Pediatr. Res. 15: 349-356 (1981)

development
inotropic state

myocardium
ventricle

Maturational Changes in Myocardial Contractile
State of Newborn Lambs

THOMAS A. RIEMENSCHNEIDER,” ROBERT A. BRENNER, and DEAN T. MASON

Sections of Cardiovascular Pediatrics and Cardiovascular Medicine, Departments of Pediatrics, Medicine, and
Physiology, University of California, Davis, School of Medicine, Davis, California, and University of California Davis
Medical Center, Sacramento, California, USA

Summary

There have been no investigations of chronologic changes in
postnatal contractile state of both left and right ventricles of the
newborn. Thus, we determined isovolumetric indices of contractil-
ity in 32 acutely instrumented newborn lambs (1 day to 12 wk;
three exteriorized near term fetuses, and four adult sheep. These
studies demonstrated a marked increase in inotropic properties of
both ventricles which was especially pronounced during the first 3
days of extrauterine life (group 1, left ventricle V. 3.2 = 0.27
and Vcgo 3.2 £ 0.28 ML (muscle lengths)/sec; right ventricle
Vmax 2.1 £ 0.2 and Vcg10 2.2 £ 0.13 ML/sec); and was associated
with elevated cardiac output (428 * 52 cc/kg/min), largely result-
ing from an elevated stroke volume (2.1 + 0.31 cc/kg). During
subsequent postnatal maturation, contractility indices of both
ventricles gradually declined to values intermediate between new-
born and adult [(group IV, 22 to 84 days) — left ventricle Vmax
1.78 £ 0.13 and Vcg1o 1.79 £ 0.15 ML/sec; right ventricle Vo,ax
1.48 = 0.07 and Vceio 1.31 £ 0.3 ML/sec|; associated with a
corresponding decline in cardiac output (group 1V, 136 *+ 38 cc/
kg/min), related in large measure to a decline in stroke volume
(0.76 = 0.13 cc/kg). Simulation of birth in exteriorized fetuses was
associated with a sudden increase in contractile indices for both
left (Vmax 2.1 £ .2 — 3.0 = 3 and Vcgpo 2.1 £ 02 — 3.1 £ 03
ML/sec) and right (Vyax 2.0 £ 0.2 — 2.5 = 0.2 and Vcgio 1.9 £
0.1 - 2.5 + 0.2 ML/sec) ventricles. We conclude that there is a
postnatal elevation of ventricular contractile state which contrib-
utes to successful postnatal adaptation of the newborn cardiovas-
cular system.

Speculation

The increased metabolic demands associated with adaptation to
extrauterine life are met by an increased cardiac output in the
newborn. The necessary cardiac output may be accomplished in
part through an elevation of myocardial contractile state, induced
by postnatal increases in circulating hormones.

There have been few chronologic studies of the hemodynamic
adaptations of the intact newborn heart to extrauterine life (1, 17).
The newborn heart has been shown to be structurally and func-
tionally immature (7, 13, 26). Despite this immaturity, hemody-
namic alterations associated with the birth process result in a
sudden persisting elevation in cardiac output in the first week of
postnatal life (1, 17). Thus, the immature newborn heart must
abruptly adapt to meet the increased hemodynamic demands
placed upon it following birth. One mechanism by which this
adaptation may be accomplished is through an increase in ven-
tricular contractility. The purpose of this investigation was to
examine maturational changes in both left and right ventricular
contractile state from birth through the first 3 months of extrau-
terine life and to relate these alterations to postnatal changes in
cardiac output. Our findings document an important myocardial
adaptation of the newborn cardiovascular system to meet the
increased metabolic requirements during early extrauterine life.

MATERIALS AND METHODS

Thirty-two healthy lambs (ages 2 hr to 12 wk) were anesthetized
with 40 to 60 mm/kg of alpha chloralose IV, intubated, and placed
on a Harvard respirator. A stiff polyethylene catheter was intro-
duced into the femoral artery and advanced into the descending
thoracic aorta. The catheter was connected to a Statham P-23Db
transducer (precalibrated against a mercury manometer) for con-
tinuous measurement of aortic pressure and was also utilized for
sequential determinations of arterial blood gases.

A left thoracotomy was performed with removal of the fourth,
fifth, and sixth ribs. The pericardial sac was opened from the apex
of the heart diagonally to the great vessels, which were dissected
free of surrounding fat and connective tissue. The ductus arteriosus
was identified, dissected free, and ligated in each animal. High-
fidelity Konigsberg P-13 microtransducers were introduced
through stab wounds into the apices of both the right and left
ventricles and stabilized with purse-string sutures. A stiff fluid-
filled polyethylene catheter was introduced into the proximal main
pulmonary artery and connected to a precalibrated P-23Db Sta-
tham transducer. The Konigsberg microtransducers were cali-
brated in vivo by matching their output signal to the pressure
tracing obtained by the corresponding fluid-filled catheter. Ap-
propriate sized, precalibrated Biotronex flow probes were placed
around the base of each great vessel. Electrocardiographic leads
were placed on the torso.

Meticulous care was taken with each step in the protocol to
preserve blood flow and ventilatory function, avoid blood loss,
and maintain tissue oxygenation. The application of carefully
developed surgical techniques to instrument the animals resulted
in only minimal blood losses which were immediately replaced cc
for cc with saline warmed to body temperature. Throughout the
procedure, the lungs were frequently bathed in warmed saline and
re-expanded periodically to ensure adequate ventilation. Arterial
blood gases were monitored every 15 to 30 min and remained
within the following limits during the experimental protocol: pH,
7.35 1o 7.45; Po,, 60 to 90 mm Hg; and Pcog, 25 to 40 mm Hg.

To evaluate the possible effects of acute alterations in hemo-
dynamic parameters on indices of contractile state, we performed
acute volume and pressure loading as well as inotropic stimulation
of left and right ventricles in two lambs of each age group (Fig. 1).
End-diastolic pressures and volumes were increased by infusion
of warmed saline (30 cc/kg/2 min) into the left or right atrium.
Aortic and pulmonary artery pressures were increased by progres-
sively snaring the distal ascending aorta or main pulmonary artery.
Responsiveness of contractile indices to change in inotropic state
was evaluated by administering isoproterenol (0.05 p/kg/min IV).

Four adult sheep (ages 1 to 3 years) were anesthetized with 80
mg/kg IV of alpha chloralose, intubated, and placed on a Harvard
respirator. We then performed thoracotomy, pericardiotomy, and
placement of fluid-filled catheters into the great vessels, and
Konigsberg microtransducers in both left and right ventricles. Left
and right ventricular pressures and their first derivatives, as well
as pulmonary artery and aortic pressures, together with the elec-
trocardiographic signal were recorded under resting conditions,
permitting the determination of isovolumic indices.
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EFFECT OF HEMODYNAMIC VARIABLES ON CONTRACTILE INDICES
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Fig. 1. Effect of hemodynamic variables on contractile indices.

Top, effect of acutely increasing aortic diastolic pressure on left ventric-
ular V.« (left) and acutely increasing pulmonary artery diastolic pressure
on right ventricular Ve (right). Lack of change of left and right ventricular
Vmax in response to acute increases in afterload for two newborn lambs of
each age group (1 to IV).

Middle, effect of acutely increasing end-diastolic pressure on left (left)
and right (right) ventricular V... Lack of change of left and right
ventricular V.., in response to acute responses in pretoad for two newborn
lambs of each age group (I to 1V).

Bottom, effect of acute inotropic stimulation on V... Marked increase
in both left (/eft) and right (right) ventricular V., in response to infusion
of 0.05 ug/kg of isoproterenol 1V. Calculated values for Vg0 showed
similar patterns of response to changes in loading conditions and inotropic
state. ML/sec, muscle lengths/sec; mm Hg, mm of mercury.

In a separate series of experiments, three near-term ewes were
anesthetized with 80 mg/kg of IV of alpha chloralose. After
infiltration with 1% lidocaine local anesthesia, a midline lower
abdominal incision was made, the uterus was marsupialized to the
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abdominal incision, and the fetus was exteriorized onto an adja-
cent heated tray. The umbilical cord was suspended in a constant
temperature waterbath containing saline at body temperature.

Each fetus was immediately dried and placed on its side, and
both mouth and nose were covered with a saline-filled rubber
glove to prevent respiration. Rectal temperature was monitored
and maintained within the physiologic range (38 to 40°C), by
means of a heating pad. A left thoracotomy was rapidly performed
with removal of the fourth and fifth ribs. The pericardial sac was
opened, and Konigsberg microtransducers were placed in both
ventricles; fluid-filled catheters were positioned in the aorta and
pulmonary artery, and peripheral electrocardiographic leads were
attached. Left and right ventricular pressures and derivatives,
aortic and pulmonary artery pressures, the electrocardiographic
signal, arterial blood gases, and rectal temperature were monitored
for 15 min after instrumentation to determine stability of the
preparation. The saline-filled glove was then removed, the trachea
was intubated and suctioned, and the lamb placed on a respirator.
Simultaneously the umbilical cord was clamped and hemody-
namic recordings were made immediately and at frequent intervals
for the next 60 min.

In all experiments on fetuses, newborn lambs, and adult sheep,
pressure signals from Konigsberg microtransducers were processed
by Honeywell Accudata No. 143 pressure amplifiers and by
Honeywell No. 135 differentiators to provide continuous deter-
mination of instanteous dp/dt. Aortic and pulmonary artery pres-
sure signals from Statham p23db transducers were processed by
Honeywell No. 113 pressure amplifiers. Flow signals in newborn
lambs were processed by Biotronex No. 613 flow meters, and
Biotronex No. 620 integrators to provide beat-by-beat determi-
nation of stroke volume.

Hemodynamic variables were visualized on an eight-channel
Honeywell oscilloscope and recorded on an 18-channel Honeywell
No. 1912 Visicorder at a paper speed of 20 cm/sec. For each
ventricle, we recorded ventricular and arterial pressures, the first
derivatives of ventricular pressure, phasic flow, and integral of
flow (stroke volume), and the peripheral EKG signal. From a
stable noise-free portion of the tracing, we analyzed six consecutive
beats measuring: heart rate, aortic and pulmonary artery pressures,
and ventricular end-diastolic pressures.

In addition, we measured instantaneous dp/dt and correspond-
ing ventricular pressure every 5 msec throughout isovolumic sys-
tole for both left and right ventricles.

From these measurements, we determined two isovolumetric
indices of contractile state. Because the exact model for cardiac
contraction is not precisely known, we determined V.. an index
based upon a two-element muscle model, and Vceuw, an index
which is based upon a three-element model. The maximal velocity
of muscle shortening at zero load (Vmax) was determined from
pressure-velocity curves obtained by comparing total isovolumic
pressure (IP) to calculated instantaneous velocity of contractile
element shortening (Vck) every 5 msec during isovolumic systole.
The velocity of contractile element shortening was calculated from
instantaneous dp/dt and its corresponding total isovolumic pres-
sure according to the formula Vi = (dp/dt)/IP-(K + ¢) with K
and c representing constants of series elasticity. Because ¢ is
exceedingly small, it was eliminated from the calculations, as
others have done by custom (20). Further, because K has not been
determined for newborn lamb myocardium, we utilized a value of
32/muscle length, which had been previously determined in adult
animals at normal body temperature (31). Thus, instantaneous
Vg values were actually calculated from the formula Vg = (dp/
dt)/(IP-32) and plotted against total isovolumic pressure. Extrap-
olation of the descending limb of the resulting pressure velocity
curve to zero pressure permitted us to determine the inotropic
index of unloaded contractile element shortening (Vma). By uti-
lizing a straight line to join the points on the descending limb, we
minimized errors inherent in extrapolation to a distant point (20).

The second index of contractile state, Vg, accounts for a
parallel elastic element by substituting ventricular developed pres-
sure (DP) (DP = total isovolumic pressure minus end-diastolic
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pressure) for total pressure in the calculation of velocity of con-
tractile element shortening, Ver = (dp/dt)/(DP-32) (29, 31). The
resulting developed pressure-velocity curve assumes a parabolic
configuration, the upper portion approaching zero pressure
asymptotically. For this reason, the index of contractile state,
Vcrn has, by convention, been taken as the point at which this
curve is related to 10 mm Hg. Thus, the determination of Vcgio
requires no extrapolation and also allows determination of a
descending limb of the pressure-velocity curve in ventricles with
very low isovolumic pressure (29).

To facilitate data analysis, eight newborn lambs were included
in each of four groups: Gp I (1 to 3 days), Gp Il (4 to 9 days), Gp
IIT (10 to 21 days), and Gp IV (22 to 84 days). Data from the four
adult sheep (1 to 3 years) were considered as a group. Finally,
data from three exteriorized fetuses were examined separately.
The Student ¢ test for unpaired data was utilized to compare
corresponding results from newborns (Gps I to IV). A P value of
=0.05 was considered statistically significant.

RESULTS

Body weights of the newborn lambs increased progressively
with age: Gp 1,3.7 £ 035 kg: GpIL, 5.2 = 1.1 kg: Gp 11, 7.25 +
1.8 kg; and group IV, 14.1 + 3.3 kg. Stability of the experimental
preparations was documented by monitoring of rectal tempera-
tures (Gp I, 39 + 1.5°C, Gp II, 39 + 1.2°C; Gp III, 39 + 1.2°C;
and Gp 1V, 39 + 0.8°C) and arterial blood gases (Gp L, pH = 7.39
+ 0.1, Po, = 70 + 12 mm Hg, Pco; = 28 + 3.6 mm Hg; Gp 11, pH
=7.36 + 0.12, PO, = 74 = 9 mm Hg, Pco, = 30 + 4.0 mm Hg; Gp
I, pH = 7.40, Po, = 86 + 17 mm Hg, Pco; = 30 + 5.0 mm Hg;
GpIV,pH =739 £ 0.1, Po, = 83 £ 12 mm Hg, Pco, =35+ 4.0
mm Hg).

Mean values for hemodynamic parameters of each of the older
age groups (II, III, and 1V) were compared with those of the
youngest lambs (Gp I, ages | to 3 days) (Table I). Heart rate
decreased progressively with increasing age, although a statisti-
cally significant decrease was achieved only in the oldest lambs
(Gp IV). Mean aortic pressure was similar in younger lambs (Gps
I to III) but significantly higher in older lambs (Gp IV). In
contrast, mean pulmonary artery pressure was progressively lower
in Gps II, II1, and IV as compared with the newborn values of Gp
I. End-diastolic pressures of left and right ventricles did not change
significantly with maturation. Peak dp/dt was highest at birth for
both left and right ventricles and diminished significantly for left
(Gps 1L, 111, and IV) and right ventricles (Gps 11l and 1V) in older
lambs. Although absolute lefi ventricular stroke volume increased
significantly with maturation (Gps Il and IV), both stroke vol-
ume/kg and cardiac output/kg were elevated in the newborn (Gp
1) and significantly lower in older lambs (Gps II, 11, and IV).

Calculated isovolumetric indices of contractile state (Vmax and
Verio) were elevated in the first 3 days of postnatal life for both
left and right ventricles (Table 1). Similar temporal patterns of
change for both ventricles were demonstrated with maturation.
When compared with values obtained in the immediate newborn
period (Gp I), there was a progressive decline in calculated indices
for both left and right ventricles of older lambs (Gps II, III, and
1V), which was statistically significant. These changes in contrac-
tile indices were paralleled by a maturational decline in both
stroke volume (cc/kg) and cardiac output (cc/kg/min) (Table I).

Compared to the adult sheep, newborn lambs (Gps I to 1V)
demonstrated faster heart rates, lower aortic and higher pulmo-
nary artery pressures, higher left and right ventricular peak dp/dt,
and similar end-diastolic pressures (Table 1). Calculated indices
of contractile state were greater for both left and right ventricles
of all newborn lambs compared with corresponding adult values.

Acute elevations in aortic pressure did not change left or right
ventricular V. or Vego in two lambs from each age group (Fig.
1). When ventricular end-diastolic pressure and volume were
acutely increased by infusion of warmed saline, there was no
change in either index of contractile state for either ventricle.
Within the limits defined by these acute interventions, contractile
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indices were not altered by acute elevations in preload or afterload
over a range which exceeded the experimental conditions of our
protocol. When inotropic state was stimulated by infusion of
isoproterenol, left and right ventricular V. and Vegio increased
immediately in all lambs.

After instrumentation of the exteriorized fetuses, no significant
changes in hemodynamic parameters or indices of contractile state
were noted on two consecutive determinations separated by a 15-
min interval (Table 2). After cord clamping and ventilation, heart
rate increased significantly, but returned to initial values by 40
min after this intervention. Mean aortic pressure increased im-
mediately after simulation of birth and then stabilized, whereas
mean pulmonary artery pressure underwent a significant progres-
sive decline. Left and right ventricular end-diastolic pressures and
peak dp/dt increased after cord clamping and ventilation. Both
contractile indices for both ventricles abruptly increased with cord
clamping and ventilation and remained elevated for the duration
of the experimental protocol.

DISCUSSION

Although others have concentrated only on the left ventricle (1,
17), our study is the first to present chronologic postnatal data on
both left and right ventricles in the newborn lamb. Previous
determinations of the cardiac output in near term fetuses have
revealed that flow through the left ventricle is approximately 170
cc/kg/min, whereas that of the right ventricle is approximately
300 cc/kg/min (12). Comparison of our data (Table 1) and that of
others (1, 3, 17) with these values suggests that the newborn left
ventricle must more than double its output, whereas the right
ventricle increases its flow by at least one-third at birth. This
additional blood flow may be required to meet the increased tissue
oxygen demands of the newborn which are reflected by a two- to
three-fold increase in postnatal oxygen consumption (3). However,
anatomic (7, 14), biochemical (24), and hemodynamic investiga-
tions (4, 7, 16, 17, 20, 27) demonstrate that the newborn myocar-
dium is immature and has a limited intrinsic ability to increase
cardiac output. Thus, it is likely that some extracardiac mechanism
enables the immature newborn heart to suddenly adapt to the
increased demands of extrauterine life.

To assess one mechanism by which the immature newborn
ventricles might achieve and maintain elevated cardic output after
birth, we examined left and right ventricular inotropic state by
determining pressure-velocity relationships during isovolumic sys-
tole. The indices which we calculated have been shown to be
highly sensitive to alterations in inotropic state (19, 28, 30).
Nevertheless, theoretical objections have been raised to their use
(22), and some investigators have shown that under certain cir-
cumstances these indices may be affected by acute changes in
loading conditions (22, 33). In contrast, others have found these
indices to be stable during acute changes in preload or afterload
(11, 20, 29, 31). Thus, it was necessary for us to show that these
indices reflected changes in ventricular contractility and in turn
were unresponsive to alterations in preload and/or afterload in
our experimental preparation and under the conditions of our
protocol.

Therefore, we examined the effects of changing hemodynamics
on contractile indices by acutely altering preload, afterload, and
inotropic state in lambs of each age group (Fig. 1). These inter-
ventions demonstrated that, in our preparation and under the
conditions of our protocol, Vma., and Vckio were sensitive to
alterations in inotropic state, but were not influenced by acute
changes in preload or afterload, which exceeded in magnitude the
maturational changes we encountered in our lambs. Independence
of these indices from loading conditions was further supported by
the sustained elevations in postnatal Vmua and Verie of both
ventricles, despite the fact that afterload of the left ventricle
increased while that of the right ventricle decreased with matura-
tion (Table I).

Rapid and continuing alterations in newborn ventricular mor-
phology might also alter contractile indices. Despite postnatal
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Group III (10-21 days)
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Mean+S.D. 7.2+ 1.82
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1700
1400
2250

+ 3847

+412°

450
560
576 + 252°

500
600
400
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400
400
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600
475 + 116°

536
485
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450
495 + 36.7°

1.8
1.1
1.4
1.3
1.4
1.8
1.2
23
1.54 + 0.38°

0.77

0.6

091

0.64

0.96

0.62

0.78

0.81

0.76 + 0.13°
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248
251
380
263
365
279

129
119
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77
174
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1.8
22
22
1.8
1.8
1.8
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23
20+02°

20
1.8
1.8
1.8
1.8
1.9
1.6
1.6

135.6 + 37.6° .78 + 0.13*
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15
15
16
1.5 £ 0.13°

1.6
2.1
1.6
1.6
1.5
1.5
1.7
1.6
1.7 £ 0.19*

1.5
1.4
1.5
1.6
1.5
1.4
1.5
1.5
1.79 + 0.15°

1.2
12
L1
1.1
1.2 + 0.06

1.8
2.1
22
1.7
1.6
1.8
1.8
20
1.9+£0.21°

2.0

1.9

1.7

1.5

1.8

1.8

1.8

1.9
1.48 + 0.07*

1.7
1.4
1.4
1.5
1.5+ 0.13*

1.5
2.0
1.7
1.6
1.4
15
1.6
1.5
1.6 + 1.97

1.6
1.5
1.4
1.4
1.5
1.0
1.4
1.4
1.3+03°

1.1
1.1
1.0
1.2
1.1 + .08°

' LV, left ventricle: RV, right ventricle.
* Statistically significant (P < 0.05) difference compared to mean values in gp 1 (birth to 3 days).



Table 2. Hemodynamic data and contractile indices—fetal lambs

Exteriorized fetus

Postsimulation of birth

Post instru-

mentation +15 min +18 min +25 min +35 min +45 min +55 min +75 min

Heart rate (beats/min)

1 205 205 230 240 235 235 218 212

2 210 200 250 250 250 225 220 210

3 215 208 245 245 245 230 210 204

Mean + S.D. 210 S 204 + 4 242 + 10 245 + 5! 243 + §' 230 £ 5! 216 S 209+ 4
Mean aortic pressure (mm Hg)

1 S8 60 60 63 64 64 66 66

2 56 60 62 66 68 66 68 68

3 60 58 74 80 78 76 70 70

Mean + S.D. S8x2 59+ 1.1 65+ 8 70 + 9! 71 + 8 69 +6' 68 + 2! 68 + 2!
Mean pulmonary artery pressure (mm Hg)

1 S0 58 44 40 30 26 26 28

2 52 S0 46 40 40 40 36 30

3 54 46 42 36 36 36 36 37

Mean + S.D. 52+2 51+6 44 + 2! 39+ 2! 35+ 5! 35+6' 33+6 30+ 2
LV* end-diastolic pressure (mm Hg)

1 4 4 10 10 8 8 8 8

2 3 3 9 11 7 7 6 6

3 4 4 4 8 6 5 6 6

Mean = S.D. 3.7+ 06 37106 7.7 £0.3' 9.7 £ 0.2 710 6.7 = 1.5 6.7+ 1.2 67+ 1.2
RV end-diastolic pressure (mm Hg)

1 4 4 6 6 S 4 5 4

2 3 3 5 5 4 5 4 5

3 4 4 S 4 5 4 S S

Mean + S.D. 37+ 06 37+06 53206 50 1.0' 47+ 0.6' 43+ 06 4.7+ 0.6 47 +0.6'
LV Peak dp/dt (mm Hg/sec)

1 3240 3000 4800 5360 5200 5000 5200 5300

2 2880 3010 4640 4690 4200 4640 4700 5000

3 3440 3400 4400 4100 4500 4600 4300 4800

Mean + S.D. 3187 + 284 3137 + 228 4613 + 20 4716 + 630" 4633 + 513! 4747 + 220 4733 + 451" 5033 + 252!
RV peak dp/dt (mm Hg/sec)

1 2040 2200 2340 2600 2700 2800 2700 2670

2 2000 2150 2460 2750 2500 2700 2600 2700

3 2100 2000 2600 2250 2550 2600 2480 2450

Mean = S.D. 2047 = 50 2117 £ 104 2467 + 130" 2533 + 257" 2583 + 104! 2700 + 100" 2583 + 126! 2607 + 137"
LV-Vpna (ML/sec)

1 2.1 2.0 33 34 34 35 33 3.6

2 22 22 3.0 32 32 3.1 3.1 32

3 1.9 2.0 2.6 3.0 29 3.2 3.1 3.2

Mean + S.D. 21102 2.1+0.1 3.0 +0.3' 32+0.1" 323 33+0.2 3.2+0.10 3302
LV-V¢rin (ML/sec) .

1 23 2.1 33 35 34 34 3.2 33

2 2.2 2.1 32 32 3.2 34 34 3.5

3 1.9 2.0 27 3.0 3.1 33 33 33

Mean + S.D. 21+02 2.1+£0.1 3.1+03' 32+03' 3202 34x01" 33010 34+01
RV-Vmax (ML/sec)

1 22 2.0 2.7 2.8 2.5 27 2.8 2.8

2 2.0 2.1 25 2.6 2.5 2.5 23 23

3 1.8 1.9 24 24 24 24 22 24

Mean £ S.D. 2002 20+ 0.1 29 +02 2802 2501 2.5+02 24 +£03' 25+03
RV-V¢rin (ML/sec)

1 2.0 2.1 2.6 275 2.7 2.7 2.8 2.8

2 2.0 20 25 2.50 2.5 2.5 25 26

3 1.75 1.85 2.25 2.25 2.25 2.3 2.2 23

Mean = S.D. 1.9 £ 0.1 20+ 0.1 25+0.2 25+ 03" 2.5+02' 2.5%0.2 2503 2603

' Statistically significant difference (P < 0.05) compared to mean values of postinstrumented fetus.

* LV, left ventricle; RV, right ventricle.
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increases in ventricular mass, Lee et al. (19) have shown that left
ventricular configuration is not altered in the neonatal period.
Furthermore, contractile indices are expressed in representative
units of muscle length and should thereby be independent of
alterations in ventricular mass (20). Because data on neonatal
ventricular compliance are conflicting (8, 15, 18, 21, 26, 30), it is
difficult to predict how postnatal alterations in this parameter
might affect myocardial function. However, previous studies in
adult animals have clearly demonstrated that alterations in ven-
tricular shape (20), compliance (2, 35), or coefficient of elasticity
(35) do not affect extrapolated Vmax, although they may influence
individual measurements of instantaneous Vcr. The relatively
small change in contractile indices between 10 and 84 days (Gps
I1 to 1V), despite continuing maturational changes in both cardiac
structure and hemodynamics is an additional argument against
dependency of isovolumic indices on any of these parameters in
the newborn.

In addition, we considered the potential effects of anesthesia,
thoracotomy, and instrumentation on neonatal ventricular func-
tion. In contrast to the marked depressant effect of barbiturates
on myocardial function (13, 32), alpha chloralose has been shown
to induce only minimal cardiovascular depression (32). Further,
in the doses utilized, alpha chloralose does not alter oxygen
consumption in the newborn lamb (3). Anesthesia, thoracotomy,
and instrumentation might be expected to depress cardiovascular
function to a greater degree in smaller (younger) animals. To the
contrary, our data demonstrated that both cardiac output and
contractile indices were elevated to the highest levels in the
smallest lambs (Gp I) and to lesser degrees in older lambs (Gps 11
and III), as compared to adult sheep. Finally, our measurements
of cardiac output in the newborn are comparable with those
obtained by Klopfenstein and Rudolph (17), and Berman and
Musselman (1) in recently instrumented awake newborn lambs.

The possibility of a causal relationship between heart rate and
contractile indices is raised by the finding of more rapid heart
rates in the youngest lambs (Gp I). However, comparison of heart
rates and contractile indices (Fig. 2) demonstrates marked varia-
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bility in heart rates associated with only small differences in
contractile state of older lambs (Gps II to IV). In contrast, eleva-
tions in contractile indices of far greater magnitude were observed
whether comparing: (1) data from newborn lambs (Gp 1) with
those obtained from older lambs (Gps II to IV); or (2) data from
exteriorized fetuses, postsimulated birth versus presimulated birth
(Fig. 2; Tables | and 2).

Finally, acute surgical exteriorization of the fetus is associated
with a decline in umbilical flow and related parameters of ven-
tricular function (13). Nevertheless, contractile indices obtained
after exteriorization of fetuses but before simulation of birth were
stable and compared favorably with those obtained in older lambs
(Gps 11 to 1V), suggesting that acute exteriorization did not alter
these measurements of contractile state in our fetuses to any great
degree. Nevertheless, differing routes of administration of alpha
chloralose to the fetus (maternal-fetal transfer) compared with the
newborn (Gp IV), and the somewhat larger dosage on a per kg
basis administered to the adult sheep versus the newborn, neces-
sitate the caution that results obtained in the fetal lamb and adult
sheep may not be comparable in every respect to the data obtained
in newborn lambs.

We conclude that the age-related alterations in isovolumic
contractile indices truly reflect an elevated ventricular inotropic
state in the newborn lamb. We have demonstrated that these
indices were influenced to only a minimal degree by postnatal
changes in hemodynamics, ventricular structure, or techniques of
our experimental protocol. Our data demonstrated that the ele-
vated inotropic state of both left and right ventricles of the lamb
is particularly marked in the first days of postnatal life (Gp I) and
then diminishes toward adult levels (Gps II to IV) between 2 and
12 wk of postnatal existence. Data from exteriorized fetuses sug-
gest that the increase in contractile state occurs suddenly, related
to the events of birth.

The pattern of elevated inotropic state parallels the pattern of
postnatal elevation in cardiac output. Although increases in car-
diac output may be due in part to postnatal elevations in heart
rate, our data suggest that a major factor in maintaining elevated
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Fig. 2. Relationship of heart rate and contractile indices. Left, mean values (+ one S.D.) heart rate and V.. of each age group of newborn lambs
(I to IV). Marked variability in heart rates, with only those of the oldest lambs (Gp 1V) being significantly different from newborns (Gp I). In contrast,
note that the contractile index V. is significantly different from newborn (Gp I) values in all three older groups of lambs (Gps II to 1V).

Right, panel relationship of heart rate and V. in exteriorized fetuses. Similarity of values for fetuses prior to simulation of birth (EF-1 and EF-2).
After acute simulation of birth, note similar marked elevations in V... despite variability in heart rates (PS 1-6). Although changes in heart rate may
contribute to alterations in Vmax and Ve, the primary cause of elevated contractile indices appears to be the events of the birth process. EF-1, 2,
exteriorized fetus immediately postinstrumentation, and 15 min after instrumentation; PS 1-6, Postsimulation of birth, 3, 10, 20, 30, 40, and 60 min.
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cardiac output is a birth-related increase in ventricular inotropic
state. This postulation is supported by the finding of elevated
stroke volume/kg in our newborn lambs (Gp I, 2.1 cc/kg) com-
pared with similar values for both the instrumented fetus [1 cc/kg
— Heymann, ez al. (12)], and the older lamb (Gp IV, 0.76 cc/kg)
(Table 1).

We speculate that the postnatal elevation in myocardial con-
tractile state provides an immediate hemodynamic adaptation
which assists the newborn heart to increase its output sufficiently
to meet the initial demands of extrauterine life. Recent studies
have shown that the birth process is associated with sudden
elevations in circulating catecholamines (S, 9) and thyroid hor-
mone (28). Both of these hormones are capable of inducing an
elevation in myocardial contractile state (6) and might be expected
to have a particularly marked effect on newborn myocardium,
which is thought to be especially sensitive to catecholamines (9).
Thus, one mechanism for elevated postnatal myocardial contrac-
tility and cardiac output, might be birth-induced elevations in
circulating catecholamines or thyroid hormone.
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