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Abstract
Objective—To study the eVects of
coronary artery occlusion on the
pressure–volume relations of the right
ventricle.
Design—Right ventricular pressure–
volume cycles were studied using conduct-
ance catheters and micromanometers
in 19 subjects undergoing coronary angio-
plasty in a tertiary referral cardiac
centre.
Results—Catheter occlusions of either the
left anterior descending coronary artery
or the right coronary artery were associ-
ated with a decline in stroke work (mean
change (SD): left −13.3(15.8)%, p = 0.008;
right −13.5(16.5)%, p = 0.04). Two pat-
terns of change were evident: an upward
shift usually associated with occlusion in
the left coronary artery, and a rightward
shift in the right coronary artery. In the
former there was an increase inmaximum
ventricular volume (mean change:
3.0(2.7)%, p = 0.004) and in minimum
ventricular volume (mean change:
2.3(2.7)%, p = 0.01) and a fall in peak
pressure (mean change: −4.8(5.1)%,
p = 0.04). In the latter there was an
increase in peak pressure (mean change
9.9(16.3)%, p = 0.04) and an increase in
minimum ventricular volume (mean
change 3.7(5.0)%, p = 0.02) leading to a
fall in stroke volume (mean change
−13.3(15.8)%, p = 0.008).
Conclusions—Occlusion of the left ante-
rior descending coronary artery or the
right coronary artery is associated with a
decline in right ventricular work. How-
ever, diVerent patterns of change in
indices of preload and afterload lead to
diVerent eVects on overall right ventricu-
lar pump function.
(Heart 1997;78:480–487)
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Interest in right ventricular function as an
independent factor in the pathophysiology of
heart disease is increasing. The initial success
of right heart bypass for tricuspid atresia1 sug-
gested that the right ventricle was
“dispensable”.2 However, there is now convinc-
ing evidence that in patients with coronary

artery disease right ventricular dysfunction is
of functional3 and prognostic4 significance.
This is most striking in the context of acute
inferior myocardial infarction, where direct
right ventricular involvement increases the
early mortality from 6% to 31% in groups
matched for the degree of coexisting left
ventricular dysfunction.5

There is no agreement as to whether right
ventricular dysfunction arises primarily from
the adverse loading that accompanies an
increase in the left ventricular diastolic pres-
sure in patients with ischaemic heart disease, or
from intrinsic changes in the active and passive
properties of the right ventricular myocardium
when it is ischaemic. In animal models an
inverse relation between stroke volume and
peak ventricular pressure shows the normal
right ventricle to be twice as sensitive to an
increased afterload as the left.6 In humans,
results from apparently similar studies investi-
gating the eVect of right ventricular ischaemia
are in direct conflict, suggesting that right
coronary artery disease is a significant7 or
insignificant8 determinant of the right ventricu-
lar ejection fraction during exercise.
Pressure–volume analysis, the derivation of

the relation between simultaneous ventricular
volume and pressure during the cardiac cycle,
is a powerful method of distinguishing changes
in ventricular loading from changes in the
active and passive properties of the myocar-
dium. Left ventricular pressure–volume studies
are now routinely reported in animal and
human subjects using a volume signal from a
conductance catheter. This technique has the
advantage of continuous and instantaneous
display and acquisition of simultaneous pres-
sure and volume to create real time pressure–
volume cycles. Since conductance derived vol-
umes are not derived from an image, and can
be monitored during periods of change, they
are potentially useful in assessing the response
of the right ventricle to ischaemia.
The use of conductance catheters has

recently been described in right ventricular
models,9 and in animal10 11 and human12

subjects. In this study we describe the use of
conductance catheters and catheter mounted
micromanometers to investigate the pressure–
volume relations of the human right ventricle
during coronary angioplasty. The ischaemia
that occurs during coronary occlusion is inter-
preted as a model of the prolonged ischaemia
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that may occur during the acute and chronic
presentations of ischaemic heart disease.

Methods
SUBJECTS

Patients were studied at the time of therapeutic
coronary angioplasty (PTCA). The results of
previous diagnostic angiography were known,
and patients with appropriate coronary
anatomy were selected prospectively. Subjects
had significant lesions in either the right
coronary artery proximal to the major right
ventricular branch or in the left anterior
descending coronary artery or its major diago-
nal branch (table 1). Subjects had single vessel
disease, or coexistent disease in non-dominant
circumflex coronary arteries. All patients had
chronic stable angina, and none had coexistent
valvar heart disease or clinically decompen-
sated left ventricular failure. Nineteen subjects
were studied. Their mean (SD) age was 58
(8.6) years. Seventeen were male and two
female.
Previous angiography had shown angio-

graphically normal left ventricular function in
18 of the 19 subjects, while one, who was
undergoing PTCA to the left anterior descend-
ing artery, had an anterior hypokinetic segment
with well preserved function overall. In no
patient was there clinical evidence of infarction
in the period between diagnostic angiography
and PTCA.
Routine drug treatment included a â blocker

in 13, a calcium channel blocker in 13, an oral
nitrate in 13, enalapril in two (both with left
anterior descending coronary artery stenosis),
frusemide in two (both with left anterior
descending coronary artery stenosis), and aspi-
rin in all 19.

In accordance with the Helsinki agreement
all subjects gave informed consent to a protocol
approved by the local ethics committee.

PROTOCOL

Patients undergoing PTCA were fasted on the
day of the procedure, omitting regular
medication. There was therefore a minimum
period of 12 hours since the last dose of any
drug, and more than 24 hours for once daily
drugs. Patients received 10 mg temazepam one
hour before PTCA, or no premedication. A 7 F
pigtail diagnostic catheter (Cordis, UK) and a
7 F pigtail conductance catheter (Webster,
USA) (eight electrodes over 60, 70, or 80 mm
according to estimated right ventricular size)
were introduced into the right ventricle from
the right femoral vein under fluoroscopy. We
have previously found that a conductance
catheter positioned with the pigtail in the right
ventricular apex, describing a curve following
the approximate long axis of the right ventricle
to the right heart border of the cardiac silhou-
ette, gives an optimal volume signal with
respect to signal to noise ratio, phase relation,
and stability.12 This position was achieved in all
cases. A 2.5 F catheter mounted micromanom-
eter (Millar Instruments, Houston, Texas,
USA) was introduced into the diagnostic
pigtail catheter to within 50 mm of the end to
give a stable right ventricular pressure trace.
Pressure and volume signals were optimised
and calibrated, and recorded and displayed
continuously as functions of each other to give
pressure–volume cycles. After ensuring the
correct phase relations of all segmental vol-
umes, only total volume (sum of segmental
volumes) was recorded and analysed.
PTCA of the target lesion was performed

using femoral guide catheters, monorail

Table 1 Percentage change in indices derived from right ventricular pressure–volume cycles after 60 seconds of coronary
occlusion in patients undergoing coronary angioplasty

Patient Coronary disease Dominance maxP maxV minV sv sw dP/dtmax
Cycle
eYciency

1 Mid LAD RCA 18.6 0.7 1.8 −5.6 1.7 8.7 −13.0
2 Proximal LAD RCA 5.6 0.1 0.2 −1.6 −3.0 0.0 5.8
3 Mid LAD RCA 0.2 5.6 8.3 −8.8 −15.7 8.5 −17.9
4 Mid LAD RCA 42.3 0.8 10.6 −41.5 −55.6 21.1 −78.3
5 Mid LAD RCA −9.5 3.9 11.7 −41.4 −50.4 21.1 −12.2
6 Mid LAD RCA 4.0 −3.6 −4.1 −0.5 −23.8 32.6 −14.9
7 Proximal LAD RCA −4.5 1.0 3.5 −14.6 −44.2 −13.8 −62.2
8 Proximal D1 RCA 9.7 0.7 2.7 −12.9 1.9 9.2 13.1
9 Mid LAD RCA 1.1 −1.5 −0.2 −9.6 −70.0 −15.2 1.5
10 Mid LAD, distal LAD RCA 31.6 2.4 2.2 3.4 50.2 24.0 2.0

Proximal OM1 −1.0 3.8 0.2 20.8 −4.0 −7.6 −3.6
11 Proximal RCA RCA −6.7 1.9 3.3 −8.5 1.5 9.6 6.8
12 Proximal RCA, mid

RCA
RCA 1.9 2.0 −1.8 33.1 −6.2 11.7 −18.0

13 Mid RCA (subtotal
occ), proximal Cx (occ)

RCA −0.5 1.9 0.7 15.0 29.8 −16.0 6.6

14 Proximal RCA RCA −9.8 2.7 1.8 −13.9 −17.3 −10.7 −4.8
15 Mid RCA RCA −8.0 8.2 3.8 19.9 −22.5 −13.0 −19.8
16 Mid RCA (subtotal

occ), distal Cx
RCA −1.7 1.1 1.2 0.7 −30.0 1.2 −29.2

17 Mid RCA RCA −13.3 4.6 8.0 −22.2 −61.2 −32.0 −35.2
18 Mid RCA (occ) RCA 0.0 0.2 2.7 −16.4 −15.8 −2.8 1.9
19 Proximal RCA RCA −5.6 4.2 0.8 29.8 −6.8 60.8 29.7

Mid OM1 3.0 −0.5 −0.2 −2.5 36.7 2.9 −5.1

Coronary disease: all potentially significant lesions (minimum cross section >50% main vessel) in the preangioplasty coronary
arteriogram.
Cx, circumflex coronary artery; D1, 1st diagonal branch of left anterior descending coronary artery; dP/dtmax, maximum value of
1st derivative of pressure with respect to time; LAD, left anterior descending coronary artery; maxP, maximum pressure; maxV,
minV, maximum and minimum ventricular volumes; occ, occlusion; OM1, 1st obtuse marginal branch of circumflex coronary
artery; RCA, right coronary artery; sv, stroke volume; sw, stroke work.
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angioplasty catheters, and intracoronary stents
as clinically directed. All procedures involving
PTCA to the left anterior descending coronary
artery resulted in an angiographically successful
dilatation of a significant lesion (narrowest
luminal cross section < 70% of the main vessel),
without complication. In one patient undergo-
ing PTCA in the right coronary artery, the pre-
vious stenosis had become occluded, and
attempted disobliteration was unsuccessful. In
two other cases the final result was angio-
graphically poor because of intimal dissection.
One of these patients underwent emergency
coronary artery bypass grafting. At the end of
the procedure all catheters were removed, and
routine care of the vascular access sites and
patient condition was as directed by clinical pro-
tocols. In no patient was there a complication
associated with the conductance catheterisation.

DATA ACQUISITION AND ANALYSIS

The conductance derived volume signal was
generated and processed by a Sigma 5DF single
field signal conditioning and processing unit
(Leycom, The Netherlands), using a value of
blood resistivity determined immediately before
each data acquisition. It was transferred directly
into custom software in a dedicated microcom-
puter, through a 12 bit 16 channel analogue to
digital (A/D) converter (Data Translation,Wok-
ingham, Berkshire, UK. Segmental volumes
were checked for phase relation to simultaneous
pressure and intracavity ECG signals, and
centred in the A/D ranges. We have found
previously12 that right ventricular conductance
derived volume signals have calibration con-
stants (parallel conductance and gain constant
relating conductance and thermodilution de-

rived stroke volumes) that are robust during
physiological volume change; correction for
these constants, however, introduces significant
error into estimated values of absolute volume,
and since no comparison of absolute values was
performed between subjects, uncorrected con-
ductance volumes were displayed and recorded.
The micromanometer was zeroed to atmos-
pheric pressure atmid-chest level, and calibrated
against a standard signal from an amplifier. The
pressure signal was imported directly into the
same software as the volume signal and dis-
played and recorded in real time.
Simultaneous pressure and volume data

were recorded immediately before the first bal-
loon inflation, after 60 seconds of inflation and
60 seconds after deflation in the coronary
artery. Each inflation lasted 60 seconds. In two
patients a second lesion in the circumflex
coronary artery was treated during the same
procedure, and data were acquired during the
initial inflation at the second site. Data were
acquired over 10 seconds, with respiration sus-
pended after exhaling. Four or five consecutive
sinus beats were selected for analysis, and mean
values of pressure and volume used in subse-
quent calculations. In 17 patients data were
recorded after completion of the angioplasty
procedure.
From pressure–time, volume–time, and

pressure–volume relation values of the follow-
ing were derived or calculated:
maxV, minV: maximum and minimum vol-

umes
maxP, minP: maximum and minimum

pressures
stroke volume: maxV–minV
stroke work: area enclosed by the

Figure 1 Values of maximum right ventricular pressure (maxP) and conductance derived stroke volume (sv) in subjects
undergoing coronary angioplasty. Values are displayed before balloon inflation (1), after 60 seconds of inflation (2), and 60
seconds after balloon deflation (3). Data from right coronary artery inflations are shown on the left and from left anterior
descending coronary artery inflations on the right.
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pressure-volume cycle
dP/dtmax: maximum value of the first

derivative of pressure against
time

cycle eYciency: stroke work/[(maxV–minV)
× (maxP–minP)]

There are theoretical and practical reserva-
tions about the derivation of exponential or
linear relations to describe diastolic pressure–
volume relations from cycles at steady state. In
contrast to conductance catheter derived
pressure–volume cycles described in the left
ventricle, the lower right hand corner (end
diastole) of cycles from the right ventricle often
shows signal noise, probably associated with
local turbulence during tricuspid valve closure.
Analysis of steady state cycles in previous stud-
ies in the left ventricle has suggested changes in
the diastolic pressure–volume relations that are
misleading when compared to those formally
derived by transient vena caval occlusion.13 14

For these reasons such relations are not
reported in this study. However, an obvious
distinction between a change in the trajectory
or a parallel vertical shift of the diastolic
portion of the pressure–volume cycle could be
made and is reported.
Since absolute values of volume were not cal-

culated, as discussed above, percentage changes
in individual indices during coronary artery
occlusion were calculated to allow comparisons
between subjects and groups of subjects. Since
absolute volumes were not used, ejection
fractions were not calculated or compared.
Data from inflations in the right and left

anterior descending coronary arteries were
analysed as separate groups.Within each group
values of the indices described above were
compared before balloon inflation and after 60
seconds of inflation.

STATISTICS

Values of pressure and volume and derived
indices were compared using Wilcoxon’s sign
rank test. A value of P < 0.05 was considered
significant. Values are quoted as mean (SD).

Results
CHANGES IN INDICES ASSOCIATED WITH

CORONARY ARTERY OCCLUSION

Table 1 shows the percentage change in all
indices that occurred during balloon inflation
in all patients. Conductance derived volumes
were not corrected for parallel conductance or
gain constant, and absolute values of volume

derived indices were therefore not compared.
Figure 1 shows values of maxP and stroke vol-
ume before inflation, after 60 seconds of infla-
tion, and 60 seconds after deflation, showing
that in the majority of cases the changes seen
during balloon occlusion had recovered within
one minute. This pattern was common to all
indices studied. There was no significant or
consistent change in heart rate during infla-
tions.
Table 2 compares pooled data from occlu-

sions in the right and left anterior descending
coronary arteries.

PATTERNS OF CHANGE ASSOCIATED WITH

CORONARY ARTERY OCCLUSION

During right coronary artery occlusion these
changes corresponded to a characteristic shift
in the pressure–volume cycle predominantly
rightward but not upward (fig 2). This pattern
of shift was seen during all inflations in a previ-
ously patent right coronary artery. During left
anterior descending coronary artery occlusion
these changes corresponded to a dominant
pattern of shift of the pressure–volume cycle
upwards but not rightward, with an increase in
minV associated with a reduction in stroke vol-
ume (fig 2). This pattern was seen during most,
but not all, inflations (seven of 10).

Inflations in two separate vessels
In two patients separate inflations were re-
corded from two diVerent coronary arteries. In
one (patient 10) PTCA to the proximal left
anterior descending artery was followed by
PTCA to the first marginal branch of circum-
flex artery. In the second (patient 19), PTCA to
a dominant right coronary artery was followed
by PTCA to the first marginal branch of the
circumflex artery. Data from the first patient
showed the characteristic pattern of shift asso-
ciated with left anterior descending artery
inflation, and no change during the subsequent
circumflex artery inflation. Data from the sec-
ond showed the characteristic pattern of shift
during the right coronary artery inflation, and a
diVerent pattern, usually associated with infla-
tions in the left coronary artery, during the
inflation in the circumflex artery.

Inflations associated with no change
During balloon inflation in a previously
occluded artery (patient 16) there was no
apparent shift in the pressure–volume cycles, as
expected. During occlusion of a marginal
branch of a non-dominant circumflex artery in
a patient who had already undergone PTCA to
the left anterior descending artery (patient 10),
in the same procedure there was also no appar-
ent shift in the pressure–volume cycles (see
above). All other inflations were associated
with a shift in the pressure–volume cycles.

Changes at the end of the procedure
Data were available at steady state before and
at the end of the whole PTCA procedure in 17
cases. In these there was a significant increase
in stroke work (mean increase 59.1(95.5)%,
p = 0.001), and dP/dtmax (mean increase
24.1(35.8)%, p = 0.01) associated with an

Table 2 Pooled data from inflations in the right (RCA) and left anterior descending
(LAD) coronary arteries.Mean percentage changes in indices of pump function between
onset of balloon inflation and after 60 seconds of coronary artery occlusion are shown

RCA inflation (n=9) LAD inflation (n=10)

% Change p % Change p

Maximum pressure −4.8 (5.1) 0.02 9.9 (16.3) 0.04
Maximum volume 3.0 (2.4) 0.004 0.9 (2.6) 0.16
Minimum volume 2.3 (2.7) 0.01 3.7 (5.0) 0.02
Stroke volume 4.2 (20.8) 0.16 −13.3 (15.8) 0.008
Stroke work −13.5 (16.5) 0.04 −10.8 (18.7) 0.05
dP/dtmax 0.9 (26.2) 0.30 12.0 (19.2) 0.09
Cycle eYciency −14.2 (24.6) 0.04 −20.9 (35.7) 0.02

Vales are mean (SD).
dP/dtmax, maximum value of 1st derivative of pressure with respect to time.
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increase in maxP (mean increase 16.7(19.8)%,
p = 0.01). These were interpreted as the
non-specific consequences of general neuro-
humoral activation. There was no significant
change in volumes or cycle eYciencies.

Changes in diastolic pressure–volume relations
Constants describing a theoretical diastolic
pressure–volume relation were not derived.
However, changes in the diastolic portions of
the pressure–volume cycles were often appar-
ent. During 10 of 19 inflations there was a clear
dominant vertical shift in the whole diastolic
pressure–volume relation with little apparent
change in its trajectory. This was most often
observed in association with a dominant
upward shift in the pressure–volume cycle
(eight of nine inflations), and rarely in
association with a rightward shift (two of 10

inflations). This is illustrated in fig 3. This phe-
nomenon was therefore a feature of balloon
inflations in the left anterior descending
coronary artery. In all other cases the diastolic
portion of the pressure–volume cycle appeared
to follow a continuous relation during infla-
tions.
There were not suYcient data for useful

subgroup analysis, but the presence of obvious
collaterals (identified on the angiogram imme-
diately before angioplasty: patients 12, 13, 16),
or abnormal resting left ventricular function
(patient 2), were associated with less marked
changes in pressure and volume derived
indices.

Discussion
This study shows that in subjects with
ischaemic heart disease, coronary artery occlu-
sion was associated with the rapid development
of changes in right ventricular pressure-volume
relations. One of the advantages of simultane-
ous pressure and volume measurement is that
ventricular stroke work can be calculated and
related to changes in pressure and volume
which usually reflect changes in ventricular
loading. In this way changes in contractile
function may be distinguished from changes in
the preload and afterload of the ventricle. The
data presented here show that there was a
decline in stroke work associated with occlu-
sion of both right and left anterior descending
coronary arteries. The changes in pressure and
volume, however, were not uniform, but
suggest two distinct patterns: (1) during occlu-
sion of a dominant right coronary artery there
was an increase in maximum and minimum
ventricular volume associated with no rise or a
fall in maximum pressure; (2) during occlusion
of left anterior descending coronary artery,
there was usually a rise in maximum pressure
and a decline in stroke volume. These different
patterns of change in right ventricular pump
function support the intuitive view that
coronary artery occlusion may modify right
ventricular contractile function and loading in
diVerent ways, depending on the site of the
resulting ischaemia.

PREVIOUS STUDIES

Adverse haemodynamic changes associated
with right ventricular infarction are well recog-
nised clinically,15 with important eVects on
short term prognosis independent of left
ventricular function.5 However, detailed analy-
sis of right ventricular function during
coronary artery occlusion has not been done in
human subjects. Several studies have reported
that both right coronary and left anterior
descending coronary artery occlusion are asso-
ciated with a decline in right ventricular
ejection fraction.16–19 Since right ventricular
ejection fraction is sensitive both to impaired
right ventricular contractile function and to a
rapid increase in pulmonary artery pressure, a
fall in ejection fraction does not distinguish
direct and indirect eVects of cardiac ischaemia.
However, a rise in pulmonary artery
pressure,16 19 and thus right ventricular systolic
pressure, associated with an increase in low

Figure 2 Right ventricular pressure–volume cycles from patients undergoing coronary
angioplasty to lesions in the right coronary artery (above) and left anterior descending
coronary artery (below). Two characteristic patterns of shift are contrasted with
predominant rightward or vertical displacement. Vertical displacement is associated with a
reduction in stroke volume, which in this subject results from a predominant reduction in
maximum ventricular volume, while stroke volume during right ward displacement is
maintained.
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frequency pulmonary impedance,20 is recog-
nised as a specific eVect of occlusion of the left
anterior descending coronary artery; this is
assumed to result from diastolic changes in the
left ventricle during acute ischaemia.

CHANGES IN RIGHT VENTRICULAR LOADING

CONDITIONS ASSOCIATED WITH CORONARY

ARTERY OCCLUSION

The two patterns of response to coronary
artery occlusion observed strongly imply diVer-
ent changes in the right ventricular preload and
afterload. During right coronary artery occlu-
sion peak ventricular pressure did not increase,
suggesting that there was no important in-
crease in the ventricular afterload. In contrast,
the increase in pressure commonly seen during
occlusion of the left anterior descending
coronary artery implies an increase in ventricu-
lar afterload. This diVerence is consistent with

previous findings,16 17 and biologically plausi-
ble, assuming that the eVects of left anterior
descending coronary artery occlusion on left
ventricular diastolic performance are more sig-
nificant than right coronary artery occlusion,
and that these eVects lead to changes in the
pulmonary circulation that result in an increase
in impedance.20 A more unexpected finding
was that while the maximum ventricular
volume increased during right coronary artery
occlusion, this was less consistently observed
during occlusion of the left anterior descending
coronary artery, so that for pooled data the
change was not significant (table 2). During
occlusion of either vessel the minimum (that is,
end systolic) ventricular volume increased, but
during right coronary artery occlusion the
increase in maximum (that is, diastolic)
ventricular volume had the eVect that stroke
volume did not decline significantly. In con-
trast, failure to increase the diastolic volume
during left anterior descending coronary artery
occlusion resulted in a significant fall in stroke
volume. Maximum ventricular volume is func-
tionally the best index of ventricular preload. In
simple terms, therefore, during right coronary
artery occlusion there was an increase in
preload and no rise in afterload, while during
left anterior descending coronary artery occlu-
sion there was a rise in afterload but no
consistent rise in preload.
The Frank-Starling mechanism operates to

maintain pump function in the face of an
increased ventricular afterload or reduced ven-
tricular contractile function by an increase in
ventricular diastolic volume, as seen during
right coronary artery occlusion. Its failure, and
the resulting decline in stroke volume during
occlusion of the left anterior descending
coronary artery, is unexpected. Right ventricu-
lar diastolic dilatation may be mechanically
constrained by the pericardium, or by move-
ment of the interventricular septum into the
right ventricular cavity during left ventricular
dilatation; the latter eVect may explain failure
of right ventricular dilatation during left
anterior descending coronary artery occlusion,
since acute ischaemic left ventricular dilatation
would be anticipated. The patterns of change
observed in the diastolic right ventricular
pressure–volume relations (fig 3) support this
explanation: an increase in the gradient of the
diastolic pressure–volume relation implies an
increase in ventricular stiVness, but a parallel
upward shift of the relation is a feature of
mechanical constraint of the ventricle, for
example during acute volume loading of the
right ventricle,21 or during acute ischaemia of
the left ventricle.15 A predominantly parallel
shift was a common observation during occlu-
sion of the left anterior descending coronary
artery.

RIGHT VENTRICULAR CONTRACTILE FUNCTION

In the left and right ventricles a positive linear
relation between stroke work and end diastolic
volume is recognised.22 23 The gradient of this
relation is insensitive to changes in ventricular
load but sensitive to changes in contractile
state. During inflations in the right coronary

Figure 3 Right ventricular pressure–volume cycles from patients undergoing coronary
angioplasty to lesions in the right coronary artery (above) and left anterior descending
coronary artery (below). Two characteristic patterns of change in the diastolic
pressure–volume relations are contrasted. The cycles in the top figure follow a continuous
relation, and those in the bottom figure are displaced vertically during coronary artery
occlusion.
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artery and left anterior descending coronary
artery, the usual eVect was a fall in stroke work,
and in the absence of a reduction in maximum
volume, this eVect implies a decline in contrac-
tile function, that is, a reduction in the gradient
of the stroke work–end diastolic volume
relation. This is in keeping with observations in
animal models of the eVects of coronary artery
ligation on right ventricular contractile func-
tion. The right coronary artery in the canine
heart supplies only the right ventricle, and its
ligation causes a fall in right ventricular
dP/dtmax,24 the end systolic pressure–volume
relation, and the stroke work–end diastolic vol-
ume relation.25 In pigs, left anterior descending
coronary artery ligation results in similar
reductions in gradients of the right ventricular
end systolic pressure-volume relation26 and the
stroke work–end diastolic relation.27 In the data
presented here the changes in stroke work and
the implied decline in contractile function sug-
gest a direct eVect of ischaemia, presumably as
a result of ischaemia in the septum during left
anterior descending coronary artery occlusion
and in the right ventricular free wall during
right coronary artery occlusion.

RIGHT VENTRICULAR dP/dtmax CYCLE EFFICIENCY

dP/dtmax is often interpreted as an index of
contractile function in the left and right ventri-
cles. In the subjects in this study it did not
change significantly during coronary artery
occlusion, and there was a trend towards an
increase in subjects in whom maxP increased.
Its sensitivity to changes in afterload and
insensitivity to change in contractile state thus
limit its usefulness in this context. Cycle
eYciency is an index of the extent to which the
ventricular function approaches that of an ideal
square wave pump. The low cycle eYciency of
the normal right ventricle is a reflection of the
low impedance and high capacitance of the
pulmonary circulation, and is increased in the
presence of an increased ventricular afterload.28

The fall in cycle eYciency that occurred during
right and left anterior descending coronary
artery occlusions is not easily explained, and
argues against interpretation of this index sim-
ply as reflecting the coupling between the right
ventricle and pulmonary circulation.

CRITICISM OF METHODS

One marked feature of continuous right
ventricular pressure and volume recording is
the sensitivity of all measurements to respira-
tory movement and other physical activity.
This variability is not apparent in most
reported studies of right ventricular function,
since they are usually performed in anaesthe-
tised and ventilated animals, as described in
recent reports of the use of conductance cath-
eters in the pig right ventricle.10 Studies of
human right ventricular pressure–volume rela-
tions have not previously used techniques that
would be sensitive to such variation (for exam-
ple, angiography, radionuclide ventriculogra-
phy). Against this background, two observa-
tions support the validity of the changes
reported here in association with coronary
artery occlusion. Firstly, in one patient in

whom the target lesion for PTCA had
progressed to subtotal occlusion, no changes in
the right ventricular pressure–volume relations
were observed while the lesion was crossed
with a catheter and the balloon inflated.
Secondly, the changes recorded during infla-
tions in previously patent arteries formed
clearly recognisable patterns, most clearly
distinguished in patient 19, in whom inflations
in right coronary and circumflex coronary
arteries had diVerent consequences during the
same procedure.
The use of conductance catheters in adult

human subjects is technically demanding, and
while there are many reports describing the
validation and use of the technique in small
animal experiments in the left, and more
recently right, ventricle, reports in adult human
subjects are scarce and describe their use in the
left ventricle, where the cavity geometry is less
complex. Our experience of the technique in
the conscious adult human right ventricle sug-
gests that it is often diYcult but that it is
important to be rigorous in diVerentiating real
change from artefact. During coronary artery
occlusion three potential sources of artefact
may contribute to apparent volume change.
Firstly, since conductance derived right ven-

tricular volumes are sensitive to respiration it is
important that all volumes are measured at the
same respiratory phase, for which patient com-
pliance is important in the unanaesthetised
subject.
Secondly, changes in the cavity size and

geometry during ischaemia may alter the
calibration constants relating real to conduct-
ance volumes, distorting the relation between
volume change and changes in the conduct-
ance signal.We have previously investigated the
stability of parallel conductance (contribution
of extracavity conductance to the overall
conductance volume) and the gain constant
relating conductance and thermodilution de-
rived techniques during volume expansion,12

and found no significant or systematic change.
The configurational changes that occur in the
right ventricular cavity during ischaemia are
probably more complex than those during sim-
ple volume expansion, but are of the same
magnitude, and we do not anticipate a
significant systematic change in parallel con-
ductance or gain constant during the changes
described in this data.
Thirdly, parallel conductance is determined

in part by the patterns of anisotropic conduc-
tivity in the ventricular myocardium. These
patterns are likely to be sensitive to changes in
perfusion, and thus coronary artery occlusion
may cause a change in parallel conductance
and a volume independent change in conduct-
ance volume. If this eVect were significant it is
unlikely that consistent patterns of volume
change with respect to pressure change would
result, and such patterns argue strongly that the
changes observed in these data are indices of
real physiological change.
There are two assumptions in the

interpretation of the changes of right ventricu-
lar pressure–volume data as the eVects of
ischaemia. Firstly, it is assumed that coronary
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artery occlusion results in functional ischaemia
with eVects within the first minute, and
secondly, it is assumed that the site of occlusion
predicts the location of functional ischaemia.
There are several reports describing the eVects
of coronary artery occlusion during PTCA on
indices of left ventricular function,14 29–31 and
changes in diastolic and systolic indices within
one minute are well recognised. Since the
majority of subjects described here were
thought to have functionally single vessel
coronary artery disease, it is likely that
interpretation of changes in association with
occlusion in a particular artery as representing
the eVects of ischaemia in an associated area of
myocardium are valid. The distinct patterns
observed with particular inflation sites support
this view.
Analysis of the changes in the ventricular

pressure–volume cycle that are observed with
rapid changes in loading (for example, inferior
vena caval occlusion) extends the information
that can be gained from such studies. Without
such manoeuvres, shifts in the pressure–
volume cycles as reported here are interpreted
by assuming the existence of relations (for
example, preload recruitable stroke work)
without formally proving their existence. In ex
vivo32 and in vivo10 animal preparations, these
relations are demonstrable in the right ventri-
cle, supporting their assumption in interpret-
ation of the changes seen in these subjects.

CONCLUSIONS

Despite the technical and theoretical reserva-
tions discussed, the changes in the right
ventricular pressure–volume relations observed
in these subjects clearly reflect changes in the
pump function of the right ventricle during
coronary artery occlusion. These changes can
be interpreted within a framework that distin-
guishes active and passive properties of the
ventricle and its loading conditions. Occlusion
of the right coronary artery and of the left
anterior descending coronary artery lead to a
decline in the stroke work of the right ventricle.
However, the eVects of this decline on pump
function reflect changes in the loading condi-
tions of the ventricle. Pump failure—a reduc-
tion in stroke volume—is a consistent feature
when there is a rise in peak ventricular pressure
and a failure to augment the diastolic volume.

Andrew Bishop was a Junior Fellow of the British Heart Foun-
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