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Summary

We measured blood flow to the myocardium of the left ventric-
ular free wall, and blood glucose, lactate, pyruvate, and oxygen
concentrations simultaneously in the aorta and coronary sinus 13
times in seven previously instrumented newborn sheep, 4 to 25
days after birth. We calculated arteriovenous difference and con-
sumption of oxygen, glucose, lactate, and pyruvate by the newborn
myocardium. Results were compared with recently obtained mea-
surements in the myocardium of fetal and adult sheep (6).

Myocardial consumption of oxygen in the newborn (577 + 38
pMemin '« 100 g LV"') was higher than in either the fetuses or
the adults. This was associated with a greater myocardial blood
flow (201 = 21 mmesmin~'+ 100 g LV™") in the newborns. However,
the increased myocardial oxygen consumption in the newborns
was commensurate with their increased cardiac work as compared
with both the fetuses and adults.

Although there is an abrupt postnatal increase in arterial glu-
cose concentration, there was no significant difference in either
the myocardial consumption of glucose or the contribution of
glucose to the total myocardial energy supply among fetal, new-
born or adult sheep. Postnatal decreases in myocardial consump-
tion of lactate and pyruvate are not compensated for by an increase
in glucose consumption. In newborn sheep, carbohydrates includ-
ing glucose, lactate, and pyruvate supply the substrate for no more
than approximately one-fourth of the total myocardial energy
demands (carbohydrate/oxygen quotient was 0.26).

Speculation

Although glucose and lactate supply most of the substrate for
myocardial energy supply in the lamb fetus, postnatally there is an
abrupt decrease in lactate utilization that is not compensated for
by an increase in glucose utilization. The identity of the primary
myocardial energy substrate(s) in newborn and adult sheep re-
mains to be determined.

Breuer et al. (2) have suggested that myocardial metabolism is
primarily dependent on glucose in the neonatal period. Recently,
we have demonstrated that glucose alone could provide the sub-
strate for no more than one-third of the myocardial energy de-
mands of fetal or adult sheep (7). Furthermore, we have shown
that lactate may supply the substrate for up to 60% of total fetal
myocardial energy demands (7). To determine if the myocardium
of a newborn animal is primarily glucose dependent or, in general,
carbohydrate dependent, we measured the myocardial consump-
tion of oxygen, glucose, lactate, and pyruvate in conscious new-
born lambs.

MATERIALS AND METHODS
SURGICAL TECHNIQUE

Using aseptic technique, we operated on seven Western new-
born lambs 1 to 17 (9 + 2, mean = S.E.) days after birth. We

anesthetized the lambs with 0.5 to 1% halothane, intubated the
trachea, and ventilated the lungs with a Harvard pump. Through
a thoracotomy in the left fourth intercostal space, we inserted
polyvinyl catheters (inside diameter, 0.076 ¢cm; outside diameter,
0.122 cm) into the left atrium through a purse-string suture in the
atrial appendage, the aorta via the left internal thoracic artery, the
left internal thoracic vein, and the coronary sinus (7).

We retracted the left lung and exposed the hemiazygous vein.
In sheep, this vein regularly joins the great cardiac vein to form
the origin of the coronary sinus (12). We ligated the hemiazygous
vein distally, inserted a polyvinyl catheter (insider diameter, 0.076
cm; outside diameter, 0.122 cm), and advanced it 1 to 1.5 cm so
that the catheter tip was located at the origin of the coronary
sinus. We filled all of the catheters with heparin (1000 units/ml)
and sutured the wounds. We exteriorized the catheters on the left
side of the chest and protected them with a Teflon cloth pouch
sewn to the skin.

We gave potassium penicillin G (one million units) and kana-
mycin sulfate (15 mg/kg) intravenously on the day of surgery and
on the first postoperative day. We drained the heparin from the
catheters daily and refilled them with fresh heparin.

EXPERIMENTAL PROTOCOL

The lambs were allowed to feed from the ewes until one hour
prior to a study. At that time they were placed in a canvas sling
and we began a continuous recording of arterial blood pressure
and heart rate. After the lambs had been resting quietly for 30
min, we withdrew 5 ml blood samples simultaneously from the
aorta and coronary sinus and measured myocardial blood flow.
On each sample we measured blood glucose, lactate, and pyruvate
concentrations, oxygen content, hematocrit, hemoglobin, Po., pH,
and Pco.. Immediately after withdrawing the blood, we injected
15 p diameter radionuclide-labeled microspheres into the left
atrium while withdrawing a reference sample from the ascending
aorta (7).

One to three studies were performed in each of the seven lambs
3 to 10 (5 £ 0.6, mean + S.E.) days after surgery. Repeat studies
in individual lambs were performed at least 2 days apart. A total
of 13 studies were performed. The ages of the lambs on the study
days ranged from 4 to 25 days.

MEASUREMENTS AND CALCULATIONS

We have described the methods we used to measure blood
glucose, lactate, and pyruvate concentrations; oxygen content;
blood flow to the left ventricular free wall; Po.; pH: Pco.; heart
rate, and aortic blood pressure in detail previously (7). Samples
for measurement of glucose, lactate, and pyruvate concentrations
were deproteinized immediately. Blood glucose was measured in
duplicate by the glucose oxidase method. and blood lactate and
pyruvate were measured in duplicate by the lactic dehydrogenase
method (Sigma Chemical Company, St. Louis, MO). Blood oxy-
gen content was measured in duplicate directly (Lex-O.-Con;
Lexington Instrument Corporation, Waltham, MA). The mean
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percentage of error for paired samples was less than 2% for blood
glucose, lactate, and oxygen concentrations and less than 4% for
blood pyruvate concentration.

Myocardial blood flow to the left ventricular free wall was
measured by the radionuclide-labeled microsphere technique.
Each measurement was done with 15 p diameter microspheres
labeled with one of the following radionuclides: "*’I, '*'Ce, *'Cr,
*Sr, “Nb, or **Sc. During each injection of the microspheres into
the left atrium, a reference sample was withdrawn continuously
from the ascending aorta into a preweighed syringe for either 1 or
1.25 min at a rate of 4 or 7 ml/min. After separation from the
remaining myocardium, the left ventricular free wall was weighed
(Mettler P1200; Mettler Instrument Corp., Highstown, NJ) and
incinerated. The radioactivity of the left ventricular free wall was
measured in a 512-channel pulse height analyzer (Searle Analyt-
ical, Des Plaines, IL), and blood flow to the left ventricular free
wall was calculated as described previously (7, 8). Each portion of
myocardium and each reference sample had at least 1600 micro-
spheres in it (8).

Arterovenous difference (AV) across the left ventricular free
wall for each substrate was the difference between the measured
concentrations in blood obtained from the ascending aorta and
coronary sinus. Because we sampled blood from the coronary
sinus, we wanted to measure blood flow to that part of the
myocardium drained by the coronary sinus. Although the coro-
nary sinus of newborn lambs receives small amounts of blood flow
from the left atrium and the right ventricular free wall, approxi-
mately 85% of coronary sinus flow comes from the left ventricular
free wall and ventricular septum (5). Because blood flows to the
left ventricular free wall and septum are similar (6) in newborn
lambs, we estimated left ventricular myocardial consumption of
each substrate by the product of arteriovenous difference of the
substrate across the left ventricular free wall and blood flow to the
left ventricular free wall.

We estimated the percentage of total left ventricular myocardial
oxidative metabolism that could be accounted for by comlete
combustion of a substrate by calculating substrate/oxygen quo-
tients for glucose, lactate, and pyruvate using the following for-
mula:
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The factors are: glucose, 6; lactate, 3; and pyruvate, 2.5 (1, 4, 16).
The factors are derived from the stoichiometric relationships
between oxygen and the respective carbohydrates when expressed
in equivalent molar concentrations.

The mean + standard error was calculated for each variable.
The results were compared with our previously published values
for fetal and adult sheep (7) by means of analysis of variance.
When the computed F ratio exceeded the critical F ratio (at P =
0.05), the Newman-Keuls test was used to identify the group(s)
that were significantly different (19, 21). In addition, we performed
linear regression analysis of the data to determine if there was any
significant change in the variables during the neonatal period (19).

RESULTS

The blood gases and pH in systemic arterial blood were within
normal limits compared to measurements made in our laboratory
in unanesthetized, previously instrumented lambs of similar post-
natal age (10). Po, was 75 = 3 torr, Pco, was 40 £ 1 torr, and pH
was 7.41 = 0.01. Arterial blood hematocrit was 27 + 2%, and
hemoglobin concentrations were 9.0 + 0.8 g/dl. Systolic, diastolic,
and mean arterial blood pressures were 101 + 3, 66 + 2, and 79
+ 2 mm Hg, respectively, and heart rate was 214 + 3 beats/min.
These values were all in the normal range. The rate-pressure
product was 21772 + 1669 beats-mm Hg-min ' (8).

Blood flow to the free wall of the left ventricle in the newborn
was 201 + 21 pM.min '-100 g LV™' as comPared with our
previously obtained results of 156 = 11 ml-min""-100 g LV "in
the 120 day gestation lamb fetus and 82 + 8 ml-min~'-100g LV
in adult sheep (7). There was no change in the left ventricular
myocardial flow per 100 g of left ventricle during the 25 days after
birth, the period when we made observations.

Oxygen content was 4243 + 377 uM-1 ' in aortic blood and
1128 + 161 pM- 1" in the coronary sinus blood, and the arterio-
venous difference of oxygen across the myocardium was 3115 +
277 uM - 17" (Fig. 1). Oxygen consumption by the left ventricular
myocardium was 577 + 38 yM-min " 100 g LV "', and it did not
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Fig. 1. Arterial oxygen content, AV difference of oxygen across the left ventricular myocardium, and consumption of oxygen by the myocardium of
the left ventricular free wall in fetal ((J), newborn ([J), and adult (M) sheep. Mean + S.E. *, fetuses are significantly (P < 0.05) different from newborns.
+, fetuses are significantly different from adults; ¥, newborns are significantly different from adults. Fetal and adult sheep data are from Ref. 6.
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Fig. 2. Arterial glucose concentration, arteriovenous (AV) difference of glucose across the left ventricular myocardium, and consumption of glucose
by the myocardium of the left ventricular free wall in fetal (CJ), newborn (CJ) and adult sheep (H). Mean + S.E. *, fetuses significantly (P < 0.05)
different from newborns: 1, fetuses significantly different from adults; f, newborns significantly different from adults. Fetal and adult sheep data are

from Ref. 6.
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Fig. 3. Arterial lactate concentration, arteriovenous (AV) difference of lactate across the left ventricular myocardium, and consumption of lactate by
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the myocardium of the left ventricular free wall in fetal (C]), newborn ([J)

and adult sheep (M). Mean = S.E. *, fetuses are significantly (P < 0.05)

different from newborns; 1, fetuses significantly different from adults; £, newborns significantly different from adults. Fetal and adult data are from Ref.
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Fig. 4. Arterial pyruvate concentration, arteriovenous (AV) difference of pyruvate across the left ventricular myocardium, and consumption of
pyruvate by the myocardium of the left ventricular free wall in fetal ((J), newborn ([J), and adult sheep (H). Mean + S.E. *, fetuses are significantly (P
< 0.05) different from newborns. 1, fetuses are significantly different from adults. %, indicates newborns are significantly different from adults. Fetal and

adult sheep data are from Ref. 6.
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Fig. 5. Myocardial work expressed as the rate-pressure product (@)
compared with oxygen consumption (A) in sheep fetuses, newborns, and
adults. Fetal and adult data are from Ref. 6.

change during the postnatal period that we studied.

Glucose concentration was 4562 + 237 uM-17" in the arterial
blood and 4473 + 218 uM-1"" in the coronary sinus blood.
Arteriovenous difference of glucose was 89 + 40 uM -1 ', and left
ventricular myocardial glucose consumption was 18 + 9 uM.
min '-100 g LV (Fig. 2). Arterial and coronary sinus blood
lactate concentrations were 1096 + 79 and 1008 + 99 uM.1 ',
respectively, with an arteriovenous lactate difference of 88 + 38
pM.17" and a left ventricular myocardial lactate consumption of
20 = 9 uM-min~'-100 g LV™' (Fig. 3). Pyruvate concentration in
arterial blood was 102 + 10 uM- 1", and in the coronary sinus
blood it was 87 + 10 uM-.1"", with an arteriovenous pyruvate
difference of 15 + 5 uM-1 . Left ventricular mrocardial pyruvate
consumption was 3 + 1 pM-min '-100 g LV ™' (Fig. 4). None of
the above variables changed during the 25 days after birth when
the measurements were made.

The calculated substrate oxygen quotients were glucose, 0.17;
lactate, 0.08; and pyruvate, 0.01. These quotients also did not
change during the neonatal period.
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Fig. 6. Substrate/oxygen quotients for glucose (M), lactate (LJ), and
pyruvate (CJ) in fetal, newborn, and adult sheep. Fetal and adult sheep
data are from Ref. 6.

DISCUSSION

We have previously shown (7) that myocardial oxygen con-
sumption per 100 g of left ventricular free wall is similar in fetal
and adult sheep (Fig. 1). Cardiac work, as estimated by the rate-
pressure product (9), is also similar in the two groups (Fig. 5).
Consequently, although arterial blood perfusing the fetal myocar-
dium has a much lower Po; (21 to 24 torr) than in the adult, the
utilization of oxygen per gram of muscle by fetal and adult
myocardium should be similar (7). Oxygen consumption per 100
g of left ventricle is greater in the newborn than in fetal or adult
sheep (Fig. 1). Because cardiac work is also greater in newborns
(Fig. 5), these data demonstrate that over a wide range of arterial
blood Po; (21 to 89 torr), oxygen saturation (65 to 95%), and
oxygen content (2.5 to 6.5 mM), left ventricular myocardial oxygen
consumption is determined by the myocardial work load, not by
the availability of oxygen. Our results are consistent with data
obtained from isolated papillary muscles, isolated intact heart
preparations, and studies in adult humans and dogs in vivo (14).
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The increase in left ventricular myocardial oxygen consumption
after birth and subsequent decrease in the adult parallels the
changes in total body oxygen consumption and cardiac output
related to weight (10, 11). The postnatal rise in cardiac output can
be explained partly by the necessity for increasing tissue blood
flow to supply the increased oxygen requirement and partly by
the lower Py of fetal blood (11). The high levels of fetal hemoglo-
bin will have the effect of reducing the amount of oxygen extracted
from blood at the Po, levels present in arterial and venous blood
postnatally (11). The significantly lower arteriovenous oxygen
difference across the left ventricular myocardium in the newborn
lamb is probably related to the high levels of fetal hemoglobin
that are present. Thus, as in the newborn body generally, a
significantly higher blood flow per unit mass is required for
adequate myocardial oxygen supply.

Because they found a positive uptake of glucose, but not of
lactate or free fatty acids in 7- to 12-day-old open-chested puppies,
Breuer er al. (2) have suggested that glucose is the main energetic
fuel of heart muscle in the early postnatal period. Based on their
data (Table I1) the glucose/oxygen quotient during this period is
1.10. In contrast, our data demonstrate that the glucose/oxygen
quotient of previously instrumented 4- to 25-day-old sheep was
0.17; there was no difference in the animals studied during the
first 2 wk after birth. Consequently, although glucose is an im-
portant substrate for the myocardium of sheep, glucose is not the
main energetic fuel at anytime from 0.8 of gestation in the fetus
through adult life (Fig. 6). It is not possible to determine if the
two groups of data demonstrate species variation or occur because
of differences in experimental design.

It has been suggested (13, 15) that the fetal heart is more
dependent than the adult heart on energy supplied by glycolysis.
In our study groups, myocardial glucose consumption should
closely reflect the total myocardial glycolytic activity because in
the steady state there should be no change in myocardial glycogen
concentration. Because our data demonstrated a similar myocar-
dial glucose consumption in fetal, newborn, and adult sheep (Fig.
2), we believe that myocardial glycolytic activity is also similar
during these periods. In contrast, at least in sheep it appears that
the major change in myocardial energy metabolism at birth is a
shift away from a significant consumption of lactate.

Breuer et al. (2) have suggested that myocardial consumption
of glucose is higher in the newborn than in the adult dog because
arterial glucose concentration is higher in the puppy. However,
they measured only arteriovenous difference of oxygen and car-
bohydrates across the myocardium; because they did not measure
myocardial blood flow. they could not determine the actual myo-
cardial glucose consumption. Our measurements, which included
both arteriovenous difference and myocardial blood flow, show
that although arterial glucose concentration was higher in the
newborns (Fig. 2), there was no significant difference among the
myocardial glucose consumptions of fetal, newborn, and adult
sheep (Fig. 2).

We have shown previously that lactate. consumption could
contribute up to 60% of the substrate needed to meet total myo-
cardial energy demands in the 0.8 gestation fetal lamb but that
lactate was a relatively unimportant myocardial energy substrate
in adult sheep (7). Because we have shown that lactate is also a
small source for myocardial energy in newborn lambs as early as
4 days after birth, myocardial lactate consumption must decrease
either late during gestation or soon after birth. It is likely that
lactate ceases to be an important energy substrate for the fetal
myocardium after birth when a significant exogenous source of
lactate production for the fetus, the placenta (4), is abruptly
removed from the circulation.

Analysis of combined substrate/oxygen quotients (Fig. 6) for
glucose and lactate indicates that although nearly all of the fetal

Copyright © 1981 International Pediatric Research Foundation, Inc.
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myocardial energy demands could be met by complete oxidative
combustion of the amounts of glucose and lactate that are con-
sumed, no more than one-third of newborn or adult myocardial
energy demands could be met by utilization of these carbohy-
drates. Consequently, there must be a shift toward utilization of
other substrates after birth. Because free fatty acid mobilization
and utilization is closely related to survival of lambs after birth
(17) and free fatty acids are known to be the primary energy
substrate in adult humans and dogs (20), it is possible that free
fatty acids become a major source of myocardial energy soon after
birth. However, significant myocardial free fatty acid uptake was
not demonstrated in newborn dogs (3) or in newborn rats (18).
Thus the major myocardial energy substrate in newborn and adult
sheep remains to be identified.
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