car
bon dioxide production were measured
by the gas exchange method using
the Datex Deltatrac/r", which allows
for continuous measurements and gives
a calculation of average oxygen con
sumption, carbon dioxide production
(VC02) and the respiratory quotient
during the specified period. We also
measured V02 by the Fick's principle.

Patients and Methods

Nine adult patients undergoing car
diac surgery were studied (five men
and four women, aged 26-73 yr [mean
± SD, 57.7 ± 13.6]). Six were under
going coronary artery bypass grafting,
two were undergoing mitral valve re
placement and one undergoing aortic
valve replacement. The average body
weight and height were 59.1 ± 8.7 kg
and 162.6 ± 7.2 em respectively. None
of them had diabetes mellitus preoper
atively. All patients were chronic user
of nitrates and calcium channel block
ers.

Patients were premedicated with
morphine hydrochloride (7-10 mg in
tramuscularly) and scopolamine sulfate
(0.3-0.5 mg subcutaneously) 45 min
before surgery. Anesthesia was induced
with 60-75 J'Lg·kg- 1 fentanyl, followed
by 12-16 mg vecuronium or 4-8 mg
pancuronium with 100% oxygen, with

2-10 mg diazepam on occasion. The
trachea was intubated orally after in
tratracheal injection of 150 mg lido
caine for topical anesthesia. The ra
dial artery was catheterized percuta
neously with a 5.0 em, 19-9auge Teflon
catheter. A Swan-Ganz catheter was
inserted via the right internal jugu
lar vein into the pulmonary artery
and cardiac output was measured by
thermodilution method. Arterial blood
and mixed venous blood gas analy
sis was performed by IL1400 (Instru
mentation Laboratories, MA) and the
hemoglobin concentration and oxygen
saturation of hemoglobin were meas
ured by a cooximeter, IL482 (Instru
mentation Laboratories, MA). The ar
teriovenous oxygen content difference
[C(a-v)02J was obtained and V02 was
calculated by Fick's principle (Vo2 =
cardiac output X [C(a-v)02])'

The patients were mechanically ven
tilated by Servo ventilator 900B
or 900C (Siemens-Elema, Sweden)
with a tidal volume of 6.5-11.5
ml-kg"! at a ventilator rate of
10-15 breath·min-1. Deltatrac (Da
tex/Instrumentarium, Finland) was
connected to the outlet port of a Servo
ventilator to measure Vo2, VC02 and
respiratory quotient. The Deltatrac, a
new gas exchange monitor, generates
a constant flow containing the expired
gas and measures the gas concentra
tion both upstream and downstream of
the constant flow, allowing the calcula
tion of V02 and V C02 by gas dilution
prmciple/:". The accuracy of the V02

and V C02 measured by the Deltatrac
has been shown/" in vivo and in vitro
situations, in which the Deltatrac's
measurements of V02 and V C02 were
within ± 7% of values predicted from
CO2 and N 2 simulations. Although val
ues obtained by Fick's principle were
snapshot values of oxygen consump
tion, there was significant positive cor
relation between V02 values obtained
by the Deltatrac and Fick's princi-
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pIe (r=0.66, P < 0.01). The oxygen
and carbon dioxide gas sensors of the
Deltatrac were calibrated with 5.12%
CO2 and 100% O 2 respectively before
measurement. V02 and VC02 meas
urements by the Deltatrac were per
formed for twenty minutes and average
values per one minute were obtained
at two time points: after induction of
anesthesia but before CPB, and 60
minutes after the completion of CPB.
At the same time V02 measurements
using the Fick's principle were also
made with both before and after CPB.

Anesthesia was maintained with 10
20 jLg.kg-1 fentanyl or 10 mg in
travenous diazepam and 50% oxy
gen in the mixture of air and oxy
gen until the start of CPB. To
tal dosage of fentanyl before start
of CPB was 97 ± 10 jLg·kg-1. Sup
plemental dose of pancuronium (4
mg) were administered before meas
urements of Vo2 • Within 5-10 min
after the initiation of CPB, 1 mg of
fentanyl, 0.38-1.70 mg-kg"! chlorpro
mazine and 30 mg-kg"! methylpred
nisolone were administered to all pa
tients. CPB was maintained at a flow
rate of 2.2 litre·min-1·m-2 of body
surface area with perfusion pressure
between 30-70 mmHg (48 ± 12 mmHg)
by roller pumps and membrane oxy
genator with a heat exchanger. The
pump-oxygenator system was primed
with 250-300 ml of 10 per cent
low-molecular-weight dextran in half
saline, 250-300 ml of 20 per cent man
nitol in water, 1000 ml of lactated
Ringer's solution, and 60 ml of 7 per
cent sodium bicarbonate. The duration
of CPB was 133 ± 21 min and aorta
cross clamp time was 77 ± 28 min.
The combined continuous infusion of
nitroglycerin (Nippon Kayaku, Japan),
at a dose of 0.3 jLg.kg-1·min-\ and
nicardipine (Yamanouchi, Japan), at a
dose of 0.3 jLg·kg-1·min-\ was started
immediately before induction of anes
thesia and was continued throughout

surgery. Seven patients required in
otropic support (5-15 jLg·kg-1.min-1

dopamine) after CPB.
The nasopharyngeal temperature

was 36.2 ± 0.2°C and rectal tempera
ture was 36.3 ± 0.2°C during measure
ments of V02 before CPB. The body
was cooled to 25.3 ± 1.0°C at nasopha
ryngeal temperature and 26.6 ± 0.6°C
at rectal temperature. After CPB na
sopharyngeal temperature was 36.1 ±
0.3°C and rectal temperature was 36.5
± 0.2°C during measurements of V02

with no significant difference compared
to the pre-CPB values.

Statistical Analysis
Values were described by mean ±

standard deviation (SD). Student's t
test (paired) was used for analysis of
changes between pre-and post-bypass
period. Liner regression analysis was
employed to make the correlation be
tween values obtained by the Deltatrac
and Fick's principle. A P value of <
0.05 was considered to indicate a sta
tistically significant difference.

Results

There was no significant differ
ence between pre-CPB and post-CPB
values in nasopharyngeal and rectal
temperature as described in meth
ods. Vo2 , measured by the Delta
trac, increased significantly to 138.3 ±
18.4 ml·min-1·m-2 above its pre-CPB
values of 103.0 ± 20.0 ml·min-1·m-2

(P < 0.001) (fig. 1). Vo2 , meas
ured by the Fick's principle at the
same time, also increased signifi
cantly to 140.0 ± 19.9 ml·min-1·m-2

above its pre-CPB values of 99.3 ±
14.0 ml·min-1·m-2 (P < 0.01) (fig. 1).
There was significant positive corre
lation between the values obtained
by the Deltatrac and Fick's princi
ple (r=0.66, P < 0.01) (fig. 2). VC02
increased significantly to 96.2 ± 8.6
ml-rninr l-m"? above pre-CPB values
of 85.4 ± 7.8 ml-rninr l-mr? (P < 0.05)
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Fig. 2. Correlation between the values of

whole body oxygen consumption obtained by
the Deltatrac and Fick's principle. '

There was significant positive correlation
between the values obtained by the Deltatrac

and Fick's principle (n=15, r=0.67, slope=0.64,

P < 0.01).

rial pH (P < 0.001), oxygen tension (P
< 0.05) and base excess (P < 0.001)
decreased significantly below pre-CPB
values after the termination of CPB.
Arterial carbon dioxide tension in
creased significantly above pre-CPB
values (P < 0.005).

Discussion

Whole body oxygen consumption
and carbon dioxide production in
creased significantly above pre-CPB
values after the termination of CPB.
Respiratory quotient decreased signifi
cantly below pre-CPB values after the
termination of CPB.

The depth of anesthesia during post
bypass period might be different from
pre-bypass period and may cause the
increase in V0 2 during post-bypass pe
riod. Whole body oxygen consump
tion is determined by various factors
such as muscle activity, body temper
ature and secretion of catecholamine.
General anesthesia does not always
cause a decrease in whole body oxy
gen consumption''. Morphine decreased
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(fig. 3). The respiratory quotient de
creased significantly from pre-CPB val
ues of 0.82 ± 0.15 to post-CPB values
of 0.70 ± 0.08 (P < 0.01) (fig. 4).

The changes in hemodynamics and
arterial blood gas values are shown
in table 1. Cardiac index (P < 0.001)
and heart rate (P < 0.001) increased
significantly above pre-CPB values af
ter the termination of CPB. Systolic
arterial pressure (P < 0.005) and to
tal peripheral vascular resistance (P
< 0.001) decreased significantly after
the termination of CPB. Arteriove
nous oxygen difference decreased after
CPB (P < 0.05). There was no change
in pulmonary capillary wedge pressure
between pre- and post-CPB. The arte-

before after before after
CPB CPB CPB CPB

Fig. 1. Whole body oxygen consumption

before and after hypothermic cardiopulmonary
bypass.

Whole body oxygen consumption (V02)
measured by the Deltatrac (n=9) increased
significantly to 138.3 ± 18.4 ml-min-1·m-2

above its pre-CPB values of 103.0 ± 20.0

ml·min- l·m-2 (P < 0.001). V02 measured

by the Fick's principle (n=7) at the same

time also increased significantly to 104.0 ± 19.9
ml·min- l·m-2 above its pre-CPB values of

99.3 ± 14.0 ml·min- l·m-2 (P < 0.01).

Abbreviations: CPB, cardiopulmonary by

pass. Values are mean ± SD. **P < 0.01,
significantly different from values before CPB.

***P < 0.001, significantly different from values
before CPB.
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Table 1. Hemodynamics and Blood gas values

Before CPB
(n=9)

After CPB
(n=9)

Cardiac index (I.min-1 .m - 2)
Systolic arterial pressure (mmHg)
SVRI (dync-sec-cm't"]
Heart rate (min-1)
PCWP (mmHg)
Pa02 (mmHg)
PaC02 (mmHg)
pH
Base excess (mEq.Z-1)
Hemoglobin (g.dl-1)

C(a-v)02 (Vol%02)

2.67 ± 1.2
132 ± 12

3009 ± 1214
74 ± 16

7.1 ± 5.1
173.0 ± 53.8
33.5 ± 4.7
7.46 ± 0.03

1.0 ± 1.3
12.9 ± 2.5
4.17 ± 0.58

4.96 ± 1.4***
101 ± 17**

1108 ± 432***
116 ± 11***
9.0 ± 3.9

140.0 ± 58.6*
38.5 ± 3.9**
7.26 ± 0.05***
-8.5 ± 1.6***
12.2 ± 0.9
3.14 ± 0.66**

Abbreviations; PCWP, pulmonary capillary wedge pressure; SVRI, systemic vas
cular resistance index; C(a-v)02, arteriovenous oxygen difference.

*P < 0.05, **P < 0.005, ***P < 0.001 significantly different from the values
before CPB.
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Fig. 3. Carbon dioxide production before

and after hypothermic cardiopulmonary bypass.

Carbon dioxide production (n=9) increased
significantly to 96.2 ± 8.6 ml·min-1·m-2 above

pre-CPB values of 85.4 ± 7.8 ml·min-1·m-2

(P < 0.05).
Abbreviations as in figure 1. C02, Carbon

dioxide. Values are mean ± SD. *P < 0.05,

significantly different from values before CPB.

V02 by 9-21%10 and a combination
of meperidine, promethazine and chlor
promazine reduced V02 by 34%ll, Se
dation, with a sedative-hypnotic such

Fig. 4. Changes in respiratory quotient be

fore and after hypothermic cardiopulmonary

bypass.

Respiratory quotient (n=9) decreased signif

icantly from pre-CPB values of 0.82 ± 0.15 to

post-CPB values of 0.70 ± 0.08 (P < 0.01).

Abbreviations as in figure 1. Values are

mean ± SD. *P < 0.01, significantly different

from values before CPB.

as diazepam, also reduces oxygen con
sumption in certain cases. Metabolism
may have reduced drug levels so that
patients were lighter, A study measur-
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ing the changes of V02 during post
bypass period revealed that V02 in
creased maximally by 180 min post
bypass compared to the 90 min post
bypass value (baseline measurement),
in which anesthesia was carried out by
40 {lg·kg-1 fentanyl and isoflurane-e,
Another study, in which V02 was
measured during post-bypass period
under 100 {lg·kg-1 fentanyl and di
azepam anesthesia, showed no changes/
compared to the values during pre
bypass period. Dopamine administra
tion during post-bypass period might
partly contribute the post-bypass in
crease in V02 because an increase in
oxygen consumption with dopamine
has been reported13. Carbon diox
ide production increased and conse
quently arterial carbon dioxide ten
sion increased after the termination of
CPB under the same ventilator set
ting, which is consistent with an ear
lier study suggesting that metabolic
demands increase during the post
bypass period and ventilation should
be adjusted".

Hyperdynamic state and metabolic
acidosis were present after CPB. This
metabolic acidosis is presumably from
lactic acid accumulation as other
causes of new metabolic acidosis dur
ing post-CPB are very unlikely. High
cardiac index might be caused by low
total peripheral vascular resistance af
ter CPB. The narrowed arteriovenous
oxygen difference and metabolic aci
dosis after CPB might suggest that
the cardiac output was adequate but
maldistributed peripherally. It is likely
that the use of chlorpromazine may
have produced some of these effects.
Effect of combined infusuion of nitro
glycerin and nicardipine is intensified
after CPB, inducing more peripheral
vasodilation than pre-bypass period14,

which might induce peripheral arteri
ovenous shunt. Another possibility is
the increase in cardiac output is still
inadequate in view of the increased

metabolic demand. If so, the widened
arteriovenous oxygen difference should
be observed. There was no difference
in body temperature and hemoglobin
concentration during both measure
ments of V02 • Although a nerve stim
ulator was not used to assess the neu
romuscular blockade, we gave supple
mental doses of relaxant before each
measurement of V0 2 • No shivering was
observed throughout the course.

Lipid metabolism for energy produc
tion might be dominant during post
bypass period because respiratory quo
tients during the post-bypass period
(0.70 ± 0.03) approached the value for
fat metabolism, 0.71. The respiratory
quotient (ratio of carbon dioxide out
put to oxygen usage) is useful to es
timate relative ratio of carbohydrate
and fat metabolism. Our results indi
cate approximate ratio of carbohydrate
and fat metabolism. We were unable
to measure protein metabolism to as
sess its impact on substrate utilization
for energy production", Usually a res
piratory quotient of 0.85 indicates ap
proximately equal utilization of carbo
hydrate and fat". Respiratory quotient
before CPB was 0.82 ± 0.05, greater
than post-CPB values, suggesting that
ratio of carbohydrate metabolism dur
ing pre-bypass period is higher than
post-CPB period. Diminished utiliza
tion and increased mobilization of glu
cose during CPB has been observed''
and lipid metabolism is dominant dur
ing CPB5 , causing hyperglycemia and
the high non-esterified fatty acid lev
els in the blood. Failure of insulin
secretion during surgory-" and espe
cially during hypothermic CPB4 have
been pointed out and referred to as
"surgical diabetes". Failure to metab
olize carbohydrates in sufficient quan
tity and diminished carbohydrates in
the cell cause rapid metabolism of
fat. In diabetes mellitus little carbo
hydrate is utilized by the body, and
consequently, most of the energy is
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derived from fat. Although carbohy
drate could be used before CPB, the
patients might be under the surgical
diabetic state during post-bypass pe
riod and use less carbohydrate than in
the pre-bypass period.

We conclude that oxygen consump
tion and carbon dioxide production
increased significantly above pre-CPB
values after the termination of hy
pothermic CPB at least under the fen
tanyl, diazepam, clorpromazine anes
thesia with continuous infusion of ni
troglycerin and nicardipine. Respira
tory quotient decreased to 0.70 signifi
cantly below pre-CPB values after the
termination of CPB, suggesting a rela
tively higher ratio of lipid metabolism
for energy production during the post
bypass period.
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