
Abstract
The pressure-volume curves for 10
patients with various types of heart dis-
ease were studied throughout mid to late
diastole when both pressure and volume
were increasing. The results were used to
test a currently held theory that the
form of this relation is exponential. It
was found that for the patients examined
this hypothesis was not valid.
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It is widely believed that the left ventricular
cavity becomes stiffer in diastole in disease.
This reduced compliance is said to modify the
filling pattern,' raise end diastolic pressure,2
and thus limit exercise tolerance. Left ven-
tricular compliance is measured as the rate of
change of volume with pressure during the
passive phase of diastole and varies through-
out the filling period.3

It has been assumed for many years that the
pressure-volume curve itself is exponential
and that a rate constant can be calculated.4 In
our experience, however, the ventricular pres-
sure-volume curve in patients with left ven-
tricular disease can depart considerably from
any simple or uniform analytical relation. To
test the hypothesis that during passive filling
the left ventricular pressure-volume relation
can be represented without major error by an
exponential we therefore examined this rela-
tion in detail with the most satisfactory meth-
ods currently available for clinical use.

Patients and methods
METHODS
We studied 10 patients, two of them on two
separate occasions. The table gives their diag-
noses. In all cases cardiac catheterisation was
required because of standard clinical indica-
tions.

Details ofpatients studied

Patient Diagnosis Sex Age

1 Congestive cardiomyopathy F 60
2 Mild mitral stenosis with regurgitation M 27
3 Coronary artery disease M 60
4 Coronary artery disease with left ventricular dysfunction M 46
5 Coronary artery disease M 55
6 Coronary artery disease M 45
7 Coronary artery disease M 70
8(a) Coronary artery disease M 47
8(b) Coronary artery disease with induced angina M 47
9(a) Coronary artery disease M 57
9(b) Coronary artery disease with induced angina M 57
10 Aortic valve dysfunction with LV hypertrophy F 68
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Biplane cineangiograms were performed
during held mid-inspiration (600 left and 30°
right anterior oblique projections) at a frame
rate of 50/s with 50 ml of Urografin 370 at a
flow rate of 12 ml/s injected into the ventricle.
The left ventriculograms were calibrated by
displacing the catheter table by 10 cm.

Ventricular pressure was measured by a
Gaeltec tip micromanometer mounted on the
angiographic catheter with atmospheric pres-
sure as zero. The micromanometer was
immersed in saline for 20 minutes before use
to minimise zero drift, which was found to
have been less than 2 mm Hg by the end of
the study for all patients. The transducer was
calibrated in situ against peak systolic and
minimum diastolic pressure recorded through
the angiographic lumen. Pressures were recor-
ded photographically at a paper speed of 0 1
m/s with a simultaneous electrocardiogram.

ANALYSIS OF DATA
The beats we analysed occurred within the
first five after the start of contrast injection,
when the haemodynamic effects of the agent
itself are negligible, and were not extrasystolic
or postextrasystolic. The onset of the QRS
complex of the electrocardiogram was used to
gate a light emitting diode and thus identify
its timing on the cine film. The cinean-
giograms were digitised in both planes frame
by frame' throughout the cycle being studied.
The timing of mitral opening was taken as the
first appearance of unopacified blood through
the mitral valve at the start of diastole. This
was best identified on the right anterior
oblique projection. Cavity volume was
derived for each pair of right anterior oblique
and left anterior oblique frames by computer
reconstruction of the cavity.6 The two frames
were aligned at the apical point, taken as the
point furthest from the mid-point of the aortic
root on each. The right anterior oblique view
was then sliced at 50 levels perpendicular to
the mid-aortic to apical line, thus providing
100 points to define the outline of the cavity.
These points were then projected across to the
left anterior oblique view and the intersections
with its periphery were recorded. We used
computer aided surface fitting techniques to
reconstruct the three dimensional cavity shape
and measure its enclosed volume. This
method has previously been validated directly
against plaster casts of left6 and right7 ventri-
cles. Figure 1 shows some of the ventricular
cavity shapes for patients in this study.
The period of passive left ventricular filling

was taken as starting at the time when pres-
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8(a) 4

9(a) i1
Figure 1 Typical computer aided reconstructions of the left ventricular chamber for six of the patients studied.

sure and volume started to increase simultan-
eously at the end of rapid filling. We chose
this as a practical definition and cannot
exclude the possibility of some residual ten-
sion for a short time afterwards. This con-
trasts with the period of rapid filling when
pressure falls as volume increases. The end of
passive diastole was identified as the onset of
the sudden increase in filling rate associated
with left atrial systole. This procedure
required analysis of 5-11 frames per patient.
From this information we examined the

relation between pressure and volume by
regression analysis, using linear (P against V)
and semilogarithmic (ln P against V) plots.
For each we calculated the correlation
coefficient, the slope and intercepts along with
their standard errors, and the standard error
of the estimate. We took atmospheric pressure
as zero in the semilogarithmic analysis. In line
with current reported practice we did not
investigate the effect of allowing the assumed
zero value for pressure measurement to vary
in order to improve agreement. We also
examined the plot of pressure against dP/dV
(the ventricular or cavity stiffness). If the
relation between pressure and volume is
exponential there should be a simple linear
relation between pressure and dP/dV, with
both increasing as filling proceeds. We studied
the nature of the relation in individual
patients, with particular reference to its form.
We noted whether dP/dV increased uniformly
throughout passive filling or whether it

showed points of inflection, remaining con-
stant or even falling as pressure rose.

Results
PRESSURE-VOLUME RELATIONS
Figure 2 shows the pressure-volume curves
during passive filling for individual patients.
Their shape varies greatly. Approximately
half the patients showed some increase in
slope towards the end of passive diastole but
this was by no means uniform.

REGRESSION ANALYIS
Correlation coefficients for linear analysis of
pressure against volume varied between 0-89
and 0-98. For semilogarithmic analysis they
varied between 0-83 and 0-99. There was no
significant difference between values derived
from the two approaches when individual
values were compared. The standard error of
estimated volume derived from pressure
meaurements was 3-7 (1 9) mm Hg when
logarithmic analysis was used and 4-0 (1-6)
mm Hg with linear analysis. Again there was
no significant difference between these values.

PRESSURE-CAVITY STIFFNESS RELATION
Figure 3 shows curves from individual
patients. A progressive increase in cavity stiff-
ness (not necessarily linear) with pressure was
seen in only four. In the remainder the curve
was sigmoid with stiffness falling rather than
rising for at least part of the period of pressure
rise.
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Figure 2 Portions of
pressure-volume curvesfor
all 12 studies. Pressure
and volume were both
rising in diastole.
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Figure 3 Plots of dPldV against Pfor euch patient.

Discussion
The stiffness of the left ventricular cavity
during the passive phase of diastole is
estimated from its pressure-volume relations.
The curve of pressure against volume is often
not linear, with the slope increasing towards
end diastole. It has therefore become
traditional, since the original studies of Noble
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et al,4 to use an exponential analysis and plot
the logarithm of pressure against volume.
This approach has affected the way in which
diastolic function is understood. Unlike other
mathematical functions exponential analysis
allows a rate constant to be calculated; in the
present context it is usually referred to as a

stiffness constant and used by some to express
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ventricular stiffness itself. Departures of the
curve from the assumed exponential have
been taken as evidence that some additional
mechanism is influencing pressure-volume
relations; the presence and even the mag-
nitudes of viscous forces have been calculated
on this basis by Eichhorn et al.8
We undertook the present study because we

were impressed by how often the pressure-
volume relations in patients with left ven-
tricular disease departed from any simple or
uniform relation. We deliberately excluded
the rapid filling period and also atrial systole
from consideration, when other mechanisms
might have been acting and when viscous
effects could be invoked. The methods we
used were the most satisfactory available clin-
ically and our approach to volume estimation,
in particular, was not subject to limitations
imposed by single plane angiography or
assumed geometry. In common with virtually
all other studies, we measured ventricular
pressure at only one site within the ventricle, a
questionable procedure if intraventricular
pressure differences develop within the cavity.
Such differences would be expected at times
of rapid filling and indeed have been
documented. During the passive phase of
diastole, however, the filling rate is slow, and
there is no theoretical or experimental reason
to believe that they are present. Our results
clearly showed that the relation between pres-
sure and cavity stiffness departed very sig-
nificantly from the assumed exponential. Even
the undemanding criterion that ventricular
stiffness should increase, not necessarily lin-
early, with pressure was met in only one third
of the patients. In eight, calculated cavity
stiffness actually fell with increasing pressure
over part of the period being examined. We
conclude that critical examination in patients
with left ventricular disease showed that this
exponential analysis was of very limited value.

Influences external to the left ventricle may
have distorted our results, thus causing the
underlying exponential to be obscured. It has
been suggested that measured cavity stiffness
might be modified by pericardial restraint.9
While this undoubtedly occurs in a few patients
after open heart surgery,' we do not feel that it
was important in our patients. Pericardial res-

traint is an end diastolic phenomenon, occur-
ring only late in ventricular filling. It would
therefore appear as a sudden increase in cal-
culated stiffness. We found no evidence of this:
indeed in six of our patients stiffness was

actually falling in the cine frames before the
onset of atrial systole. In addition, all our
patients showed a further volume increase with
atrial contraction that would be out of the
question if the ventricle were restrained by a
structure as unyielding as the pericardium.
Right ventricular disease has also been invoked
as a possible mechanism influencing left ven-
tricular pressure-volume relations. Again, we
consider this to have been unlikely in our
patients most of whom had dominantly left
ventricular disease. The influence of the right
ventricle is mediated largely through the
pericardium"; any more direct action is

associated with distortion of the left ventricle
which was not present. We may have been
incorrect to take atmospheric as the zero for
pressure measurement, though this has been
assumed in all previous studies. During
isovolumic relaxation, however, the observed
time course of the declining pressure can be
made to agree more closely with an assumed
exponential if the asymptote as well as the time
constant is allowed to vary.'2 In normal
subjects the effective zero for pressure
measurement during this period has been
found to be large and negative, often as much as
50-60 mm Hg below atmospheric. We do not
think that manipulating asymptotes in this way
would have improved agreement during the
passive phase of diastole. The only way in
which it could have done so in the patients in
whom stiffness was declining towards end
diastole was for the effective zero to have
actually risen above the value actually
measured in the ventricle, a suggestion not
worthy of being considered further.

It does, however, bring to light a possible
paradox. How can the large negative asymptote
during isovolumic relaxation suggested by
exponential analysis be reconciled with the
assumed atmospheric one during filling? Is one
or other incorrect or has there been a change? If
the latter is true, what is the time course of this
change and how does it affect predictions about
"incomplete relaxation" that depend on
extrapolation of the exponential curve derived
during isovolumic relaxation into the period of
filling?'3 Clearly there are major inconsistencies
between the two sets of results that in our
opinion merely underline the unsatisfactory
nature of both.
Our results emphasise the complex nature of

diastolic left ventricular pressure-volume rela-
tions. Even if the isolated left ventricular
pressure-volume curve is exponential when
heart function is normal there is every reason to
suppose that it departs from this in the intact
patient with disease. Ventricular involvement
is frequently non-uniform, particularly in
coronary artery disease, whereas hypertrophy
leads to major structural abnormalities. Even in
the normal heart the structure of the myocar-
dium is very highly organised with fibre angle
varying across the wall and in different regions
of the ventricle. Changes in transverse
dimension are mediated more by myocardial
thickening or thinning than by changes in fibre
length. '4
We are dealing with a thick-walled pressure

vessel with a complex wall structure that is
highly orthotropic in nature. The rate of
volume change with pressure will depend not
only on the geometry but also on the stiffness of
the material of the myocardium. This material
stiffness itself may not be constant but could
well vary with time and thus with volume,
possibly in some non-linear way. With this in
mind it is not surprising that the pressure-
volume relation in diastole does not follow a
simple exponential law. Relaxation may even
persist, to some degree, beyond the period of
rapid filling into the period that we have
considered. Indeed we found that myocardial
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stiffness did vary during passive filling and our
findings in this respect will be described in a
future paper. Thus the diversity of passive
diastolic relations seen in a small number of
patients with heart disease is not surprising.
We suggest that this diversity be accepted and
if possible analysed rather than effectively
suppressed by procrustean assumptions.
Exponential analysis has not contributed
significantly to an understanding of left
ventricular diastolic behaviour and we suggest
that it be abandoned.
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