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The relationship between blood flow and oxygen transport was studied in
five calves with chronic nonpulsatile biventricular bypass. Seven days was
allowed for recovery from the effects of anesthesia and operation; the
natural heart was then fibrillated. Pump flows were maintained at nominal
rates of 90, 100, or 120 ml - kg ' - min for 1 week each, with the sequence
varied from experiment to experiment. Venous and arterial blood samples
were taken at rest for blood gas analysis. Serum lactate analysis was done
twice a week, on the third and seventh days after each pump flow change.
Serum catecholamine levels were assayed on the seventh day of each flow
rate. Progressive exercise tests were also conducted during each test
segment. Basal oxygen consumption of a 4-month-old calf was 6.3 =*
0.3 ml - kg! - min~, The mixed venous oxygen tension decreased when
pump flow rate was reduced (29.6 = 1.0, 28.3 = 1.2, and 23.8 = 0.9 mm Hg
at 120, 100, and 90 ml - kg~' - min~* of pump flow, respectively), and
oxygen extraction increased linearly when pump flow rate was reduced.
Hemoglobin concentration significantly affected oxygen extraction rate.
Serum lactate concentration increased significantly at a 90 ml - kg™ - min™*
perfusion compared with concentrations at other pump flow rates (7.81 =
2.42 mEq/L at 90 ml - kg™" - min~* vs 0.71 = 0.19 and 0.73 % 0.81 mEq/L
at 100 and 120 ml- kg™' - min~", respectively; p < 0.01, analysis of
variance, Scheffe F test). Maximum oxygen extraction during exercise was
78%. These results suggest that a critical flow level between 90 and 100
ml - kg™! - min~! maintains oxidative metabolism in the calf with chronic
nonpulsatile flow. The resulting oxygen delivery was slightly higher than
that indicated in the literature. Maximal oxygen extraction was normal.
(J THORAC CARDIOVASC SURG 1996;111:863-72)

he acceptability and pathophysiology of nonpul-
satile blood flow have been the subject of con-
tinuing controversy.' Despite these debates, con-
tinnous-flow blood pumps have grown in popularity,
not only for surgical cardiopulmonary bypass but
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also for short-term ventricular support and as a
bridge to transplantation.*® In research applica-
tions, animals have been maintained for as long as
99 days with chronic nonpulsatile blood flow.” The
major research issues now center on how mamma-
lian physiology compensates for the change in flow
regimen.

One basic issue that has been studied in cardio-
respiratory physiology is the concept of critical
oxygen delivery.'® There are no reports, however, on
the critical flow level for maintaining oxidative me-
tabolism in chronic nonpulsatile blood flow. Such
results could be compared with pulsatile flow studies
to better understand the mechanics of nonpulsatile
survival. Maximal oxygen extraction during exercise
would further indicate the mammalian system’s abil-
ity to adapt to and compensate for the continuous-
flow regimen.
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Material and methods

All animals in this study were managed in compliance
with the “Principles of Laboratory Animal Care” formu-
lated by the National Society for Medical Research and
the “Guide to the Care and Use of Laboratory Animals”
prepared by the Institute of Laboratory Animal Resources
and published by the National Academy of Sciences (NIH
Publication No. 8023, revised 1978).

Details of the experimental preparation are as de-
scribed in the first article of this series.'"' The implants
were performed in 4-month-old calves weighing 89.8 to
93.6 kg. The natural heart was bypassed, right ventricle to
pulmonary artery and left ventricle to aorta, with ex-
ternally mounted Hemadyne centrifugal pumps manu-
factured by the now defunct Hemadyne division of
Medtronic, Inc. (Minneapolis, Minn.). On the seventh
postoperative day, the natural heart was fibrillated and
one of three pump flow levels was set.

A total of 30 exercise studies were performed on five
animals with an animal treadmill (Animil; Gullwing, Inc.,
Sandusky, Ohio). The speed of the treadmill was in-
creased from 0.3 to 2.1 mph in increments of 0.2 mph, with
each speed being maintained for 3 minutes. Treadmill
slope was zero. Hemodynamic values were monitored
continuously and recorded. Pulmonary artery and sys-
temic arterial blood samples were drawn at the end of
each speed setting and a blood gas analysis was performed
with a Co-Oximeter 282 and an IL System 1302 (Instru-
mentation Laboratory, Co., Lexington, Mass.). The exer-
cise study was performed twice a week, on the third and
seventh days after establishment of each flow rate. There
were no statistically significant differences with respect to
when the postoperative exercise studies were performed
for each flow rate. The body weight of the calf was
measured immediately after exercise, and the body tem-
perature was measured before exercise. Exercise studies
were performed at mean times after operation of 18.5 =
1.9, 15.3 = 1.8, and 14.8 = 1.4 days at pump flow rates of
90, 100, and 120 ml - kg~ * - min~?, respectively. Pump
flows were monitored by transit-time ultrasonic flow
probes clamped on pump outflow cannulas (Transonic
Systems, Inc., Ithaca, N.Y.). Exercise was terminated
when the animal refused to continue or achieved a
treadmill speed of 2.1 mph.

All data were divided into three groups according to
pump flow rate. To investigate the effect of hemoglobin
level on oxygen transport, the data were also divided into
three groups according to hemoglobin concentration.
Serum lactate measurements were obtained twice a week,
on the third and seventh days after establishment of each
pump flow setting. Serum catecholamine levels, including
norepinephrine, epinephrine, and dopamine, were mea-
sured on the seventh day of each nominal flow rate. Blood
samples were drawn only when the animal was calm,
afebrile, and not cudding. All animals showed a mild to
moderate degree of anemia because blood transfusion was
restricted to the operative day or the first postoperative
day to minimize changes in hematologic values. Centrifu-
gal pump heads had to be changed once or twice during a
4-week experiment as a result of shaft seal failure or
protein formation in the pump head. All data, including
hemodynamic data, blood chemistry analyses, and blood
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gas analyses, were excluded if collected soon after pump
head changes. The calves were electively killed after 4
weeks and underwent a full autopsy.

Previous studies in an earlier series of animals’™ dis-
cussed left-right flow differences with mechanical blood
pumps, and our previous practice during nonpulsatile
biventricular bypass studies was to use the right side,
lower flow as the effective cardiac output. During these
experiments, however, one set of side holes on the right
side inflow cannula sometimes migrated to the arterial
side of the pulmonary valve, producing a variable right-
side regurgitation. We therefore used left pump flows for
calculation of the results reported here, recognizing that
they may be 10% to 20% higher than the right-side values
used earlier.

Catecholamine levels were measured with high-perfor-
mance liquid chromatography. Including the small
amount of dissolved oxygen, Vo, was calculated from the
following formula:

Vo, = Cardiac output X [Sao, — Svo, X Hb X 1.36 +

0.003 X (Pao, — Pvo,)]

where Vo, is oxygen consumption, Sao, is arterial oxygen
saturation, $vo, is mixed venous oxygen saturation, Hb is
hemoglobin concentration, Pao, is arterial oxygen ten-
sion, and Pvo, is mixed venous oxygen tension. Oxygen
extraction was determined from the following formula:

O, extraction = (Cao, — Cvo,)/Cao,

where Cao, is arterial oxygen content and Cvo, is venous
oxygen content.

Data are reported as mean * standard error of the
mean. Data were stored in and analyzed with a personal
computer. Statistical significance was evaluated with the
two-tailed, unpaired t-test. Analysis of variance and
Scheffe F-test were used to evaluate the significance
among three or four groups of data. Significance was
assigned at p < 0.05.

Results

At rest. Resting Vo, is shown on Table 1. The
oxygen extractions at 100 and 120 ml - kg™! - min™’
were significantly different from that at 90
ml - kg~! - min~!, and the resting lactate level was
significantly higher at 90 ml - kg~ ! - min™!. Also at
90 ml - kg~* - min~! of pump flow, serum lactate
concentration measured on the seventh day after
pump flow establishment was higher than that on
the third day (9.78 = 3.76 vs 6.14 = 3.3 mEq/L), but
this was not a statistically significant difference.
Blood pressure, hemoglobin concentration, oxygen
saturation, and Vo, showed no significant differ-
ences among the three flow settings. Animal posi-
tion (sitting or standing), hemoglobin concentration,
and body temperatures were not found to have an
effect on basal Vo,. Mixed venous oxygen saturation
and oxygen extraction correlated linearly with pump
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Fig. 1. Correlation between oxygen extraction (O, Extraction) and the left pump flow rate. Oxygen
extraction correlated significantly with left pump flow. Small bars represent standard error of the mean.
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Fig. 2. Correlation between oxygen extraction and total catecholamine level. A significant (p < 0.05)

correlation was observed.

flow rate (p < 0.01; Fig. 1). During the first week of
the experiment, before the natural heart was fibril-
lated, the mixed venous oxygen saturation was
62.3% + 2.2%, which was significantly higher than
the values at 90, 100, and 120 ml - kg~ ' - min~*
pump flow. Total systemic flow is not known for that
phase but could be expected to be much higher.
Mixed venous oxygen tension corresponded with
mixed venous oxygen saturation, decreasing with
decreasing flow.

The relationship of resting mixed venous oxygen
saturation with the hemoglobin concentration is

shown in Table II, with the data arbitrarily divided
into three distinct groups. Mixed venous oxygen
saturation at higher serum hemoglobin levels (mean
9.1 = 0.1 gm/dl) was 46.5% = 1.7%, which was
significantly higher. The hemoglobin concentration
was not artificially manipulated, and arterial oxygen
saturation was always greater than 95% with the
animal breathing room air. There were no signifi-
cant differences in body temperature, pump flow
rate, or oxygen consumption among three groups.
No differences in total catecholamine concentra-
tion were noted at 100 and 120 ml - kg~' - min~*
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Table L. Blood gas analysis at rest in calves with chronic nonpulsatile biventricular bypass
NFR AFR Blood pressure Hb Sao, Pvo,
(ml - kg™' - min™) (ml -« kg™ - min™) (mm Hg) (gm/dl) (%) (mm Hg)
90 (n = 27) 881 952 1.7 823 +0.11 97.0 = 0.5 23.8 £ 0.9*
100 (n = 28) 102 = 1 97.0 = 1.7 7.92 =0.17 97.7 £ 0.6 283 = 1.2%
120 (n = 22) 118 + 2 929 +24 8.43 £ 0.16 96.0 = 0.8 29.6 1.0

Data are mean * standard error of the mean. NRF, Nominal left pump flow rate; AFR, actual left pump flow rate; Hb, serum hemoglobin level; Sao,, arterial
oxygen saturation; Pvo,, mixed venous oxygen temsion; Svo,, mixed venous oxygen saturation, Do,, oxygen delivery.

*p < 0.01 vs 120 ml - kg~ ! - min~?, according to analysis of variance, Scheffe F test.
p < 0.05 vs 100 ml - kg~ - min~?, according to analysis of variance, Scheffe F test.
tp < 0.05 vs 90 ml - kg™! - min—*, according to analysis of variance, Scheffe F test.

§p < 0.01 vs 120 ml - kg~ - min~?, according to analysis of variance, Scheffe F test.

Table II. Effects of hemoglobin concentration on oxygen transport in claves with chronic nonpulsatile

biventricular bypass

Flow Oxygen Vo, Do,
Mean Hb BT  (mli-kg%- Sao, Pvo, Svo, extraction (ml-kg™'- (ml-kg™'-
Hb (emid)  (gmid)  (C)  min) (%)  (mmHg) (%) (%) min 1) min~1)
<75(m=24) 721006 39201 103x2 967=x0.7 259=009 38819 592+21 624027 9.99=027
7.6 > Hb > 84 8.16 £0.05 39.1 +0.1 982 972x04 26110 404=20 578=*x21 635020 10.94 =0.30
(n = 29)
>84 (n=24) 9.09x0.09 39301 1062 968008 29612 465=17* 51.2+19% 6.68 025 12.90 = 0.367

Data are mean :*+ standard error of the mean. Hb, Hemoglobin level; BT, body temperature (rectal); Sao,, arterial oxygen saturation; Pvo,, mixed venous

oxygen tension; Svo,, mixed venous oxygen saturation; Do,, oxygen delivery.

*p < 0.05 vs Hb <7.5, according to analysis of variance, Scheffe F test.

fp < 0.01 vs Hb <7.5 and 7.6 < Hb < 8.4, according to analysis of variance, Scheffe F' test.

Table IIN. Effects of pump flow rate on serum catecholamine levels during chronic nonpulsatile biventricular bypass

Norepinephrine Epinephrine Dopamine ToTAL
NFR (ml - kg™ - min™?) (pgiml) (pgimi) (pgimi) (pg/ml)
90 (n = 95) 1065 = 179* 243 + 132 16 = 16 1324 = 274*
100 and 120 (» = 10) 467 = 102 62121 2+6 532 111
Before operation (n = 3) 267 =5 45 =39 10+ 14 309 = 61

Data are mean = standard error of the mean. NRF, Nominal left pump flow rate.

*p << 0.01 vs 100 and 120 ml - kg™?! - min™?, according to unpaired ¢ test.

pump flow rates (Table III). There was a significant
(p < 0.01, unpaired ¢ test) increase in total catechol-
amine level at 90 ml - kg~' - min~* of pump flow.
Significant (p < 0.05) correlation between serum
catecholamine concentration and oxygen extraction
rate was also observed (Fig. 2), with norepinephrine
being the major component of the increase in total
catecholamine level at 90 ml - kg~ ' - min ™~ of pump
flow rate (Table III).

During exercise. The correlation between maxi-
mal exercise capacity and pump flow rate is shown in
Tables IV, V, and VI. The maximal treadmill time
that the animals achieved at a pump flow rate of 90
ml - kg~ ! - min~! was significantly lower than that
achieved at other nominal flow rates, but there was

no significant difference in animal exercise tolerance
between pump flow rates of 100 and 120
ml - kg™ ! - min~",

Blood gas analyses at each nominal flow rate are
also shown in Tables IV through VI. Oxygen deliv-
ery, calculated from arterial oxygen content and
pump flow rate, increased gradually during progres-
sive exercise and differed significantly among the
three nominal flow rates. Vo, also increased sig-
nificantly with exercise in accordance with increases
in workload, as did oxygen extraction. Vo, was
significantly higher at a nominal pump flow rate of
120 ml - kg~ - min~? than at other flow rates at
treadmill speeds of 0.7 and 0.9 mph and at 30
minutes after exercise. At a nominal flow rate of
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Oxygen Vo, Do, Lactate
Svo, (%) extraction (%) (ml - kg™’ - min~7) (ml - kg™ - min~) (mEgq/L)
359 = 2.0* 623 = 0.21* 6.26 = 0.26 9.69 + 0.23+ 7.81 = 2427
43.0 = 1.6% 552+ 17% 6.15 % 0.17 10.97 + 0.24§ 0.71 + 0.06
46819 507 =19 6.85 % 0.25 13.34 = 0.35 0.73 £0.27

Table IV. Blood gas analysis during treadmill exercise in calves with chronic centrifugal biventricular bypass at

pump flow rate before exercise of 90 ml - kg™* - min

—1

Treadmill Do, Oxygen Vo,

speed Sao, Pvo, Svo, (mil - kg™% - A-Vo, extraction (ml - kg™ - Lactate

(mph) n (%) (mm Hg) (%) min~1) (mi/dl) (%) min™!) (mEg/L)
0 (before) 10 966=09 212=12 292=*x12 986=x038 791=0359 698=*=34 696055 717+226
03 10 961=07 171x08* 204=18F 988+033 881=045* 787197 7.80=038F 819*240
0.5 5 920x29 174=04% 207x20f 927x040 790=x028 774x=21% 7.16=028 145018
0.7 4 902%=38 165=09 179x13* 915074 795x0.65* 80.0=x178 734=x0.68f 1.47=0.28
0.9 3 923x31 157x09* 172=x20* 938x041 842+048* 812=+29§ 7.63=051F 2.15=0.69
11 3 955x01 160=x=15%f 16.6=1.6f 973 x050f 889 +044* 827=x17f 8.05x046% 290114
0 (after) 10 963+08 221x09 29517 955x034 778%x031 69517 664028 832208

Data mean = standard error of the mean. Sao,, Arterial oxygen saturation; Pvo,, mixed venous oxygen tension; S¥o,, mixed venous oxygen saturation, Do,,

oxygen delivery; A-V0,, arteriovenous oxygen content difference.
*p < 0.005 versus preexercise value, according to paired ¢ test.
fp < 0.01 versus preexercise value, according to paired ¢ test.

}p < 0.05 versus preexercise value, according to paired ¢ test.
§p << 0.001 versus preexercise value, according to paired ¢ test.

90 ml - kg~ - min~!, the mixed venous oxygen ten-
sion was significantly lower than at other nominal
flow rates before exercise, at 0.3, 0.5, 0.7, and 0.9
mph of treadmill speed, and at 30 minutes after
excrcise. There were no significant differences in
mixed venous oxygen tension or arteriovenous oxy-
gen at nominal flow rates of 100 and 120
ml - kg ' - min "

Progressive increase in muscular work was ex-
pressed as a percentage of maximal oxygen uptake
Vo, (V0, a)- The incremental responses in oxygen
extraction at the three nominal flow rates were
significant and linear, and there were no significant
differences among three nominal flow rates (Fig. 3).
The maximal values of oxygen extraction were
greater than 70% at each nominal flow rate, and
more than 70% of the maximal oxygen extraction
occurred at 85% of the maximal oxygen uptake. The
mixed venous oxygen saturation also correlated sig-
nificantly with Vo, ... and decreased to approxi-
mately 20% at the maximal oxygen uptake for each
flow rate. The serum lactate concentration was
increased at 90% of Vo, ., at a nominal flow rate
of 100 ml - kg~' - min~* and at 100% of maximum
Vo, at 120 ml - kg™' - min~!, but there were no
significant differences between the two groups. At a

nominal flow rate of 90 ml - kg~ ! - min~!, the lac-
tate level was abnormally high even before exercise
(Table IV). The relationship between Vo, ,,, and
oxygen delivery obtained from each nominal flow
rate was a straight line near the origin with a slope
of 9.78 (Fig. 4).

At autopsy, all calves showed lung adhesions and
mild atelectasis at the site of operation. Although
some small renal infarcts were seen, there was no
significant pathology that would have had a major
effect on our investigation.

Discussion

A number of acute studies have indicated the
superiority of pulsatile over nonpulsatile cardiopul-
monary bypass during operation on the basis of
significant increases in oxygen consumption.'**
Other studies," ' however, have demonstrated no
significant differences in oxygen consumpton be-
tween the two different flow patterns. This investi-
gation used a chronic nonpulsatile animal model to
determine whether these differences were also
present in the chronic state. Unique features of this
model and protocol were as follows: (1) The animal
was fully alert and well past the operative day. (2)
Fixed flow levels were set. (3) The test flow levels
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Table V. Blood gas analysis during treadmill exercise in calves with chronic centrifugal biventricular bypass at

pump flow rate before exercise of 100 ml - kg™ - min~

1

Treadmill Do, Oxygen Vo,

speed Sao, Pvo, Svo, (ml - kg™* - A-Vo, extraction  (ml-kg™! - Lactate

(mph) n (%) (mm Hg) (%) min~1) (mifdl) (%) min~1) (mEq/L)
0 (before) 10 93.7=0.7 285 2.1 428 =33 11.8 £05 6.42 £ 0.30 559 =36 6.50 = 0.28 1.00 = 0.09
0.3 10 97.6 =08 246 = 1.8* 33.0x26f 124x05f 765%=025t 662=28F 7.96x020* 0.78+0.06
0.5 10 97209 232+ 1.7% 287 *29% 121=*05 8.07 £0.29* 704 £32* 843x033* 091=x011
0.7 10 96.7 = 0.7 225 +1.6% 273+x25% 121=*05 8.22 £ 0.32* 71.8x27* 8.62=x034* 1.08=x0.15
0.9 9 970x008 223x1.6% 263x25* 122=0.6 8.40 £ 0.33* 729 x27% 885x036* 083=011
1.1 8 96.7x0.9 21.0x1.8% 21.8*x27% 123=x07 8.80 £0.38* 77429 942*047* 1.73+0.59
1.3 7 968 £0.9 203+ 124 234258 122=x08 8620528 759268 9250587 L175=x055
1.5 6 959=x10 19.0 209t 223*+22§ 13.0=*09 9.37 £ 0.65 76.6 =258 999 +0.81§ 2.26 =0.88
0 (after) 10 978x07 284=x15 295+ 1.7 121 +0.5 649 £0.25 54427 650=x025 1.26 £ 0.29

Data mean * standard error of the mean. Sao,, Arterial oxygen saturation; Pvo,, mixed venous oxygen tension; Svo,, mixed venous oxygen saturation; Do,,

oxygen delivery; 4-V0,, arteriovenous oxygen content difference.
*p < 0.001 versus preexercise value, according to paired ¢ test.
tp < 0.005 versus preexercise value, according to paired ¢ test.
Ip < 0.05 versus preexercise value, according to paired ¢ test.

§p < 0.01 versus preexercise value, according to paired ¢ test.

Table VI. Blood gas analysis during treadmill exercise in calves with chronic centrifugal biventricular bypass at

pump flow rate before exercise of 120 ml - kg™! - min

-1

Treadmill Do, Oxygen Vo,

speed Sao, Pvo, Svo, (ml kg1 A-Vo, extraction  (ml kg™’ - Lactate

(mph) n (%) (mm Hg) (%) min~!) (mijdl) (%) min~?) (mEg/L)
0 (before) 10 97311 281*22 433 +35 13.9 = 0.4 6.38 = 0.29 55934 7.58 + 0.31 0.99 = 0.21
0.3 10 98309 256=x20* 372x32f 142x04 7.22 + 0.32% 62.3 = 3.27 877 =£0.34f 1.05=031
0.5 10 972+11 249=x20f 34337t 14004 738 = 0.336% 64.8+3.7 8.99 = 0.35¢ 0.85x0.22
0.7 9 97.6x09 233x18tf 298 +36%f 143=x05 7.95 = 0.30% 69.5 = 3.6% 9.78 = 0301 1.03 =0.28
09 7 97709 214=x22f 253+39% 143=x06 8.49 + 0.33% 742 =39t 1047 £ 033% 1.06 =0.25
1.1 7 97610 20622 238=+3.6% 146+0.58 8.75=*0.35% 755 *+3.8% 10.85+031f 1.16=0.25
13 6 96610 19.0=14* 23.1+42* 142=x07 8.67 + 0.54* 76.0 = 4.5* 10.67 = 0.58* 1.10 = 0.29
1.5 5 96711 19.0x13* 192 +x421 14706 9.34 = 0.35F 80.0 = 4.5 1153 =031 2.04 = 0.68
0 (after) 10 96708 276=x1.7 40.6 £2.8 13.6 = 0.4 6.57 = 0.24 58.1 =28 7.91 = 0.29 1.20 += 0.35

Data mean =* standard error of the mean. Sao,, Arterial oxygen saturation; Pvo,, mixed venous oxygen tension; Svo,, mixed venous oxygen saturation; Do,,

oxygen delivery; 4-V0,, arteriovenous oxygen content difference.
*p < 0.001 versus preexercise value, according to paired / test.
fp < 0.005 versus preexercise value, according to paired ¢ test.
ip < 0.01 versus preexercise value, according to paired f test.

§p < 0.05 versus preexercise value, according to paired ¢ test,

were maintained for 7 days each. (4) The natural
heart ventricle was fibrillated, so that flow was
exclusively provided and controlled by the nonpul-
satile centrifugal pump.

Resting oxygen consumption. L.unn and cowork-
ers'’ made determinations of resting Vo, in calves
used for pulsatile artificial heart implantations and
obtained values of 5.79 (before operation), 9.0 (2
weeks after operation), 7.03 (3 weeks after opera-
tion), and 5.59 ml-kg™' - min~! (4 weeks after
operation). Shimomitsu and associates'® reported a
much lower 4.44 ml-kg ' - min~! in calves with

total artificial hearts but these were much larger and
older animals. Younger specimens are known to
have a higher level of metabolism than mature
animals.'® Our results were in the range of 6.7
ml - kg™! + min .

These calves consistently maintained an oxygen
saturation of 96% to 98%. Neither the pump flow
level nor the nonpulsatility seemed to affect the
systemic arterial oxygen saturation. This is consis-
tent with the results of Hauge and Nicolaysen,?” who
saw no difference between steady and pulsatile flow
with respect to the function of normal lungs.
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At a nominal perfusion of 90 ml - kg~! - min™%,

the calves clearly had a major change in serum
lactate level with respect to the other flow condi-
tions, indicating anaerobic metabolism, and oxygen
delivery to the tissues was insufficient to maintain
normal organ function. Either oxygen delivery, oxy-
gen extraction, or both were therefore inadequate in
this nonpulsatile blood flow condition.

The normal range of mixed venous oxygen ten-
sion in the resting calf has been reported to be

25.7 to 39.7 mm Hg (mean 32.7) by Nelson, Ekins, and
Allen* Lunn and colleagues'’ documented 38 + 4
mm Hg (* standard deviation). Kasnitz and cowork-
ers*? reported the relationship between mixed ve-
nous oxygen tension and serum lactate concentra-
tion in 20 patients with severe cardiac or pulmonary
disease and showed that mixed venous oxygen tension
correlated better with both hyperlactatemia and sur-
vival than did cardiac output or arterial oxygen ten-
sion. A mixed venous oxygen tension of less than 28
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mm Hg was associated with hyperlactatemia and was
always associated with death in their study. Simmons
and associates™ reported that the lactate production
threshold for mixed venous oxygen tension was 27 mm
Hg in dogs under conditions of arterial hypoxia, low
cardiac output, or both. These results suggest that
when vasoregulation is intact, there is a threshold
value or critical mixed venous oxygen tension of about
28 mm Hg below which anacrobic metabolism is
usually manifested as an increase in blood lactate. The
calves in our study averaged a mixed venous oxygen
tension of 23.8 mm Hg at 90 ml - kg™" - min !, rising
to 283 at 100 ml - kg™* * min~ L.

At 90 ml - kg™! - min~! perfusion, oxygen deliv-
ery was about 10 ml - kg ' - min~!, whereas the
next higher flow supplied 11 ml - kg~' - min ' of
oxygen. On the evidence of the lactate level and
mixed venous oxygen tension the critical point of
oxygen delivery exists between 10 and 11 ml -
kg™' - min~!, as found by a number of research-
ers.”*?° The value in our study appears to be high,
but anesthesia, mechanical ventilation, and paralyz-
ing agents, present in most of these previous studies,
are known to decrease oxygen demand. It must be
noted that the calves we used were much younger
than most of the other test animals and would
therefore be expected to have a more active metab-
olism. Further, the critical oxygen delivery is sensi-
tive to the method used to calculate it, and our
current chronic approach is unique. Lambs studied
by Heusser, Fahey, and Lister”” were younger still
and only sedated for testing, the instrumentation
having been previously implanted and their critical
values for systemic oxygen transport defined by a
Vo, method similar to ours. Without similarly ob-
tained chronic data from pulsatile animal models,
firm and final conclusions are not possible, but the
possibility remains that a slightly higher critical
oxygen delivery is required when the blood flow is
steady rather than pulsing.

Heusser, Fahey, and Lister?” showed oxygen ex-
traction at the critical point to be 60% to 65%,
whereas Schumacker, Long, and Wood*® found it to
be 73% and Pepe and Culver®® found it to be only
50%. If the critical pump flow in our experiments is
considered to be 100 ml - kg~ * - min %, the critical
extraction ratio would be 55%, a low but not un-
precedented level.

Exercise and oxygen utilization. An advantage of
this awake, chronic, nonpulsatile blood flow prepa-
ration is the opportunity to study responses to the
stress of exercise. Wilkens, Regelson, and Hoffmeis-
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ter’! suggested that nonpulsatile flow produces stag-
nation of the microcirculation, opens arteriovenous
shunts, and results in poor lymphatic flow and
edema. Ogata and associates®® showed an increase
in omental volume during nonpulsatile flow, sug-
gesting stagnation of lymph and tissue edema. Be-
cause this would increase the capillary-tissue dis-
tances and diffusion through tissue is known to be a
limitation to oxygen utilization,* nonpulsatile blood
flow could be expected to limit oxygen delivery and
extraction during exercise.

Roca and coworkers®* demonstrated evidence for
tissue diffusion limitation of Vo, ., in normal hu-
mans. In their study, oxygen consumption was mea-
sured at maximal exercise in athletes at inspired
oxygen gas concentrations between 12% and 21%.
The relationship between Vo, and oxygen delivery
was noted to be a straight line through the origin,
indicating that Vo, ., was 75% to 80% of oxygen
delivery. Weber and colleagues® and Weber and
Janicki*® measured cardiac output, systemic oxygen
extraction, and lactate production during progres-
sive exercise in patients with chronic heart failure.
Their patients demonstrated 70% to 75% of maxi-
mal oxygen extraction at more than 80% of Vo, ..
Wilson and coworkers®’ also demonstrated 74% to
83% of maximal systemic oxygen extraction in pa-
tients with mild to severe congestive heart failure.
Our study determined a maximum oxygen extraction
of 78%.

Although as yet unexplained, it is noteworthy that
the exercise tolerance did not increase beyond 1.3
mph when the flow rate increased from 100 to 120
ml - kg~ - min~!. Similarly, at rest, Vo, was higher
at 120 ml-kg ' - min~! than at 100 ml- kg™ -
min~!, even though both produced equal, low levels
of lactate and catecholamines. Clearly, there are
details yet to be understood with respect to the
distribution and usage of oxygen as perfusion in-
creases with nonpulsatile flow.

Hemoglobin concentration and oxygen delivery.
From other studies, one might have expected that
anemia could distort the results, as compared with
pure hypoxia.38 Messmer and associates,”” however,
showed that hematocrit had to fall below 20%
before lack of cells became a factor.

The animals in this study were somewhat anemic,
at an average hemoglobin level of 8.5 gm/dl, as
compared with a normal range of 103 to 16.0
gm/dl*! The Hemadyne pumps used have previ-
ously been reported to produce very little blood
damage in similar biventricular studies.®



The Journal of Thoracic and
Cardiovascular Surgery
Volume 111, Number 4

In general, across a wide range of hemoglobin
concentrations and under an ultimate condition of
adequate oxygen delivery, it is believed that Vo, is
not a function of hemoglobin concentration. As the
number of red cells varies, either a changed oxygen
extraction or a new cardiac output compensates. In
this protocol, the flows were fixed. As shown in Table
II, extraction rates varied inversely with hemoglobin
content but did not completely compensate and hold
the Vo, essentially constant when studied as a function
of hemoglobin content. As in the case of increased
oxygen delivery by increased flow, the highest hemo-
globin levels resulted in higher Vo,.

Comparison with other nonpulsatile critical
flows. To maintain a right atrial pressure below 10
mm Hg, Yada and associates’ determined that a
right pump flow of 90 ml-kg ' - min~! was the
minimum requirement for normal resting physiol-
ogy. Several studies” ** have shown a 10% to 20%
difference between right and left flows in chronic
nonpulsatile applications. The minimum right flow
determined by atrial pressure considerations is
therefore consistent with a critical left pump flow of
about 100 ml * kg~! - min™"!, established from oxy-
gen transport conditions. These new data are also in
agreement with an earlier published comparison of
pulsatile and nonpulsatile flow, which suggested that
the required flow level was the principal difference
between the two modes.*!

Implications of these results for research and
clinical applications. Consistent with previous ani-
mal® and human® experiences, data from these five
animals show the ability of the mammalian system to
adapt to nonpulsatile blood flow. The normal bio-
chemistry results, the basal Vo,, the maximum oxy-
gen extraction, and the lactate levels show that the
overall organ function can be normal with this
perfusion regimen, although a slightly higher flow
level may be necessary. Even in this study, with
nonpulsatile flow of a limited, essentially constant
level, the calf could perform a workload of 1.5
METS (VO, max is 1.5 times higher than the basal
Vo0,). Clinically, this would permit a very light work
load such as shaving, dressing, writing, or slow
walking.

We thank Mr. Bryne Wilkerson for his excellent tech-
nical assistance.
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