Regional Dynamic Behavior of the Total Right Ventricle! (37098)

J. A. Armour, D. B. LiprincorT, AND W. C. RANDALL
Department of Physiology, Loyola University, Stritch School of Medicine, Maywood, Illinois 60153

The structure-functional dynamics of the
right ventricle differ importantly from the
left ventricle. By cauterizing the right ven-
tricular free wall, Kagan concluded that the
right ventricular pressure generation was a
function primarily of the septum (1). This
view is compatible with the concept that the
right ventricle is primarily a volume pump.
Recently however, significant pressure gradi-
ents have been demonstrated from inflow to
outflow tracts (from sinus to conus) (2) and
these differences have been related to the re-
gional dynamic behavior (3) as determined
by architectural differences between the sinus
and conus (4). However, the close dynamic
relationships between the free wall and sep-
tum have been completely neglected when
considering right ventricular function. Re-
cent measurements of intramyocardial pres-
sures within the interventricular septum dem-
onstrate significant regional contractile
changes under neural and humoral control.
This report describes the behavior of both
the free wall and the septal components of
the right ventricle, and the analysis of the
relative independence of this behavior with
respect to left ventricular function.

Methods. Sixteen open-chest dogs, weigh-
ing 18-24 kg, under phencyclidine hydrochlo-
ride (2 mg/kg im) and a-chloralose (80 mg/
kg iv) anesthesia were studied during posi-
tive pressure respiration. A standard limb
lead electrocardiogram was utilized and two
button catheters (2) placed in the lateral
wall of the right ventricular sinus and conus
connected to P23Db Statham transducers.
Two Model SA-SA-M-7BW Scientific Ad-
vances subminiature pressure transducers
were placed halfway through the right ven-
tricular myocardium, one in mid-sinus and

1 Supported by Grants HE 08682 and GM 999
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the other in mid-conal areas. These intra-
myocardial pressure (IMP) recorders have
a pressure range of —100 to 4500 mm Hg
and a frequency response to 1000 Hz; the
frequency response of the entire recording
system was linear to 50 Hz. An epicardial
slit allowed the device to be inserted into the
mid-wall region so that its thin axis was at
right angles (long axis parallel) to the epi-
cardium; the dimensions of the transducer
were 2.5 X 3 X 1 mm. The linear calibra-
tion properties of the Scientific Advances
pressure transducer compared to a P23Db
Statham transducer has been detailed else-
where (4).

In 11 other open-chest dogs, under inflow
occlusions two Walton-Brodie strain gauge
arches were applied to the right side of the
interventricular septum. The right basal sep-
tal force gauge was placed anterior to the
conal papillary muscle parallel to underlying
fibers, and the apical gauge was sutured to
the right ventricular sinus and left ventricu-
lar anterior epicardial surfaces. A model SA-
SA-M-7BW Scientific Advances subminiature
pressure transducer was placed in the mid-
wall of the septum and two Statham P23Db
pressure transducers were employed to mea-
sure left and right ventricular cavitary pres-
sures (IVP). In the last group of experi-
ments comprising 10 dogs, two SA-SA-M-
7BW Scientific Advances subminiature pres-
sure transducers were employed to monitor
the intramyocardial pressures (IMP) on the
right and left sides of the septum simultane-
ously. Via a tunnel made from the anterior
septal epicardium the transducers were placed
subendocardially in the right and left sides
of the septum. The position of these devices,
checked on autopsy, was 10-15% and 75-
85% through the septal wall proceeding from
the right to left side. Concomitant pressures
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F16. 1. The effects of right stellate stimulation
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(left panel) and left stellate stimulation (right

panel) is shown as recorded via a strain gauge arch on the sinus epicardium, intramyocardial pres-
sures (IMP) in the conus and sinus, and intraventricular pressures (IVP) in the conus and sinus

regions of the right ventricle. The sudden shift in

base line in strain gauge trace immediately fol-

lowing left stellate stimulation is a technical artifact.

were recorded from the right and left ven-
tricular cavities via Statham P23Db pressure
transducers; Walton-Brodie gauges were su-
tured to the epicardial surfaces of the right
ventricular sinus and the anterior left ven-
tricle. Both stellate ganglia were isolated, and
stimulation was achieved with a Grass
square-wave stimulator (Model S5) at pa-
rameters of 4 V, 5 msec, and 10 Hz. Aug-
mentation of contraction was also achieved
by infusion of isoproterenol (1 pg/kg), nor-
epinephrine (0.5 ug/kg) or phenylephrine
(0.05 mg/kg); digital coarctation of the pul-
monary artery or aorta were performed on
all groups as was the rapid infusion of 50
ml of saline into the right ventricle in group
4 animals. Stimulation of the peripheral end
of the severed cervical vagosympathetic (4
V, 5 msec, and 10 Hz) was also performed.
At the termination of the experiment, the
locations of all recording devices were
checked upon autopsy; all records were ob-
tained via a type R dynograph. In two ex-

periments the function of the septal IMP de-
vices was checked in an intact preparation,
after right ventricular decompression while
on a bypass oxygenator, or after left and
right ventricular chamber decompression
while on bypass, in order to determine the
effect of chamber pressure on the septal IMP
recordings.

Results. Figure 1 represents the effects of
right and left stellate stimulation upon a lead
II ECG, a sinus epicardial strain gauge
(strain gauge), conal and sinus intramyo-
cardial pressures (conus IMP, sinus IMP)
as well as right ventricular chamber pressures
in the conus (conus IVP) and sinus (sinus
IVP) regions. Right stellate ganglion stimu-
lation increased the sinus IVP from 15 to
28 mm Hg and the conus IVP from 12 to
15 mm Hg; the sinus IMP rose from 18 to
32 mm Hg and the conal IMP from 15 to
23 mm Hg. During left stellate ganglion
stimulation the sinus IVP rose to 35 mm Hg
and the conal IVP to 20 mm Hg; concomi-
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Fic. 2. Right and left stellate ganglia stimulation increases in right sinus force (RVS), left ven-
tricular epicardial anterior basal force (LVB), left ventricular epicardial apical force (LVA), the
septal intramyocardial pressures of the right side (R-IVS-P) and the left side (L-IVS-P), as well
as right (RVP) and left (LVP) chamber pressures are shown.
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Fic. 3. In the same animal as in Fig. 2, with the same recorded areas of the heart, the effects of
norepinephrine and isoproterenol infusions are compared with cross clamping of the pulmonary
artery as well as stimulation of the efferent right cervical vagus. Note the augmentation in the
R-IVS-P during coarctation of the pulmonary artery.
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TABLE II. Onset of Rise in Intramuscular and Chamber Pressures (msec) After the Q Wave.®

No. of Q-Sinus Q-Conus Q-Sinus Q-Conus
Group expts IMP IMP Ivp vp

Control 16 470+ 44 57.6 + 3.9 792 + 4.7 80.0 + 5.1
Right stellate
stimulation 16 39.0 +4.0 429 + 2.1 571+ 32 56.5 + 3.3
Left stellate
stimulation 16 395 + 4.0 376 +40 59.3 + 39 58.2 +20
Norepinephrine 16 375 + 28 348 + 3.3 56.5 + 4.8 525 + 8.8

¢+ = SEM; IMP — intramyocardial pressure; IVP — intraventricular pressure.

ventricular chamber pressure rose from 18
to 50 mm Hg, without change in the left
cavitary pressures. Stimulation of the right
distal cervical vagus (RCV) resulted in de-
pression in force and pressure in all recorded
regions as evidenced immediately after the
stimulation ceased. Right septal systolic IMP
fell from 22 to 20 mm Hg, and left sided
IMP from 90 to 80 mm Hg.

Table I presents data collected from 16
animal experiments. Control sinus intraven-
tricular systolic pressure averaged 19 =+ 2
mm Hg, while that in the conus was 16 =+
2 mm Hg; peak sinus IMP was 22 = 3 mm
Hg and conus IMP was 26 = 5 mm Hg.
The differences between peak intramyocardi-
al and peak chamber pressures were not sig-
nificant (p < 0.2). The rates of develop-
ment of the regional pressures are given in
the four right columns. The rate of pressure
development within the myocardial wall and
the cavity were statistically similar. Stimu-
lation of the right stellate ganglion augment-
ed intramyocardial pressures in both regions
(p value of differences < 0.05), the rate of
pressure generation being greater in the conus;
whereas the sinus wall and chamber pressures
were statistically similar, they were statistical-
ly different in the conus. Left stellate ganglion
stimulation augmented conus IMP consider-
ably more than that in the sinus region, and
rate of pressure development was augmented
even more profoundly than during right
stellate stimulation. During the latter manipu-
lation the conus and sinus wall pressures were
similar, whereas intraventriculur pressures
were statistically different. Norepinephrine
and isoproterenol augmented intramyocardial
pressure uniformly in both regions, in sharp
contrast to chamber pressures, where they

were again statistically different; the rate of
pressure development was more augmented
by norepinephrine, particularly in the conus.
Increase in IMP generation via pulmonary
artery cross clamping was uniform, statistical-
ly, for both IVP and IMP; however the
rate of IMP development was minimally aug-
mented. Note that during pulmonary artery
occlusion the myocardial pressures were simi-
lar and the right ventricular cavitary pressure
gradient was abolished. Although the com-
parison of sinus myocardial and chamber
pressures showed no significant difference
during all inotropic interventions, the conal
intracavitary pressures were always signifi-
cantly lower than those in the sinus. Intra-
myocardial pressures, on the contrary, were
invariably higher in the conus musculature.

Table IT represents the time sequence of
onsets of pressure generation in the two
regions of the free wall of the right ventricle
as related to the Q wave of a standard EKG.
In the control group the sinal IMP developed
pressure first followed by conal IMP; cavity
pressures developed later. Each of the posi-
tive inotropic interventions resulted in short-
ening of the interval between initial deflection
of the Q wave and the onset of pressure rise
within the muscular walls or cavity compared
to control values. A statistical difference (p <
.001) existed between Q and intramyocardial
pressures in sinus and conus regions under
control circumstances; this difference disap-
peared with positive inotropic intervention
when pressures rose nearly synchronously in
all instances.

Table IIT contains the results of experi-
mental interventions upon the force generation
by the right side of the septum, along with
septal intramyocardial pressure, right and left
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TABLE IV. Onset of Change in Contractile Forces and Pressures After the Q Wave (msec).

Right Right Right Ant, left Septal Right Left

Group vent.sinus septal base septal apex vent. epi. IMP vent. press. vent. press.
Control 385 +8.7 35032 280+ 32 350346 18518 520+ 42 225+ 3.1
Right stellate 385 +27 2B5+25 236+ 30 30133 155430 3885+ 41 150+ 37
Left stellate 31.0+381 335+53 240+ 46 263+69 190+36 320+ 28 200+ 60
Isoproterenol 335+29 345+46 262+ 24 300+74 18533 375+ 27 187+ 35
Norepinephrine 350+10 825+40 240+ 83 3838=+85 175+40 890+ 47 195+ 40
Right vagus 563 +75 4183+43 475-+111 454+86 275+52 600+ 116 363 +114

¢+ — SEM.

ing a variety of interventions. Epicardial
forces on the left and right ventricles were
also recorded in order to correlate the data
with the previous groups of experiments.
Right septal IMP was much less than that re-
corded from the left (# < .001), although it
was higher than the pressure recorded in the
right ventricular cavity. With right stellate
stimulation the septal TMP increased, the
right side to an average of 91 mm Hg and the
left septal IMP rose to 184 mm Hg; the right
septal TMP rose to 91 mm Hg and the left
septal IMP to 211 mm Hg with left sided
stimulation. Chamber pressures increased
and once again the septal IMP was greater
than that of the corresponding ventricular
pressures. Augmentation of contraction via
isoproterenol and norepinephrine developed
similar transseptal IMP gradients. With cross
clamping of the pulmonary artery the right
septal IMP, not the left, was increased;
with aortic occlusion both septal IMPS
were elevated, particularly the Ileft side.
Vagal stimulation diminished both septal
intramyocardial pressures, although infusion
of 50 ml of fluid into the right ventricle mini-
mally elevated right chamber pressures, it
had little effect upon systolic right septal
IMP.

Table VI contains the times after the Q
wave of onsets of contraction and pressure
of the same experiments as in Table V.
Note that the right septal IMP started at
the same time as right sinal force, and the
left septal IMP at the time of left ventricular
force generation.

Discussion. The right ventricle consists of
a free wall and a septal wall, the sinus region
constituting the bulk of the musculature (5);
the conus region is relatively small and be-

comes very scanty where it fuses with the
septum, The right ventricular septal muscula-
ture, although frequently considered to be
quite separate from the left ventricle (6),
actually consists of muscle fascicles which
are intimately related to those of the left
ventricle. These right ventricular septal
fascicles are generally oriented in an apex
to base direction (5). It is presumably this
septal muscular mass which developed right
ventricular pressures after extensive cauteri-
zation of the right ventricular free wall in
Kagan’s experiments (1). The sinus and
conus intramyocardial pressures in control
states are similar, and slightly above those
in the underlying ventricular cavity. When
inotropic interventions increase ventricular
contractility, sinal cavity pressures are ele-
vated more than those in the conus; however,
intramyocardial pressures demonstrate an
equal augmentation in both regions  (Table
I). Inotropic intervention augments all
muscular elements of the right ventricular
free wall similarly, as has been previously
reported when epicardial forces were mea-
sured (7). Note that when the cavity pres-
sures were augmented during coarctation of
the pulmonary artery (Table I) the increase
in these pressures was similar for both the
sinus and conus; intramyocardial pressures
in these two free wall regions were similarly
elevated.

A majority of the sinus free wall muscular
fascicles have an oblique direction from
apex to base with a major average radius
of curvature approximating 4 cm, whereas
the muscle fascicles of the conus are pre-
dominantly parallel and circumconal with an
average radius of curvature of 0.8 cm (5).
Assuming these radii to represent the major
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TABLE V. Simultaneous Measurements of Contractile Force on Epicardial Segments of Right and Left Ventricles, Together with Intramyocardial Pressures

in Both Right and Left Interventricular Septal, as Contrasted with Chamber Pressures.®

mm Hg

Ant. left

Right

sinus
force (%)

100

Left

vent. press.
1178 + 49
1836 + 145

200.6 + 19.1

Right
vent. press.

196+ 16
41.7 + 70

543 + 92
543+ 7.8

463 += 9.1

Left

septal IMP

Right
septal IMP

33.3 + 5.1

vent.
force (%)

Heart

No. of

rate
151 + 8

207 + 11

expts

Group

98.3 + 119
183.8 + 25.1
210.6 + 33.7

230.7 + 25.1

100

10
10
10
10
10

Control

90.5 = 15.6

90.6 == 13.5

178 + 14
208 + 21

149+ 9
203 + 19

213 4+ 25
246 + 21

176 + 9

Right stellate
Left stellate

208.6 + 16.0

179 + 12
187 = 10

1928 + 16.3

2189 + 28.4

+ 79
9.6 + 99

109.3 +

264 + 28
219 + 19

Isoproterenol

Norepinephrine
Cross-clamp

6.9

189.4 + 205

103.9 =+

66.3 + 6.8

98.3 + 14.5
168.9 =+ 25.6

86.1 + 9.9

116 + 10
187 + 138

58 +

188 + 19
139 +- 23

152 =11
155 + 12

10
10

pulmonary art.

RIGHT

225+ 19
19.0 +

59.6 +17.8
26.7+ 93

35.0 =

Cross-clamp aorta

Right vagus

823 + 9.1
110.0 +=

3.6

225 + 2.5

783 + 1.7
67.5 + 125

3

108 == 10

60 11
130 =+

52+ 6

146 + 17

6
6

5.0

25

7

Infuse right vent.
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e SEM.

direction of muscle contraction and that the
IMP recording device is sensing pressure at
one depth, the muscle layers generating the
pressure can be considered to be approxi-
mated by partial cylinders (4). Hoop tension,
which can be estimated by a simple LaPlacian
analysis calculated in peak systole (4, 8, 9),
demonstrates an average sinal stress of 1.1 X
10° dyn/cm and conal stress of 2.7 X 10%
dyn/cm during control states. During left
stellate stimulation the sinal stress reaches
a mean of 2.4 X 10° dyn/cm and conal
stress 6.3 X 10* dyn/cm; isoproterenol in-
fusion caused the regional stresses to become
more evenly distributed as the sinus developed
a stress of 4.0 X 10° dyn/cm and the
conus a stress of 8.1 X 10* dyn/cm. It
is apparent, utilizing these gross approxima-
tions, that the sinal muscular fascicles
generate a greater stress during systole than
the conal musculature although local intra-
myocardial pressures are quite similar in the
two regions. The configuration of the muscular
fascicles permits the conus to produce simi-
lar intramuscular pressures to those in the
sinus with development of lesser regional
stress; this may account in part for the
ability of the conal fibers to overcome high
pressures in the sinus chamber by inter-
posing a large resistive element within the
outflow tract so that pulmonary vascular
pressure does not become excessively ele-
vated during inotropism (2). The onset of
IMP pressure development begins in the
sinus and finishes in the conus during control
states (p < .001) (7, 10-12). However, this
sequence is abolished and occasionally re-
versed during positive inotropism (Table IT).
Right ventricular intramyocardial diastolic
pressures also demonstrated differences in the
sinus and conus portions of the free wall.
In 10 experiments, right stellate stimulation
and norepinephrine infusion resulted in re-
duction of end-diastolic pressure within the
sinus musculature (—2.9 = 0.56 mm Hg
with p value < .01 for stellate stimulation
and —3.05 == 0.50 mm Hg with p value .001
for norepinephrine) while comparable pres-
sures within the conus musculature increased
(+2.7 == 0.53 mm Hg with p value .001 for
stellate stimulation and +2.8 == 0.4 mm Hg
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TABLE VI. Onset of Change in Contractile Force, Intramyocardial (IMP) and Intraventricular
Pressures Following the Q Wave (msec).*

Right Left ant. Right Left Right Left
Group sinus force  vent.force septal IMP septal IMP  vent. press. vent. press.
Control 39 +8 48 +5 36 +4 40+ 5 56 + 4 41 +6
Right stellate 23 +4 22+3 22 +3 18 +3 39+4 28 +4
Left stellate 31 +4 22+3 25 +5 17+3 35+4 22 + 3
Isoproterenol 24+ 3 21 +3 17+ 3 12+ 1 37+3 25 + 3
Norepinephrine 31+5 26 +4 28 +5 18 +2 42+5 24+3
¢+ — SEM.

with p value of .01 for norepinephrine). Thus
diastolic tone in. the sinus is reduced while
that in the conus region is elevated.

Contractile forces developed by the right
ventricular septum (Table IIT) demonstrate
a sequence of contraction originating in the
apex and progressing to the base. This
sequence is exaggerated during positive
inotropism. Augmentations in septal force are
equal in the base and apex during positive
inotropism, but cross clamping of the pul-
monary artery induced an increase at the apex
and a decrease at the base. The right septal
IMP during control states is considerably
lower than that found near the epicardium of
the anterior left ventricle (4).

Both sides of the septum show greatly in-
creased IMP during sympathetic stimula-
tion, the left side considerably more than the
right. However, when the right ventricular
pressure was increased by coarctation of the
pulmonary artery the right septal pressure
alone was elevated; aortic coarctation on
the other hand elevated the intramyocardial
pressures on both sides of the septum. When
both ventricles were empty (total cardiopul-
monary bypass), septal intramyocardial pres-
sures were unaltered from control values,
the gradient remaining from left to right. It
appears that the right septal musculature only
minimally effects the septal pressure, but the
left exerts a distinct influence on the right.

Thus, the right ventricle can be thought
of as contracting free and septal walls, both
of which have a large sinal area and a smaller
conal zone; the conal zone is particularly
small where it attaches to the septum (5).
The contractile behavior of these regions,
associated with a unique architectural con-
figuration, determines total right ventricular

function—the generation of flow within a
low pressure system (2, 13). The bulk of the
right ventricle, the sinus, contracts to generate
pressure, and the outflow musculature—the
conus—acts as a pressure regulator.

Summary. Right ventricular regional con-
tractile behavior demonstrated that the sinus
free wall and interventricular septum con-
tract synchronously and in similar fashions
in response to physiological interventions.
The conus musculature, being very scanty
in the septal region, has its regulatory be-
havior confined primarily to the free wall.
Conal intramyocardial pressures, unlike the
sinus region, are always greater than under-
lying cavity pressures particularly during
inotropic states, thus behaving as a pressure
regulator to the outflow of the right ventricle.
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