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Changes in the pressure-volume relation of the
right ventricle when its loading conditions are

modified

A N Redington, M L Rigby, E A Shinebourne, P J Oldershaw

Abstract
Ventricular pressure-volume diagrams
were obtained from the right ventricle in
patients before and after relief of right
ventricular pressure load, in patients
with volume loaded right ventricles, and
from the left ventricle in patients after
the Mustard procedure for transposition
of the great arteries. The patterns of
ejection during pressure development
and decline were similar in patients
after relief of pressure load and in those
with isolated volume load. A right ven-
tricular pressure load, however, reduced
ejection during the two "isovolumic"
periods, and the overall shape of the
pressure-volume loop resembled that of
the normal left ventricle. Pressure-
volume diagrams obtained from the left
ventricle after the Mustard procedure
were indistinguishable from the normal
right ventricle, which accords with the
hypothesis that the normal right ven-
tricular contraction pattern is a con-
sequence of loading conditions rather
than a reflection of an intrinsic property
of the myocardium.
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The pressure-volume characteristics of the
normal right ventricle were described in an
earlier study.' Briefly, the pressure-volume
loop of the normal right ventricle is more
triangular than that of the left, with poorly
defined periods of isovolumic contraction and
relaxation and a phase of ejection during the
decline in right ventricular pressure. It was
suggested that these differences were load
dependent and therefore reflected the dif-
ferent impedance characteristics of the sys-
temic and pulmonary vascular beds. If this
were the case, then large changes might be
expected when the loading conditions of the
right ventricle are modified. As yet there are
no data on the pressure volume relation of the
human right ventricle with varying loading
conditions.
We studied pressure-volume loops obtained

from patients with various conditions that
subject the right ventricle to differing loading
conditions and from the left ventricle in
patients after the Mustard operation, when
the left ventricle acts as the pulmonary
ventricle.

Patients and methods
PATIENT GROUPS
Group 1 consisted of 16 patients (age range 1-
19, median 3-5 years) with raised right ven-
tricular systolic pressure; 10 had a diagnosis of
cyanotic tetralogy of Fallot, four had valvar
pulmonary stenosis, and two cor pulmonale.
The mean (SD) right ventricular peak systolic
pressure in this group was 58 (9) mm Hg.
Group 2 consisted of five patients with right
ventricular volume load (age range 1 5-28,
median 14 years). Three had an ostium secun-
dum atrial septal defect and in two there was
hemianomalous pulmonary venous drainage.
Only patients with right ventricular peak sys-
tolic pressures of < 35 mm Hg were included
(mean 30 (6) mm Hg). The mean ratio of
pulmonary to systemic flow in these patients
was 2-2 (0 7) to 1.
Group 3 consisted of 10 symptom free patients
studied 1-6 years after total correction of
tetralogy of Fallot. Right ventricular systolic
pressure in this group was 28 (7) mm Hg and
no residual intracardiac shunt was detected in
any patient. Nine patients had undergone
enlargement of the right ventricular outflow
tract with insertion of a Dacron patch. Three
patients had short early diastolic murmurs in
the pulmonary area suggesting the presence of
pulmonary regurgitation. Transannular repair
(extending the patch across the pulmonary
valve annulus) was not performed in any of
the patients. Some of the patients in this
group and some in group 1 were included in a
previous study to examine other aspects of
right ventricular function after repair of
tetralogy of Fallot.2
Group 4 included three patients (aged 9, 9, 11
years). All had undergone a Mustard repair of
simple transposition of the great arteries.
After this operation the right ventricle acts as
the systemic ventricle and the left ejects into
the pulmonary circulation. Left ventricular
pressure-volume diagrams were obtained in
these three patients who had normal pul-
monary artery pressures and no obstruction of
the left ventricular outflow tract. The left
ventricular systolic pressure in this group was
26 (5) mm Hg.

METHODS
All paediatric patients
general anaesthesia
alphadolone acetate,

were studied during
with (alphaxalone-

Althesin) after
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Figure I A normal right ventricular pressure-volume diagram illustrating ejection
during pressure development and decline. (Takenfrom Redington et al, Br Heart J
1988;59:23-30,fig 4.)
Figure 3 Right ventricular pressure-volume diagramfrom a patient with pulmonary
stenosis. There are well-defined periods of isovolumic contraction and relaxation.
Figure 2 Right ventricular pressure-volume diagram takenfrom a patient with
tetralogy of Fallot. Ejection was occurring during pressure development but not during
pressure decline. Maximum work and effective work are measured in mm Hg x ml.

premedication with trimeprazine. Adult
patients were studied under local anaesthesia,
without premedication. Biplane right (groups
1, 2, and 3) and single plane left (group 4)
ventriculograms were recorded by the meth-
ods described previously.'3 When the heart
rate exceeded 100 beats per minute the cine-
frame rate was increased from 50 to 75
frames per, second. Simultaneous pressure

measurements were made with micromano-
meter tipped catheters (Millar Instruments).
The electrocardiogram, cineframe marker,
and event mark were recorded to enable later
synchronisation of pressure and volume data.

ANALYSIS
Only normally conducted beats were

analysed; extrasystoles and immediate
extrasystolic beats were excluded. Only beats
recorded after the end of contrast injection
were examined. Ventriculograms and pressure

recordings were digitised with equipment des-
cribed elsewhere.'2 Right ventricular volumes
were corrected with the regression equations
derived from cast studies.' Left ventricular
volumes were estimated from single plane
ventriculograms by the area-length method.3
Pressure-volume diagrams were drawn for

each patient and the following measurements
made:
(a) End diastolic volume index-that is end-
diastolic volume corrected for body surface
area (ml/m2)
(b) Stroke volume index (ml/m2)
(c) Cycle efficiency (%)
(d) Percentage of ejection occurring during
pressure rise
(e) Percentage of ejection occurring during
pressure fall
The derivation of these indices has been des-
cribed in detail elsewhere.'

STATISTICAL ANALYSIS
All variables were expressed as the mean
(SD). However, for the purposes of compar-
ison, we did not assume that the variables
were normally distributed and we therefore
compared group data by the non-parametric
Mann-Whitney U test. The null hypothesis
was rejected ifp < 0 05.

Results
The table shows the data from all patient
groups. For comparison we include our data on
the normal right and left ventricle. 1 4

RIGHT VENTRICULAR VOLUMES
These measurements were not the focus of this
study and so will be described only briefly.
The end-diastolic volume index in groups 2

and 3 was higher than normal (p < 0-02,
p < 0 05 respectively) and higher than in
group 1 (p < 0 05, p < 0-02 respectively).
The stroke volume index in the volume loaded
group (group 2) was higher than normal
(p < 0 05), but otherwise there was no sig-
nificant difference between the groups. The
ejection fraction in groups 2 and 3 was lower
than in the normal right ventricle (both
p < 0 05).

PRESSURE-VOLUME RELATIONS
Group 1 Pressure-volume loops in patients
with right ventricular pressure load were
abnormal (compare fig 1 with figs 2 and 3).
Their overall shape resembled that obtained
from the normal left ventricle (fig 4). There was
a well defined end systolic shoulder in all
patients, with approximately 5% of ejection
occurring during right ventricular pressure
decline (p < 0 001 compared with normal). In
nine patients (eight with tetralogy of Fallot
and one with pulmonary stenosis) there was
appreciable (> 10%) ejection during the pres-
sure rise (mean change for group = 27%,
p = NS compared with the normal right ven-
tricle). There was a significant linear relation

Data obtainedfrom pressure-volume diagramsfrom .ach of the four study groups (mean ISD). Data from the normal
right and left ventricle are includedfor comparison. See textfor details

EDVI SVI Ejection pressure Ejection pressure Cycle
(mi/mr2) (mi/M2) EF (%) rise (%) fall (%) efficiency

Group 1 (pressure load) 66 (17) 42 (13) 63 (13) 27 (19) 5 (5) 0 74 (0-07)
Group 2 (volume load) 105 (20) 55 (18) 52 (12) 18 (9) 42 (24) 0.59 (0 04)
Group 3 (relief of pressure load) 92 (30) 48-5 (16) 52 (6) 40 (8) 30 (9) 0-55 (0-01)
Group 4 (LV post-Mustard) 56 (6) 37 (4) 66 (6) 26 (8) 36 (6) 0-58 (0.06)
Normal RV 64 (13) 43 (8) 62 (6) 39 (4) 43 (9) 0-56 (0.08)
Normal LV 61 (9) 47 (9) 77 (6) 4(5) 0 0-78 (008)

EDVI, end diastolic volume index: SVI, stroke volume index; EF, ejection fraction.
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Figure 4 A normal left
ventricular pressure-
volume diagram. (Taken
from Redington et al, Br
Heart J 1988;59:23-30,
fig 7.)
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Figure S Right
ventricular pressure-
volume diagramfrom a
patient with a large atrial
septal defect. Ventricular
volumes were increased but
the overall shape of the
loop was similar to that of
the normal right ventricle
(fig 1).

Figure 6 Right
ventricular pressure-
volume diagramfrom a
patient after repair of
tetralogy of Fallot.
Ejection was occurring
during pressure
development and decline.

Figure 7 Left ventricular
pressure-volume diagram
obtained after Mustard
repair of transposition of
the great arteries. The left
ventricle (ejecting into the
pulmonary circulation had
siminlar pressure-volume
characteristics to the
normal right ventricle (fig
1).
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the measured loop variables was significantly
different from normal. In eight of the patients
the loops also showed an increase in volume
during pressure fall (fig 6). In the absence of
continued injection of contrast, filling through
a ventricular septal defect, or through the
tricuspid valve, this volume increase during
pressure decline must represent pulmonary
regurgitation. The measurement and relevance
of this are discussed in a previous study.2
Group 4 Left ventricular pressure-volume
loops after the Mustard operation (fig 7)
showed that 26% of ejection occurred during
pressure rise and 36% during pressure fall (not
significantly different from the normal right
ventricle). Cycle efficiency was significantly

-- . lower than that for the normal left ventricle
14 16 (p < 0 01) but was similar to values obtained

from the normal right ventricle (p = NS).
There was no significant lineir relationessure andessure rise between any of the indices measured and heart

rate in any of the groups.
ire-volume
ventricular Discussion
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e fall were right ventricle have already been established.'
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:velopment volume were obtained from the study ofhuman
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ventricular validation studies we tried to maintain the
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regression equations, as is usually done, to the
estimation of right ventricular volume in
patients with pressure or volume load. Ideally
regression equations appropriate to the condi-
tion being studied should be obtained by
studies of postmortem casts. But such studies
are almost impossible to organise. Further-
more, although absolute volume measurements
may be subject to error, relative changes,
frame-by-frame changes throughout the car-
diac cycle for example, should be valid. There
was a similar problem with measuring left
ventricular volume in group 4. In these patients
left ventricular volumes were measured by the
area-length method, a method which assumes
that the shape of the left ventricle is a prolate
ellipsoid. After the Mustard operation the
normal pressure gradient from the left to the
right ventricle is reversed and consequently
the position of the interventricular septum
changes. The right ventricle becomes more
circular in cross section and the left ventricle
seems to be "wrapped" around it.7 Once again
the use of a method that has been validated in
the normal ventricle may be inappropriate
when the normal geometry changes. As with
the pressure and volume loaded right ventricles
mentioned above, relative changes in volume
(like those measured in this study) should,
however, be maintained and examination of
pressure-volume loops by the measurements
described in this study (all of which are
independent of absolute volume) should be
valid. Furthermore, despite these potential
errors, when groups 1, 3, and 4 (that is patients
with no intracardiac shunting, and no valve
regurgitation) were compared with normal
individuals there was no significant difference
between measurements of stroke volume, sug-
gesting that any error introduced was small.
The aim of this study was to document any

differences between the normal right ven-
tricular pressure-volume loop and loops
obtained from the right ventricle as it is affec-
ted by changes in its loading conditions. If, as
was suggested previously,' the shape of the
normal right ventricular pressure-volume loop
is dependent on the low pressure, high
capacitance characteristics of the pulmonary
vascular bed, then large changes might be
expected when these conditions change.
Group 1 consisted of patients with relative

obstruction to outflow from the right ventricle.
The level of obstruction varied within the
group, however. It was predominantly
subvalvar in those with tetralogy of Fallot,
valvar in patients with pulmonary valve sten-
osis, and at the arteriolar level in patients with
pulmonary vascular disease. Despite these
differences the shape of the pressure-volume
loops in these patients was remarkably consis-
tent. In particular, the occurrence of ejection
during pressure decline, which was a striking
feature in the normal right ventricular pressure
volume loop, was absent when there was raised
right ventricular pressure. In these loops there
was a period of truly "isovolumic" pressure
decline. Indeed, cycle efficiency and percen-
tage ejection occurring during pressure decline
were no different from those in the normal left

ventricle. One would expect from these
observations that closure of the pulmonary
valve would coincide with the onset of pressure
decline-that is the "hangout" period, des-
cribed by Shaver et al 8 and discussed in detail
elsewhere,' 9 should be shorter. This is indeed
the case-the hangout period in the pressure-
loaded right ventricle was similar to that seen in
the systemic circulation.8
The percentage of ejection occurring during

the pressure rise was not significantly different
from that in the normal right ventricle of these
patients, however. This cannot be explained on
the basis of tricuspid regurgitation, which was
not seen on the angiograms. It is possible that
this finding represents early systolic shunting
across the ventricular septal defect from the
right to the left ventricle, but again this was not
obvious from the angiograms. There was,
however, a significant inverse linear relation
(r = -0 65, p < 0 05) between right ven-
tricular systolic pressure and the percentage of
ejection occurring during the pressure rise,
suggesting that this is a load dependent phen-
omenon. The right ventricular outflow tract
obstruction in tetralogy of Fallot is often
predominantly subvalvar and dynamic. The
peak outflow tract gradient occurs late in
systole, and so another explanation may
therefore be that this phenomenon represents
forward flow into the pulmonary artery, which
is permitted by the relatively small outflow
tract gradient during early systole. So it is
interesting that eight of the 10 patients with
tetralogy of Fallot but only one of the remain-
ing six patients in this group had significant
ejection during pressure development.
Right ventricular pressure-volume loops

from patients with volume load and after relief
of pressure load had the characteristics of the
normal right ventricle. Volume loading alone,
without an increase in pulmonary artery pres-
sure, led to an increase in right ventricular
volume but did not influence the pattern of
ejection. Similarly after relief of outflow tract
obstruction the systolic portion of the loop was
similar to normal.
There seems little doubt, therefore, that the

normal right ventricular pressure-volume loop
reflects a series of load dependent phenomena.
Some of these phenomena have been observed
when the loading conditions of.the left ventricle
are manipulated. Ejection during pressure rise
occurs when there is a low pressure "run-off",
in mitral regurgitation for example,'0 and
animal experiments have shown that with
extreme afterload reduction much of left ven-
tricular ejection can take place during pressure
decline." After the Mustard operation for
transposition of the great arteries the left ven-
tricle ejects into the pulmonary vascular bed.
Thus there is a unique opportunity to examine
whether the normal right ventricular pressure-
volume loop is entirely dependent on its load-
ing conditions or whether it, in addition,
reflects an intrinsic property of the right ven-
tricular myocardium. After the Mustard opera-
tion the left ventricular pressure-volume loops
were indistinguishable from those of the nor-
mal right ventricle, with similar cycle efficiency
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and percentage ejection occurring during pres-
sure rise and fall. In another study pressure-
dimension loops obtained from unoperated
patients with simple transposition of the great
arteries (obtained by M mode echocardio-
graphy with simultaneous pressure
measurements) showed a similar pattern.'2
What are the clinical implications of these

findings? We have previously suggested that
the measurement of isovolumic and end sys-
tolic indices of right ventricular contraction
may be invalid because of the lack of a truly
isovolumic contraction period and the lack of
adherence to the time-varying elastance (E)
model of contraction, upon which end systolic
indices-for example E,.,,-are based. A poorly
defined period of isovolumic contraction
remains a feature of the right ventricular
pressure-volume loop when there is pressure
load but an isovolumic relaxation phase and
end systolic shoulder, likely to coincide with
E., (as in the left ventricle), can be defined.
Measurement ofE. should therefore be possi-
ble for the right ventricle under these condi-
tions. The slope of E,..,, is likely to be linear and
vary with changes in inotropy, as has been
observed for the canine right ventricle.'3
However, the validity of E,,. is based on its
independence from loading conditions. In this
study we have shown that this is clearly not the
case, either for the right or for the left ventricle.
The implications are clear. The measurement
of E,, for the pressure loaded right ventricle
should be possible, but its theoretical basis is
unsound, and although they are often used to
assess left ventricular contractility such
measurements are open to the same criticisms
as above and should be interpreted with cau-
tion.
We showed that the shape ofthe normal right

ventricular pressure-volume loop depends on
its loading conditions rather than reflecting a

specific property of the right ventricular
myocardium. This may have important
implications for the measurement of right
ventricular fimction.
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