0031-3998/87/2202-0168%02.00/0
PEDIATRIC RESEARCH
Copyright © 1987 International Pediatric Research Foundation, Inc.

Vol. 22, No. 2, 1987
Printed in U.S.A.

Effect of Insulin on the Distribution of Cardiac
Output in the Fetal Lamb

J. ROSS MILLEY

Division of Neonatology, Department of Pediatrics, Magee-Womens Hospital, University of Pittsburgh School of
Medicine, Pittsburgh, Pennsylvania 15213

ABSTRACT. Three to five measurements of fetal cardiac
output and its distribution were made using radiolabeled
microspheres in each of 12 sheep fetuses in whom fetal
plasma insulin concentration was varied by exogenous in-
fusion of insulin to the fetus. Blood concentrations of
oxygen and glucose as well as blood gases, pH, hematocrit,
and plasma insulin concentrations were also measured.
Both fetal arterial oxygen content and whole blood glucose
concentration fell as fetal insulin concentration rose. Fetal
cardiac output rose as insulin concentration increased and
was accompanied by an increase in fetal heart rate. In-
creased insulin concentration was associated with increased
flow to the heart, stomach, placenta, and carcass while
blood flow to the fetal brain, lungs, liver, kidneys, spleen,
and intestines was not affected. As plasma insulin concen-
tration rose, the percentage of the cardiac output distrib-
uted to the fetal heart and upper carcass increased; that
distributed to the fetal brain, lungs, liver, stomach, intes-
tines, and lower carcass remained unchanged; while that
distributed to the kidneys, spleen, and placenta decreased.
When expressed as a fraction of cardiac output, an addi-
tional 7% (from 39 to 46%) of the cardiac output was
distributed to carcass over the range of insulin concentra-
tions studied. Most of the increased portion of the fetal
cardiac output distributed to the fetal carcass during hy-
perinsulinemia was accounted for by a decrease in the
percentage of fetal cardiac output perfusing the placenta.
(Pediatr Res 22: 168-172, 1987)

Insulin has an important role in the regulation of near term
fetal growth and metabolism. During hyperinsulinemia in the
near term sheep fetus, metabolic rate rises without a correspond-
ing increase in oxygen delivery and, consequently, fetal arterial
oxygen content falls (1). Changes in arterial oxygen content have
been shown to have important effects on the distribution of
blood flow to the various fetal organs (2). Insulin itself has been
shown to have significant effects on both cardiac output and
regional blood flows in adult dogs (3). Also, the combination of
fetal hyperinsulinemia and hyperglycemia caused by maternal
glucose infusion causes a redistribution of fetal cardiac output
with decreased placental flow and increased flow to the fetal
carcass, heart, intestines, kidney, liver, and adrenals (4). Hyper-
insulinemic hypoglycemia has been shown to alter one regional
flow, the cerebral circulation, in the near term sheep fetus (5).
However, no single experiment has examined changes in cardiac
output and its distribution during direct fetal insulin infusion.
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This study, therefore, was designed to measure the effect of
changes of plasma insulin concentration induced by exogenous
infusion of insulin to the sheep fetus on the magnitude and
distribution of fetal cardiac output.

MATERIALS AND METHODS

Twelve ewes were used whose gestational age ranged from
115-123 days (mean = 120 days or 82% of term). All had
singleton pregnancies except one ewe who carried twin fetuses
one of which was used for the experiment. The ewe was anesthe-
tized with an epidural or spinal anesthetic (tetracaine hydrochlo-
ride, 1%), a midline incision was made in the ewe’s abdomen,
the pregnant uterus was exposed, and a hysterotomy performed
over the region of the fetal neck. After the fetal neck was
infiltrated locally with lidocaine hydrochloride (0.5%), an inci-
sion was made, and a catheter placed through one carotid artery
into the brachiocephalic artery. As this uterine incision was
closed, a catheter was placed in the amniotic sac. Through a
second uterine incision, two fetal aortic catheters were placed via
both hind limb arteries and a fetal inferior vena caval catheter
was placed via a hind limb vein. In some animals, an umbilical
venous catheter was placed for studies not included herein. The
hysterotomy and maternal abdominal incisions were then closed
and all catheters were tunnelled subcutaneously to the ewe’s
flank, where they were stored in a canvas pouch until needed.
The ewe was allowed free access to food and water for 5 days
after the operation. To accustom her to the experimental condi-
tions, she was placed daily in the cart used for the experiment.
Heparin (100 U/ml) was kept in the catheters to ensure patency.

Infusion. On the 5th postoperative day, an infusion was begun
at a rate of 1 ml/h into the fetal venous catheter using a
precalibrated pump (Model 341A, Sage Instruments, Cambridge,
MA). Each infusate contained either 0.9% saline or pork insulin
(U-100, Eli Lilly and Co., Indianapolis, IN) in 0.9% saline at a
randomly selected concentration (up to 120 mU/ml). It has
previously been shown that the insulin concentration of the
infusate remained constant over the course of the infusion (1).

Experiment. After 18 h of infusion, 30 ml of arterial blood
was drawn from the fetal descending aorta for the analysis of
oxygen content, blood glucose concentration, fetal blood gases,
pH, hematocrit, and plasma insulin concentration. Once blood
sampling was finished, 1 to 2 X 10° microspheres (15 u diameter;
labeled with scandium 46, chromium 51, strontium 85, niobium
95, iodine 125, or cerium 141) were injected over 20 s into the
fetal inferior vena cava to measure blood flows (6) to the various
organs. The technique used relied on a reference arterial flow
measurement (7). Reference samples of blood were drawn si-
multaneously from the fetal descending aorta and brachioce-
phalic artery at a rate of 4 ml/min, beginning 10 s before and
continuing for 60 s after the completion of the microsphere
injection. During the blood sampling and injection procedures,
fetal heart rate and arterial blood pressure were measured using
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Statham P23Db pressure transducers and recorded on a multi-
channel recorder (Model R611A, Beckman Instruments, Inc.
Palo Alto, CA). Pressure measurements were calibrated against
a standard mercury manometer and used intraamniotic pressure
(measured through the amniotic catheter) as a reference zero
pressure.

Six hours later a new insulin infusate concentration was se-
lected and used over the next 18-h infusion period. Three to five
different insulin concentrations were infused into each fetus and
a different microsphere injection was used to measure blood
flows after blood samples were taken at each insulin concentra-
tion. At the end of the experiment, the ewe was killed with a
rapid intravenous infusion of euthansia solution. The position
of all catheters was verified during the fetal autopsy. The fetus
was divided into its component organs and, after each organ was
weighed, was incinerated at 280° C for 48 to 72 h. The ashed
tissues were then packed into vials. The radioactivity in the
various fetal organs, the placenta, and the reference blood sam-
ples was measured in a well-type v scintillation counter (Model
1185R, Searle Analytical, Des Plaines, IL) equipped with a 1024-
channel pulse height analyzer (Ultima II, Norland Instruments,
Ft. Atkinson, WI). Separation of nuclide counts was performed
by computer (8). Both placenta and reference arterial blood
samples contained more than 1500 microspheres to ensure that
the error in blood flow measurement was less than 5% at the
95% confidence limits (9). In all, 19 infusions were completed
with an insulin concentration of 0, while 25 other infusions
ranged in concentration from 1.3 to 41.3 mU/kg/h based on the
weight of the fetus at autopsy.

Analyses. Arterial pH, pO,, and pCQO, were measured with a
pH/Blood Gas Analyzer (Model 168, Corning Medical, Med-
field, MA). Hematocrit was measured by the microhematocrit
method. Blood samples for measurement of O, content were
kept anaerobically at 0° C until analysis. The measurements were
made in duplicate on a Lex-O,-Con oxygen analyzer (Lexington
Instruments Corp., Waltham, MA). Whole blood glucose was
measured by a modified glucose oxidase method. Plasma insulin
concentrations were measured using a modification (10) of a
double antibody separation technique (11) standardized against
ovine insulin (provided by Dr. M. A. Root, Eli Lilly Laboratories,
Indianapolis, IN).

Calculations. Organ blood flow was calculated as:

Qurg — [Cpmarg,/cpmref] X Qrel‘

where cpm,,, was the radioactive cpm in a given organ, CpMgr
was the radioactive cpm in the reference brachiocephalic arterial
or aortic blood sample, and Q.r was the reference blood flow
(reference syringe withdrawal rate). The brachiocephalic ‘artery
reference was used for the calculation of flow to the brain, heart,
lungs, and the fetal carcass above the seventh intercostal space.
The descending aortic reference catheter was used to calculate
blood flows to the liver (hepatic arterial circulation only), other
abdominal organs, placenta, and the fetal carcass below the
seventh intercostal space. The fetal cardiac output was the sum
of the organ blood flows.

To reduce interanimal variability and to present the data in
the most conventional form, the data were normalized to the
fetal weight measured at the end of the experiment. Any bias
that might have been introduced because of increases in organ
or fetal weight would be related to advancing fetal age and,
therefore, to the duration of the experiment. Since this experi-
ment was designed to eliminate these latter sources of possible
bias, variation due to advancing gestational age (or fetal weight)
would not affect the variation we have attributed to the effects
of fetal plasma insulin concentration.

Statistics. Relationships that contained the duration of the
experiment as the independent variable were defined by analysis
of covariance. Since changes in fetal hematocrit affect fetal blood
flow (12) and might obscure the effects of changes in insulin
concentration, multiple regression covariance analysis (13) was
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used with both insulin concentration and hematocrit as inde-
pendent variables to define which independent variable was
responsible for the changes measured in the dependent variables
(1). The null hypothesis that the regression coefficient was zero
(i.e. there was no relation between insulin concentration and a
given dependent variable) was disproved by testing against the ¢
distribution. Since the relation to insulin concentration of the
dependent variables measured in this study was sometimes ob-
scured by variations between animals or as a result of changes in
hematocrit, the data points presented in the accompanying fig-
ures have all been corrected, as previously described (1), to the
mean experimental hematocrit and the portion of the variation
due to interanimal variability has been subtracted from each
data point. All results are expressed as the mean +SEM.

RESULTS

A total of 44 studies was completed in 12 animals. Fetal pH
and arterial blood gases were within normal limits during all of
the experiments and did not change as the experiment pro-
gressed. Fetal hematocrit, which was initially normal at 32.2 +
1.5%, fell, due to blood sampling, by 1.3 + 0.3% each day that
the experiment progressed so that in the animals studied on 5
consecutive days, the day 5 hematocrit was 27.3 + 3.9%. Because
insulin infusion rates were varied so that lower insulin concen-
trations occurred predominately on study days 1, 3, and 5 while
higher concentrations occurred on days 2, 3, and 4, the experi-
ment was balanced so that neither the concentration of insulin
in the infusate nor the fetal plasma insulin concentration was
related to the duration of the experiment. Consequently, neither
variable was related to hematocrit. Fetal plasma insulin concen-
trations ranged from 0.3 to 60.8 xU/m! during this experiment.

During the control infusions (19 infusions containing no in-
sulin), the mean fetal plasma insulin concentration was 4.9 +
1.0 uU/ml and the arterial concentrations of both oxygen (2.45
+ 0.11 mM) and glucose (0.947 = 0.051 mM) were normal. As
insulin concentration rose, fetal arterial concentrations of both
these substances fell. Specifically, fetal arterial oxygen content
fell by 0.0045 + 0.0021 mmol/liter (n = 43, p = 0.039) for each
wU/ml fall of fetal insulin concentration while fetal arterial blood
glucose concentration fell by 0.0099 + 0.0010 mmol/liter (n =
38, p < 0.0001) for each U/ml fall of insulin concentration.

During control infusions fetal cardiac output was 484 =+ 18
ml/kg/min. Figure 14 shows that cardiac output rose as insulin
concentration increased. Fetal heart rate, which was 177 + 4
beats/min when the infusate contained no insulin, also rose (Fig.
1.B) as insulin concentration rose. There was no effect of insulin
concentration of fetal blood pressure. The mean blood pressure
during all 44 infusions was 48 + | mm Hg.

Fetal organ blood flows are shown in Table 1. A rise in insulin
concentration was associated with increased flow to the heart,
stomach, placenta (umbilical circulation), and carcass (both up-
per and lower body). There was no relationship between fetal
plasma insulin concentration and blood flow to the brain, lungs,
liver (via the hepatic artery), right kidney, left kidney, spleen,
and intestines. Since blood flow increased to both upper and
lower carcass as insulin concentration rose, flow to the entire
carcass (Fig. 24) increased as well.

Fetal organ blood flows are shown as a percentage of cardiac
output in Table 2. The percentage of the cardiac output distrib-
uted to the heart and upper carcass increased as plasma insulin
concentration rose. There was no relationship between plasma
insulin concentration and the percentage of cardiac output to
the fetal brain, lungs, liver (via hepatic artery), stomach, intes-
tines, or lower carcass. The right and left kidneys, spleen, and
placenta (via the umbilical circulation) received a smaller pro-
portion of the fetal cardiac output as insulin concentration rose.
Although the lower carcass did not receive an increasing propor-
tion of cardiac output as insulin concentration rose, the relation
approached significance. Consequently, there was a significant
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increase in the proportion of total cardiac output to the entire
fetal carcass related to fetal plasma insulin concentration (Fig.
2B).

DISCUSSION

This experiment showed increased blood flow to fetal carcass,
heart, stomach, and placenta during exogenously induced fetal
hyperinsulinemia. Fetal cardiac output also increased with a
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Fig. 1. Fetal cardiac output and heart rate as a function of fetal
plasma insulin concentration. The data points have been corrected as
described in “Materials and Methods.” A, fetal cardiac output = 2.79
(insulin concentration) + 501; SE slope = 0.57; n = 44; p < 0.0001. B,
fetal heart rate = .35 (insulin concentration) + 179; SE slope = 0.13; n
=43; p = 0.0093.
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greater fraction distributed to fetal carcass and heart and a lesser
fraction distributed to the placenta. Before further discussion,
however, several issues related to experimental design need to be
addressed. First, insulin infusion rates which resulted in plasma
insulin concentrations less than 100 wU/ml were used. This
range was chosen because it is the range of endogenous plasma
insulin concentrations that occur when the ovine fetal pancreas
is stimulated by fetal glucose infusion (14). Second, because fetal
blood was sampled during the experiment, an unavoidable fall
in fetal hematocrit occurred. So that this fall in hematocrit would
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Fig. 2. The relation of carcass blood flow to fetal plasma insulin
concentration. The data points shown have been corrected as described
in methods. A, carcass blood flow — ml/min/100 g tissue = 0.244 (insulin
concentration) + 26; SE slope = 0.040; n = 44; p < 0.0001. B, carcass
blood flow — percent of cardiac output = 0.120 (insulin concentration)
+ 38; SE slope = 0.037; n = 44; p = 0.0023.

Table 1. Relationships of fetal organ blood flows to fetal plasma insulin concentration

Relationship Organ blood flow
during saline infusion
Organ blood flow = intercept* + slope [Ins] n=19
(ml/min/100 g) (rU/ml) SE slope p (ml/min/100 g)
Heart = 207 + 2.78 ([Ins]) 0.58 <0.0001 189 = 14
Brain = 157 + 0.57 ([Ins]) 0.33 0.090 149 £ 10
Lung = 129 - 0.18 ([Ins]) 0.99 0.86 78 £ 11
Upper carcass = 26 + 0.29 ([Ins]) 0.05 <0.0001 26+1
Stomach = 57 + 0.38 ([Ins]) 0.12 0.0027 56 £4
Intestine = 160 + 0.53 ([Ins]) 0.29 0.077 152+ 8
Liver = 13 + 0.03 ([Ins]) 0.08 0.70 13+3
Right kidney = 201 + 0.44 ([Ins)) 0.43 0.31 196 £ 13
Left kidney = 204 + 0.22 ([Ins]) 0.38 0.56 197 £ 13
Spleen = 397 - 0.37 ([Ins]) 1.06 0.73 364 £ 40
Lower carcass = 26 + 0.20 ([Ins]) 0.04 <0.0001 261
Placenta = 232 + 0.70 ([Ins]) 0.28 0.018 212 + 34

* The intercept was calculated from the mean blood flow, insulin concentration, and hematocrit for each relationship.
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Table 2. Relationship of fetal cardiac output distribution to fetal plasma insulin concentration
Relationship Organ blood flow
during saline infusion
Organ blood flow = intercept* + slope % [Ins] n=19
(% cardiac output) (nU/ml) SE slope p (% cardiac output}
Heart = 3.09 + 0.0184 ([Ins]) 0.0066 0.0078 291 +0.22
Brain = 4.76 - 0.0093 ([Ins]) 0.0078 0.24 4.62 +0.26
Lung = 6.96 = 0.017 ([Ins]) 0.0037 0.65 5.25 £ 0.66
Upper carcass = 19.32 + 0.086 ([Ins]) 0.026 0.0023 19.96 £ 0.97
Stomach = 1.01 - 0.0006 ([Ins]) 0.0015 0.72 0.98 +0.06
Intestine = 4.82 - 0.0128 ([Ins]) 0.0068 0.067 4.75 +£0.36
Liver = 0.81 - 0.0015 ([Ins]) 0.0045 0.74 0.77 £ 0.11
Right kidney = 1.21 - 0.0044 ([Ins]) 0.0018 0.020 1.20 £ 0.07
Left kidney = 1.23 - 0.0050 ([Ins]) 0.0016 0.0036 1.22 £ 0.07
Spleen = 1.64 - 0.0074 ({Ins]) 0.0035 0.043 1.59 £0.16
Lower carcass = 18.82 + 0.0034 ([Ins]) 0018 0.073 19.09 + 0.50
Placenta = 36.37 - 0.083 ([Ins]) 0.036 0.024 37.61 £ 1.42

*The intercept was calculated from the mean percentage of cardiac output, insulin concentration, and hematocrit for each relationship.

not bias the results, the experiment was designed so that neither
the duration of the experiment nor hematocrit were related to
plasma insulin concentrations. Third, the effects of insulin on
fetal metabolism caused the arterial concentration of both oxygen
and glucose to fall. In other studies of fetal hyperinsulinemia,
the blood concentrations of other metabolic substrates such as
lactate and amino-nitrogen also fall (1) and the plasma concen-
trations of hormones such as growth hormone and ACTH in-
crease (15). Changes in variables such as these are generally
unavoidable covariates with changes in insulin concentration
during in vivo experiments.

Blood flow to fetal carcass, which includes muscle, bone,
connective tissues, fat, and skin, increased as insulin concentra-
tion rose. This increase occurred whether the tissues were sup-
plied from the ascending or descending aorta. The increase in
tissue blood flow expected over the 60 pU/ml range of insulin
concentrations studied in this experiment was 14.6 ml/100 g/
min or an increase in carcass blood flow to 156% of control.
When expressed as a fraction of cardiac output, an additional
7% (from 39 to 46%) of the cardiac output would be distributed
to carcass over the range of insulin concentrations studied.
Increased carcass blood flow has not been reported in response
to other disturbances of fetal homeostasis which increase sym-
pathetic stimulation (16-18) suggesting that the effects of fetal
hyperinsulinemia on carcass blood flow may be independent of
sympathetic stimulation. Under other conditions, muscle blood
flow, one component of carcass, is tightly coupled to tissue
metabolic rate (19). Preliminary evidence suggests that insulin
increases the metabolic rate of fetal carcass tissues (20). There-
fore, it is tempting to postulate that increased fetal carcass blood
flow during hyperinsulinemia occurs because blood flow is cou-
pled to increased carcass metabolic rate.

During infusions of normal saline into the fetus, fetal cardiac
output was normal (2, 12, 16, 17). As plasma insulin concentra-
tion increased, fetal cardiac output rose by 167 ml/kg/min (to
134% of control) over the 60 pU/ml range of insulin concentra-
tions found in the present experiment. Such an increase in
cardiac output would be expected as peripheral resistance de-
creases (i.e. carcass blood flow increases at constant blood pres-
sure) and the effects of insulin in cardiac output would therefore
be due to the effects of insulin on carcass blood flow. An
alternative explanation is suggested by studies in adult dogs which
have shown that increases in cardiac output associated with
insulin infusion may be mediated by catecholamines (3, 21).
However, in contrast to postnatal life, neither direct infusion of
catecholamines (17) nor agents that block their action (18) alter
cardiac output in the ovine fetus. Therefore, the effects of in-
creased catecholamine concentrations on fetal cardiac output
differ from those of increased insulin concentration, and it is

unlikely that the effects of insulin on fetal cardiac output are
consequent to effects on catecholamine concentrations.

Fetal heart rate increased as a function of insulin concentration
so that, over a 60 pU/ml range of insulin concentrations, heart
rate would be expected to rise by 21 beats/min to 112% of
control measurements. Fetal blood pressure, which was normal
during the experiments, was not related to plasma insulin con-
centration. At least part, if not all, of the increase in cardiac
output was probably due to the increase noted in fetal heart rate.
When fetal hyperinsulinemia is secondary to maternal glucose
infusion, fetal heart rate has been reported to decrease rather
than increase (4). However, not only fetal hyperglycemia but also
fetal acidosis and lactate accumulation occurred during this latter
experiment and these variables may have had independent effects
on fetal heart rate.

Myocardial blood flow, expressed either in terms of tissue flow
or as a percentage of cardiac output, increased as insulin concen-
tration rose. A similar finding (4) during fetal hyperinsulinism
caused by maternal glucose infusion and associated with fetal
hyperglycemia suggests that this effect of insulin is independent
of fetal glucose concentration. This increase in blood flow occurs
when cardiac work (i.e. cardiac output), and presumably myo-
cardial metabolic needs, are increasing. Further experiments will
be needed to show if the increase in myocardial blood flow found
in these hyperinsulinemic fetuses is mediated by cardiac 8 adre-
nergic stimulation, increased cardiac metabolic needs during
increased work, or some other type of vasomotor regulation.

Blood flow to the placenta through the umbilical circulation
increased as a function of fetal insulin concentration. Decreased
(4, 22) and unchanged umbilical flows (23, 24) have also been
reported in relation to fetal insulin concentrations. However,
during these other experiments, the effects of hematocrit and the
order in which flow measurements were made were not con-
trolled and may have biased the findings. Umbilical blood flow
to the placenta decreased as insulin concentration increased when
expressed as a proportion of the cardiac output rather than as
flow per unit tissue weight. Over the range of insulin concentra-
tions studied, the regression equation would predict a 5% fall in
the portion of the fetal cardiac output perfusing the placenta.
This fall in placental perfusion by the fetus accounts for most of
the predicted 7% increase in cardiac output distributed to carcass
over the same range of insulin concentrations.

The percentage of cardiac output distributed to several other
organs, specifically spleen and kidneys (and possibly also the
intestines, although this latter effect did not reach significance)
fell as insulin concentration increased. Cerebral blood flow,
however, appeared unaffected by fetal hyperinsulinemia whether,
as in this experiment, exogenously produced, or as previously
reported (4), induced endogenously. Because cerebral blood flow
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is tightly coupled to cerebral metabolic rate (25), this lack of
change in cerebral blood flow suggests, although direct measure-
ments are lacking, an independence of cerebral metabolic rate
and fetal insulin concentration. In contrast, Richardson erf al. (5)
report decreased cerebral blood flow and decreased cerebral
metabolic rate during exogenous hyperinsulinemia in fetal lambs.
Their studies were done at much higher insulin infusion rates
and more acutely (2-4 h of infusion) than the present experi-
ments, however, and thus are not directly comparable.

In summary, fetal hyperinsulinemia alters the magnitude and
distribution of fetal cardiac output. Carcass comprises a sufficient
portion of the fetal cardiac output so that the increased need for
blood flow to these tissues explains the need for increased cardiac
output. The need for increased cardiac output is met by increas-
ing fetal heart rate. Because placental perfusion does not increase
as rapidly as the perfusion of the carcass, the placental receives
a smaller proportion of the fetal cardiac output.
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