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ABSTRACT. The effects of the pericardium on myocardial
diastolic ventricular interaction during early development
were determined in vitro using hearts excised from eight
preterm (109 % 0.106 SE d gestation; term = 147 d) and
eight newborn (2.3 * 0.30 SE d postnatal age) lambs. The
lamb hearts were excised with the pericardium intact and
immersed in a cold cardioplegic solution. Subsequently,
very compliant balloon catheters were inserted into the
right and left ventricles retrograde through the pulmonary
artery and aorta respectively. Before and after the removal
of the pericardium, the changes in left ventricular pressure
or volume caused by increasing right ventricular pressure
or volume were measured. Computerized analysis of the
pressure and volume recordings yielded pressure and vol-
ume transfer functions that quantified ventricular interac-
tion. The pressure transfer functions (left ventricular pres-
sure/right ventricular pressure) both with and without the
pericardium intact were 0.297 * 0.010 SE and 0.140 *
0.005 SE, respectively, for the preterms and 0.650 % 0.033
SE and 0.301 * 0.031 SE for the newborns. The volume
transfer functions (left ventricular volume/right ventricular
volume) with and without the pericardium were 0.320 %
0.04 SE and 0.150 * 0.024 SE, respectively, for the
preterm and 0.514 * 0.052 SE and 0.233 * 0.027 SE for
the newborns. These data demonstrate that /) the pericar-
dium increases ventricular interaction in both preterm and
newborn lambs and 2) the relative percentage increase is
similar for both age groups and not age dependent. Fur-
thermore, these findings suggest that the increase in ven-
tricular interaction due to the presence of the pericardium
is mediated by the relative compliances of the free walls,
septum, and pericardium. (Pediatr Res 27. 547-551, 1990)

Abbreviations

dpl, derivative of left ventricular pressure
dvl, derivative of left ventricular volume
dpr, derivative of right ventricular pressure
dvr, derivative of right ventricular volume

The ventricles of the heart are in close anatomical proximity
and share a common deformable wall, the interventricular sep-
tum. Because of this structural configuration, perturbations of
volume or pressure in one ventricle are capable of effecting
changes in the pressure-volume relationship of the contralateral
ventricle. This phenomenon of transferring pressure and/or vol-
ume changes from one ventricle to the opposite ventricle directly
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through the myocardium, independent of neural, circulatory, or
humoral effects, is termed ventricular interaction (1-3).

Previous in vitro investigations have demonstrated age-related
differences in diastolic ventricular interaction in the absence of
the pericardium (4). These differences in interaction were attrib-
uted to a difference in the relative compliances of the interven-
tricular septae between preterm and newborn lamb hearts. In a
previous study (4), no difference was demonstrated between the
free wall compliances of the right and left ventricular free walls
of either group. The effect of the developing pericardium on
ventricular interaction is not known. Studies of adult hearts
enclosed by the pericardium and having a relatively more com-
pliant right than left ventricular free wall have indicated that the
pericardium enhances ventricular coupling (5-18). Furthermore,
other adult studies suggest that the pericardium may grow or
adapt to increased volume loads imposed on the myocardium
(17, 19-21). Myocardial development may actually stimulate
growth and affect endogenous characteristics of the pericardium
(22-24). Therefore, it is reasonable to postulate that the pericar-
dium may affect ventricular coupling in developing hearts and
that these effects may vary at different time points in develop-
ment (25-29).

Our first objective was to determine the effect of the pericar-
dium on ventricular interaction in preterm and newborn lamb
hearts. In addition, based on a comparison of the data from both
groups, we have attempted to describe the effects of the pericar-
dium on ventricular interaction with respect to development.
Currently, there are no data available that directly address the
effects of the pericardium on ventricular interaction during early
development.

MATERIALS AND METHODS

Animal Preparation. The animals used in this experiment were
divided into two groups: the first group was made up of eight
preterm lambs (109 + 0.106 SE d gestation; term = 147 d)
weighing 1.89 = 0.07 SE kg with heart wt of 14.23 + 0.27 SE g,
delivered by hysterotomy. The mean free wall and septal wt of
the hearts in this group were right free wall = 534 + 1.2 SE g,
left free wall = 5.75 + 1.85 SE g, septum = 3.12 + 1.25 SE g.
The second group was comprised of eight newborn lambs (2.3 £
0.30 SE d postnatal age, weighing 3.4 = 0.11 SE kg, with heart
wt of 26.3 £ 1.1 SE g) previously delivered vaginally. The mean
free wall and septal wt of this group were right free wall = 8.64
+ 1.65 SE g, left free wall = 9.11 £ 1.35 SE g, septum = 8.55 +
1.33SE g.

Ketamine hydrochloride 10 mg/kg body wt intramuscularly
was given to the pregnant ewes, which were used for obtaining
the preterm lambs, before induction of spinal anesthesia with
4% bupivicaine epidurally.

A lethal dose of magnesium chloride (50 mg/kg body wt i.v.)
was given to the lambs in both groups, euthanizing them. Sub-
sequently, their hearts, with the pericardium intact, were imme-
diately excised, via a mid-sternal thoracotomy. The hearts were
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then placed in a cold (10°C) (30) cardioplegic solution (sodium
chloride 602 mg/100 mL, calcium chloride 23.1 mg/100 mL,
potassium chloride 119.3 mg/100 mL, sodium bicarbonate 37
mg/100 mL, mannitol 1250 mg/100 mL, dextrose 300 mg/100
mL). This was performed to prevent any active tension devel-
opment and retard postmortem deterioration (4, 30, 31). Retro-
perfusion of the coronary arteries with cardioplegic solution was
achieved via a small lumen catheter, which was inserted into the
coronary ostia at the aortic root. This was performed to further
attenuate postmortem compliance and metabolic changes. Sub-
sequently, very compliant balloon catheters fabricated from bal-
loons attached to rigid polyethylene 240 (inner diameter 0.066”;
outer diameter 0.095”) tubing were inserted into the right and
left ventricles. To alleviate any significant back pressure devel-
opment, the balloons were previously overinflated (100 mL) with
water for several days. The balloon catheters were deflated and
placed retrograde via the pulmonary artery and aorta into the
right and left ventricles, respectively, and ligated into place. To
ensure proper balloon contact with the myocardial walls, the
chordae tendinae were severed and a visual inspection of the
heart was performed as cold water was infused and withdrawn
via a syringe into the catheterized ventricles. The balloon cathe-
ters were then filled with an “unstressed” volume (i.e. producing
a pressure of zero, right ventricular vol = 5 + | SE mL; left
ventricular vol = 4 + 0.9 SE mL) of cold water. The catheter tip
within the balloon was approximated to the middle of the
ventricle. The instrumented heart was then connected to a man-
ifold of stopcocks. This manifold joined an infusion pump
(Harvard Apparatus Co., Inc., S. Natick, MA), to the right
ventricular balloon and pressure transducer (Statham P23db,
Perez, Puerto Rico). The left ventricular balloon was also joined
to a pressure transducer. To measure volume changes, a collec-
tion chamber was hung from a force transducer (Biocom, Culver
City, CO) calibrated to yield volume for a given wt change (Fig.
1). Simultaneous pressure and volume measurements were made
in the ventricles as the volume of one ventricle was varied.
Experimental protocol. The effects of the pericardium on
ventricular interaction were determined by performing the sub-
sequent protocol (4, 30) before and after the removal of the
pericardium. A set of two measurement runs were made, one
with the responding ventricular volume constant (vol range = 4
+ 0.3 SE mL), i.e. isovolumic, and the other with the responding
ventricular pressure constant (3-5 mm Hg) or isobaric, allowing
the responding ventricle to eject volume. In the first run, the
stopcock (Fig. 1) was closed, preventing the left or “responding”
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Fig. 1. Experimental set-up. Components: infusion pump (Harvard
Apparatus Co., Inc.), pressure transducers (P), balloon catheterized heart,
volume collection chamber, scale, force transducer (.S/) stopcock.
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ventricular volume from changing. The infusion pump was set
to a known flow rate (3.9 mL/min) and activated, infusing cold
water into the right or “driving” ventricle. Simultaneous right
and left ventricular pressures were measured during the infusion
by the respective pressure transducers. An Electronics for Medi-
cine (White Plains, NY) VR6 recorder was used to measure the
right and left ventricular pressure changes. The right ventricular
volume change as a result of the infusion was determined by
calculating the product of the known infusion rate and the
duration of the infusion. Time marks on the hardcopy trace were
used to determine the duration of the infusion.

During the second run, the stopcock (Fig. 1) was opened,
allowing left ventricular volume to change while maintaining left
ventricular pressure constant (3-5 mm Hg). Once again the
infusion pump was activated, but now the left ventricular volume
changed. As the right ventricular pressure and volume increased,
cold water was ejected from the left ventricular catheter into the
volume collection chamber. This volume change and the con-
comitant right ventricular pressure change were also recorded.
The concomitant right ventricular volume change was deter-
mined as in run 1. Each run was repeated two times. Upon
completion of the preceding protocol, the pericardium was re-
moved and the measurements repeated. It took 45 to 60 min to
complete the entire experimental protocol. The stability of the
preparation was tested at the end of the experimental protocol
to determine if differences occurred in the transfer functions as
a function of postmortem time. This was accomplished by re-
peating the initial pressure transfer function measurements and
comparing the results to those obtained immediately postremo-
val of the pericardium. No significant differences were observed
in the data. Furthermore, the pH and temperature (10°C) of the
cardioplegic solution remained constant for the duration of the
experimental protocol.

Computerized data analysis. Using a computer (Apple-II Plus,
Cupertino, CA) and an Apple digitizing pad with cross-haired
cursor, the above data were analyzed (4, 30, 32). Upon tracing
the analog pressure and volume records with the cursor, the
computer converted these signals into digital pressure and vol-
ume values. The computer software accomplished this by refer-
encing the pressure and volume calibration signals of 30 mm Hg
and 1 mL full scale, respectively. These were input at the begin-
ning of the experiment.

Transfer function data was calculated by using a specifically
designed computer program (4, 30). Using a sliding 2nd-order
polynomial fit (4, 30, 32), derivatives of the pressure and volume
changes were calculated and appropriately divided point by point
to yield transfer functions (dpl/dpr, dvl/dvr).

Transfer function determinations. The degree of interaction
between the myocardial ventricles was quantified by two previ-
ously described transfer function values (4, 30). The pressure
transfer (dpl/dpr) that quantifies a left ventricular pressure
change during a concomitant right ventricular pressure change
was determined from measurements during infusion of the right
ventricle while the left ventricular volume (3.4 = 0.4 SE mL)
was held constant (run 1). The volume transfer function (dvl/
dvr) was determined from measurements during right ventricular
infusion while the left ventricular pressure was held constant (3—
5 mm Hg) (run 2).

Statistical considerations. Pressure and volume transfer func-
tions both with and without the pericardium were evaluated via
a single-tailed ¢ test to determine if there was a significant increase
in pressure and volume transfer with the pericardium intact. All
transfer function values reported were an average at a given
driving ventricular pressure of 5.5 mm Hg. In addition, the effect
of age on the transfer functions was determined using an analysis
of covariance, i.e. age and transfer functions with and without
the pericardium. A logarithmic transformation was made of the
percent transfer function change to normalize the populations
and provide a more sensitive test of the relationship. To test if
the pericardium affects the transfer of pressure and volume
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information in the two age groups differently, a paired ¢ test with
logarithmic transformation was performed on the percent differ-
ences with the pericardium present in both groups.

RESULTS

In Figure 2, typical data traces with and without the pericar-
dium are depicted. As is evident from the figure, the presence of
the pericardium causes an increase in the slopes of the responding
ventricular pressure and volume curves. These responses were
computer analyzed to yield the pressure and volume transfer
functions. Pressure transfer function data obtained with and
without the pericardium for the preterm and newborn groups
are represented in Figure 3. As shown in Figure 3, pressure
transfer between the ventricles of the preterm group (dpl/dpr =
0.297 + 0.01 SE) was greater with the pericardium intact than
without the pericardium (dpl/dpr = 0.140 £ 0.005 SE) (p <
0.01). With respect to the newborn group, pressure transfer
between the ventricles of newborn hearts with the pericardium
intact was also greater (dpl/dpr = 0.650 + 0.033 SE) than without
the pericardium (dpl/dpr = 0.301 £ 0.031 SE) (p < 0.01). The
pressure transfer both with and without the pericardium intact
was greater (p < 0.05) in the newborns than in the preterm
hearts.
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Fig. 2. Schematic of real data traces. Upper panel depicts preterm
dpl/dpr and dvi/dvr. Lower panel depicts pressure and volume transfer
functions for the newborns.
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Fig. 3. Pressure transfer functions (dpl/dpr) with and without the
pericardium; preterm and newborn groups (open, with pericardium;
stippled, without pericardium; * = p < 0.05). Bars = SE.
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Fig. 4. Volume transfer functions (dvl/dvr) with and without the
pericardium; preterm and newborn groups (open, with pericardium;
stippled, without pericardium; * = p < 0.05). Bars = SE.

Table 1. Percent change in transfer functions due to presence of
pericardium (Mean + SE)

Pericardial
effect Preterm Newborn
Pressure transfer func- [14.4 + 394 1289 +7.85
tions (% change dpl/
dpr)
Volume transfer func- 1325+ 11.25 134.5 £ 9.86

tions (% change dvl/
dvr)

Figure 4 depicts the volume transfer functions (dvl/dvr) for
the preterm and newborn hearts both with and without the
pericardium intact. The presence of the pericardium increased
the degree of interaction in the preterm hearts (dvl/dvr = 0.320
+ 0.04 SE) versus the preterm hearts without the pericardium
(dvl/dvr = 0.150 £ 0.024 SE). Likewise, the presence of the
pericardium significantly increased (p < 0.01) the volume cou-
pling between the ventricles of the newborn hearts, with the
pericardium (dvl/dvr = 0.514 £ 0.52 SE) versus without the
pericardium (dvl/dvr = 0.233 + 0.027 SE). The volume transfer
between the ventricles of the newborn was greater than that for
the preterm (p < 0.01).

Table I summarizes the analysis of the relative effects of the
pericardium on the two age groups. As shown, the pericardium
causes a similar percentage increase in the pressure and volume
transfer between the ventricles of both groups.
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DISCUSSION

Qur study expanded our previous observations of diastolic
ventricular interdependence in the developing heart by examin-
ing the influence of the pericardium on mechanical coupling
between the ventricles (4). The results demonstrate that the
pericardium increased pressure and volume transfer between the
ventricles in both preterm and newborn lamb hearts. Although
the effects of the mediastinum and lungs (33) were obviated due
to the in vitro nature of this preparation (30), this study has given
us insight into the effects of the pericardial sac (per se) on
ventricular interaction.

Several experimental studies in adult hearts have observed that
the pericardium increased the pressure and volume transfer
between the ventricles. Glantz ez al. (11) showed that with the
pericardium intact, right ventricular pressure was a better predic-
tor of left ventricular pressure than were left ventricular dimen-
sions. Using an isolated heart preparation, Janicki and Weber
(12) showed that the coupling between the ventricles was signif-
icantly greater with the pericardium intact, particularly for larger
end diastolic volumes. Their data suggested that the pericardium
may have a restricting effect on the myocardial free walls of adult
hearts. Other studies of adult hearts have, in fact, demonstrated
that the pericardium does have a restrictive effect on overdisten-
sion of the myocardium (5-8, 11, 34). In addition to experimen-
tal studies, recent theoretical analyses of ventricular interdepend-
ence have shown that the mechanistic factors that affect ventric-
ular interaction must include not only transeptal pressure
gradients and free wall and septal compliances, but also a peri-
cardial component (18).

In contrast to the extensive adult literature, little information
regarding the effects of the pericardium on ventricular distensi-
bility during early development is currently available. In addi-
tion, the studies that were previously done only describe whole
right and left ventricular pressure-volume curve shifts, indicating
that the intraventricular pressure of the left ventricle has a
pericardial component that increases at higher intraventricular
volumes and/or pressures (9, 12, 15, 35). Unlike previous inves-
tigations, our study describes how the pericardium directly affects
the pressure and volume information transfer between the ven-
tricles, i.e. how the transfer functions (4, 30) are affected. With
respect to both pressure (dpl/dpr) and volume (dvl/dvr) infor-
mation transfer between the ventricles (Figs. 3 and 4), the effect
of the pericardium is seen as an increase in pressure and volume
information transfer during concomitant filling of both preterm
and newborn lamb hearts. Although we are reporting the degree
of ventricular interaction at 5.5 mm Hg pressure, chosen to
approximate physiologic conditions (36, 37), we feel that these
findings suggest that the presence of the pericardium affects the
overall distensibility of the right and left myocardial ventricles
by restricting the potential displacement of the right and left
ventricular free wall. It also follows that at higher intracardiac
volumes or during pericardial distention, i.e. tamponade, the
effects of the pericardium on ventricular interaction may be even
greater. Furthermore, because myocardial tissue is nonlinearly
elastic and the transfer functions vary nonlinearly at higher filling
pressures of the driving ventricle (38), the effects of the pericar-
dium at higher albeit unphysiologic/pathologic volumes and
pressures may be quite different.

Previous work from our laboratory has described and verified
a theoretical analysis of ventricular interaction on the basis of
transseptal pressure gradients and the relative compliances of the
ventricular free walls and interventricular septum (4, 35, 39).
Our current findings further substantiate this analytical model
and previous observations regarding pressure-volume coupling
(4). Furthermore, our current data strengthen our previous find-
ings (4) based on the similarity of the transfer functions measured
without the pericardium in both the preterm and newborn
groups. In addition, we have found that the increase in the
mechanical pressure-volume coupling of the myocardial ventri-
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cles attributed to the pericardium is similar in both the preterm
and newborn. Table | shows no significant age-related differ-
ences, suggesting that the pericardium and the myocardium may
be growing at a similar rate (17, 19, 21).

The results of our study indicate increased coupling between
the pericardial cavity and the ventricles, and observation con-
firmed by previous experimental and theoretical adult studies (2,
8, 11, 13). However, since the pericardial space is a potential
rather than a real space, local differences in pericardial pressure
may occur and not be transmitted from one ventricle to another
(35). Thus, for the pericardial effects to be significant, filling of
one ventricle would have to modify the transpericardial pressure
(pericardial pressure minus pleural pressure). As indicated by
previous investigators (40, 41), under normal circumstances, the
volume change of one ventricle can modulate transpericardial
pressure, but this effect is small and most coupling between the
ventricles occurs through the myocardium. If the pericardium
becomes very stiff, however, coupling would become greatly
accentuated. This increased ventricular interdependence might
explain some aspects of cardiac tamponade and constrictive
pericarditis in which effective pericardial compliance has been
decreased.

However, we must also state that our current findings must be
accepted under the realization that the experiments were con-
ducted at subphysiologic temperatures (10°C). The protocol ne-
cessitates conducting the transfer function measurements at a
cold temperature (10°C) (20). If we were to run the experiments
at 37°C, the compliances of the free walls would change markedly
in a relatively short period of time. This would cause an under-
estimation of the true compliances of the myocardial free walls
and septum. To conduct these experiments at a more physiologic
temperature, retroperfusion via the aortic root is necessary. These
experiments are currently underway in beating, isolated heart
preparations and will be presented in a later publication that will
also encompass systolic ventricular interaction.

In conclusion, the role of the pericardium is not only to prevent
the heart from overdistending, but also to increase the degree of
ventricular interaction between the ventricles at early stages of
development. In addition, the influence of the pericardium in
preterm and newborn hearts is similar, suggesting that the peri-
cardium may grow as the heart grows.
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