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Diastolic properties of the normal left ventricle
during supine exercise
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SUMMARY Diastolic function in response to dynamic exercise was studied by biplane left
ventriculography and by measuring left ventricular pressure with a high fidelity micromanometer
tipped catheter at rest and during supine bicycle exercise in nine normal subjects. During exercise
there was a fall in end systolic volume, in the time constant of left ventricular isovolumic pressure
decay, and in the lowest diastolic pressure. Stroke volume, peak filling rate, mean passive filling
rate, and the volume at the lowest diastolic pressure increased. There was an increase in the number
oftime constants that had elapsed before the lowest diastolic pressure was reached and the slope of
the pressure-volume curves during passive filling (JP/zlV) increased without changes in end
diastolic pressure and volume.
These results show that during exercise elastic recoil is enhanced and left ventricular relaxation

is faster and more complete. Both phenomena reduce the lowest diastolic filling pressure. The
observed increase in chamber stiffness from rest to exercise is probably related to increased
resistance of the left ventricular wall caused by higher passive filling rates. The enhanced early
diastolic pressure decay during exercise allows stroke volume to increase despite an increase in
diastolic viscoelastic resistance and chamber stiffness.

The effects of dynamic exercise on left ventricular
function have been analysed in many studies and by
various techniques. Attention has focused mainly on
the contractile or systolic performance of the left
ventricle in experimental'-3 and clinical studies.'
Little is known about the diastolic function of the
normal heart during exercise. There is general
agreement that left ventricular end systolic volume is
smaller during exercise than at rest and most inves-
tigators have reported an increase in stroke volume
during exercise. These data are consistent with a
enhanced contractility during exercise, but the role
ofthe Frank-Starling mechanism in the normal heart
remains uncertain.578 In most studies, left ven-
tricular end diastolic volume and stroke volume are
maintained during exercise despite shortening of the
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diastolic filling interval, whereas in pacing-induced
tachycardia, both end diastolic volume and stroke
volume are reduced.910 Recently, Higginbotham et al
showed that at low levels of upright exercise end
diastolic volume and stroke volume increase, whereas
at maximum levels of exercise end diastolic volume
decreases with no further increase in stroke volume."
These findings suggest that filling is enhanced but it
is not known whether and to what extent the passive
properties of the left ventricular chamber in diastole
are altered during exercise.

In the present study the response of diastolic
function to dynamic exercise in normal hearts was
evaluated by simultaneously measuring left ven-
tricular pressures and left ventricular volumes dur-
ing submaximal supine exercise.

Patients and methods

PATIENTS
We studied nine patients (eight men, one woman;
aged 35-58, (mean 49)) referred to our hospital for
evaluation of chest pain. Five had no cardiovascular
abnormalities. Three had minimal coronary artery
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disease (maximal coronary stenosis <50% of the
luminal diameter) and one had mitral valve prolapse
without mitral regurgitation. They had normal sys-
tolic function as defined by resting left ventricular
ejection fraction > 57% (the lower limit ofnormality
of our laboratory).'2 The day before catheterisation,
all patients had an upright bicycle exercise test and
showed normal exercise tolerance (mean work load
132 W) with no ST segment changes and no anginal
pain. All patients gave informed consent, and no
complications occurred in any of them.

CATHETERISATION AND CINEANGIOGRAPHY
An hour before catheterisation patients were
premedicated with 10 mg of oral chlordiazepoxide.
Cardiovascular medications were not given for 12 to
24 hours before the study. Left ventricular pressure
was measured with a 8F Millar pigtail angiographic
micromanometer catheter introduced from the right
femoral artery. The pressures were recorded at a
paper speed of 250 mm/s (Electronics for Medicine,
VR-12) together with the first derivative of pressure
(dP/dt) and (dP/dt)/P (fig 1). Before recording at rest
and during exercise the micromanometer was
calibrated by superimposing the high fidelity press-
ure tracing on the pressure tracing obtained with a
fluid filled catheter. Biplane left ventriculography
was performed in the 30° right and 600 left anterior
oblique projections at a filming rate of 50 frames per
second (Siemens Angioscope). Each angiographic
frame had a digital time that corresponded to the time
marks on the pressure recordings. A metal sphere of
known diameter was filmed in the position of the
heart for calibration purposes at the end of the
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procedure. The patients held their breath in mid-
inspiration during the resting angiogram. If respira-
tion related pressure changes were noted during
exercise we selected angiographic beats recorded
during mid-inspiration. During cineangiography
Valsalva manoeuvres were avoided by instructing the
patient, observing the diaphragm, and monitoring
right atrial pressure.

EXERCISE PROTOCOL
All patients had upright bicycle exercise testing
before catheterisation to determine the exercise
tolerance. At catheterisation, pressures were re-
corded before and after the patient's feet were
attached to the pedals of the bicycle. All data at rest
were recorded during acquisition of the first
angiogram while the patient's feet were raised. After
the resting angiogram had been obtained and after a
12-15 minute pause to allow left ventricular pressure
to return to the control value, the patient started to
exercise at a low level. The work load was increased
every two minutes until limiting symptoms occurred
or the predicted submaximal heart rate was achieved.
At peak exercise pressures were again recorded with
simultaneous cineangiography. Coronary arterio-
graphy was performed by the Judkins technique at
the end of the exercise test.

DATA ANALYSIS
We analysed only sinus beats and excluded postex-
trasystolic beats. Pressure tracings were digitised for
an entire cardiac cycle with an electronic digitiser
(Numonics Corporation) interfaced with a computer
(PDP 11 /34). Pressure and dP/dt values were plotted

Exercise

Fig 1 The left ventricular (LV) pressure tracing in the resting state (left) and during exercise (right). The exercise beat
had a higher peak systolic pressure but the end diastolic pressure (EDP) was unchanged. The lowest diastolic pressure (PL)
was lower during exercise.
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Fig 2 Left ventricular pressure and negative dP/dt
coordinates measured during the isovolumic relaxation
period. The time constant of relaxation (T) is represented by
the yzegative reciprocal of the slope of the linear regression
between pressure and dP/dt coordinates. During exercise T
decreased to 21 msfrom a control value of56 ms. This result
shows that the speed of relaxation was increased during
dynamic exercise.

every 2 5 to 5 ms depending on the heart rate. The
time constant for left ventricular pressure decay was
calculated as the negative reciprocal of the slope
relating left ventricular pressure to dP/dt coordinates
between peak negative dP/dt and the time at which
pressure had decreased to 5 mmHg above left
ventricular end diastolic pressure (fig 2). To study
the completeness of relaxation, we used the tech-
nique of Weisfeldt et al, which assumes relaxation to
be 9700 complete at 3 5 time constants after peak
negative dP/dt.1" We calculated the number of time
constants that had elapsed before the time of the
lowest diastolic pressure. Left ventricular
angiograms for one cardiac cycle were analysed frame
by frame by the area-length method."4 End diastole
was defined as the beginning of the rapid rise of left
ventricular pressure immediately after the start ofthe
QRS complex. End systole was defined as the
angiographically determined point of aortic valve
closure.

Left atrial pressure is a major determinant of left
ventricular filling.'5 Because left atrial pressure was
not measured in the present study, we recorded the
pressure at the time at which unopacified blood first
entered the ventricle.'"'8 In a previous report we
compared the transseptally measured peak left atrial
v wave pressure (mitral valve opening pressure) and
the left ventricular pressure at the time when
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unopacified blood first entered the ventricle in
patients with aortic stenosis.'8 The correlation be-
tween both pressures was good (r = 0 911; p <
0-001). The peak v wave pressure was slightly higher
(14% ) than the pressure when unopacified blood first
entered the ventricle. In the present study the
pressure when unopacified blood first entered the
ventricle correlated significantly (r = 0-68, n = 18; p
< 0-01) with end diastolic pressure. Thus the
pressure when unopacified blood first entered the
ventricle is not the true driving pressure but was used
as an index of the left atrial pressure responsible for
mitral valve opening.
End diastolic volume, end systolic volume, stroke

volume, and ejection fraction were calculated accord-
ing to standard formulas. Volumes were standardised
for body surface area. Early filling volume (volume at
the time of the lowest diastolic pressure minus
volume at mitral valve opening) was expressed as the
percentage of total diastolic filling volume (early
filling fraction).'9 Instantaneous diastolic filling rates
were calculated every 20 ms after mitral valve open-
ing. To minimise errors caused by random noise in
the left ventricular volume-time curve, raw data were
filtered with the fifth-grade moving average. '820 Then
diastolic filling rate was calculated by a third-degree
polynominal function. The highest value occurring
early in diastole was termed the peak filling rate. The
mean passive filling rate was defined as the volume
change from the lowest diastolic pressure to end
diastole divided by its time interval. A simple assess-
ment of left ventricular chamber stiffness was cal-
culated as the index JP (end diastolic pressure minus
the lowest diastolic pressure) divided by JV (end
diastolic volume minus the volume at the lowest
diastolic pressure).2'

STATISTICAL ANALYSIS
Results are presented as group means (1 SD) in the
tables and mean (1 SE) in fig 4. Means at rest and
exercise were compared by a paired t test. The level
of statistical significance was defined as p < 0-05.

Results

Table 1 shows the left ventricular angiographic data
and table 2 the pressure data. Leg elevation before
exercise was associated with an increase in the left
ventricular end diastolic pressure from 10 (3) to
19 (5) mm Hg (p < 0-001), in the lowest diastolic
pressure from 4 (3) to 9 (4) mm Hg (p < 0 001), and
in right atrial pressure (six patients) from 3 (1) to
8 (3) mm Hg (p < 0-001). The heart rate remained
unchanged (from 67 (16) to 69 (17) beats/min). The
increase in preload accounts for this increase in filling
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'Iable 1 Angiographic data at rest atnd during supine exercise in nine patients with nornial 1k1t ventricular function
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Fig 3 Representative pressure (P) -volume ( V) plots in a
patient with normal left ventricular function. In the exercise
beat the diastolic curve is shifted downward and the slope is
steeper than in the resting beat without any change in end
diastolic volume. This result suggests a decrease in chamber
compliance during exercise.

peak filling rate and mean passive filling rate
increased markedly (299 to 512 ml/s/m' (p < 0 01)
and 130 to 315 ml/s/m' (p < 001) respectively)
without a change in mitral valve opening pressure.
Early filling fraction and left ventricular volume at
the lowest diastolic pressure increased significantly
during exercise (21 to 400"( (p < 0 05) and 47 to 57
ml/m2 (p < 0-05) respectively).

PRESSURE DATA
Left ventricular peak systolic pressure increased
significantly during exercise as did peak positive dP/
dt. The lowest diastolic pressure was lower during
exercise (9 to 3 mm Hg, p < 0-01) than at rest
whereas left ventricular end diastolic pressure
remained unchanged. Right atrial pressure also
remained unchanged. The time constant decreased
during exercise (47 to 21 ms (p < 0 001)) with an
increase in peak negative dP/dt and in the number of
time constants that had elapsed before the lowest
diastolic pressure was reached (from 2-6 to 4-0, p <
0-001). These findings suggest a more complete
relaxation during exercise than at rest.

PRESSURE-VOLUME RELATION
The index zIP (mm Hg)/AV (ml/m') increased sig-
nificantly during exercise because the driving press-
ure increased more for a similar increase in diastolic
volume during exercise than it did at rest. Figure 3
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shows a representative example of a left ventricular
pressure-volume plot. Figure 4 shows the pooled
diastolic pressure-volume data of all nine patients.
During exercise a decrease in the lowest diastolic
pressure was accompanied by an increase in volume.
Both left ventricular end diastolic pressure and

volume remained unchanged during exercise. The
diastolic pressure-volume curve, however, showed a
downward shift and an increase in slope during
exercise. These findings suggest an increase in
chamber stiffness during exercise. In order to assess
the mechanism of increased chamber stiffness during
exercise, we analysed the relation between pressure
increase (AP) and mean passive filling rate (fig 5).
There was a significant correlation (coefficient 0-84
(p < 0-001)). An increase in passive filling rate is
accompanied by an increase in AP.
To assess the effect of left ventricular volume at the

lowest diastolic pressure on chamber stiffness, we
compared left ventricular volume and early filling
fraction at the lowest filling pressure with the index
AP divided by aV. There was no significant corre-
lation between left ventricular volume at the lowest
diastolic pressure and P/IAV, whereas there was a
weak but significant correlation (r = 0-54, p < 0 05)
between early filling fraction and AP/IAV.
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Fig 4 Mean (1 SE) diastolic pressure (P)-volume (V)
relations for all nine patients at rest and during exercise.
Coordinates of left ventricular (L V) pressure and volume
are averages at three reference points: the lowest diastolic
pressure (PL), mid-diastole (MID), and end diastole
(END). PL was lower during exercise than at rest and there
was a slight increase in volume. Both end diastolic pressure
and volume remained unchanged during exercise. The
pressure-volume curve showed a downward shift and an
increase in slope during exercise.
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Fig 5 The correlation between the pressure increase (AP) and mean passive filling rate (MFR) was good (r = 0 84).
An increase in filling rate was accompanied by an increase in AIP.

Discussion

FILLING DYNAMICS AND RELAXATION DURING

EXERCISE
In the present study the peak filling rate and early
diastolic filling fraction were enhanced during exer-
cise. Two mechanisms must be considered in the
interpretation of changes in filling dynamics during
exercise in normal subjects.
The first mechanism is the elastic recoil (or dias-

tolic suction) created by systolic contraction. The
magnitude of elastic recoil is inversely related to end
systolic volume22 or depends on the extent of muscle
shortening during systole.2" In animal studies ob-
struction of the left ventricular inflow produced
negative intraventricular pressures, and at small
ventricular volumes the pressure-volume curve fell
below the zero pressure line.2425 Ventricular suction
augments filling and maintains relatively low filling
pressure when heart rate is high during exercise.22 In
the present study, end systolic volume decreased
slightly (p < 0-05) during exercise (a slight decrease
in five patients and no change in four patients), while
stroke volume increased in eight patients. This
condition may be associated with a mild enhan-
cement in elastic recoil.
The second mechanism is related to the enhance-

ment of left ventricular relaxation during exercise.
Influences of relaxation on early diastolic filling
have been studied in animal models and human

subjects.2"28 During exercise relaxation is enhanced
both by an increase in sympathetic tone and an

increase in heart rate.29 3' In the present study during
exercise there was a faster, more complete left
ventricular relaxation with a decrease in the time
constant and an increase in the number of time
constants that elapsed before the lowest diastolic
pressure was reached.
The left atrial driving pressure after mitral valve

opening is another important determinant of filling,
especially in the diseased heart.5 17 18 In the present
study, left atrial pressure was not recorded but the
index of mitral valve opening pressure remained
unchanged at rest and during exercise. Thus the
atrial driving pressure is not a major determinant of
left ventricular filling during exercise in the normal
left ventricle. Atrioventricular flow depends on the
atrioventricular pressure gradient.'5 In the present
study, the mitral valve opening pressure was un-

changed while the lowest left ventricular filling
pressure decreased during exercise, suggesting an

increase in the atrioventricular pressure gradient.
The maintenance of low diastolic pressures with
augmented filling and enhanced relaxation is ben-
eficial during exercise when diastole is considerably
shortened.

PASSIVE DIASTOLIC PROPERTIES DURING
EXERCISE
During exercise, the diastolic pressure-volume
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curves showed a downward shift and an increase in
slope (figs 3 and 4). These findings suggest an

increase in chamber stiffness during passive diastolic
filling. The change in left ventricular chamber stiff-
ness may be attributed to several extrinsic or intrinsic
mechanisms. Alterations in right ventricular loading
conditions and pericardial constraint seem to be
unlikely because the right atrial pressure remained
unchanged during exercise. Tomoike et al showed
that left ventricular end diastolic pressure rose sig-
nificantly above the control values during strenuous
exercise in normal dogs with an open pericardium
but end diastolic segment length increased only
slightly.3 Also during exercise with regional
ischaemia there was no significant elongation of the
control segment length even though the left ven-

tricular end diastolic pressure was higher during
ischaemia.3
Another mechanism of abnormal diastolic func-

tion is related to changes in coronary artery per-
fusion. An augmented myocardial turgor (erectile
effect) may increase chamber stiffness.3' Using a

Doppler flow probe, Vatner et al showed that there
was a threefold to fivefold increase in left circumflex
coronary blood flow in dogs studied during exercise,
but coronary flow per beat remained essentially
constant.32 Despite the reported increase in peak
coronary flow during early diastole,3' early diastolic
filling pressure decreased in our study. Templeton et
al showed that there was no significant alteration in

the viscoelastic properties of the left ventricle when
coronary flow was altered within moderate limits.33
Therefore, the influence of the erectile effect on

chamber stiffness during exercise is probably mini-
mal.

Other changes of intrinsic properties include
incomplete relaxation, increased viscous resistance,
and an altered passive myocardial elasticity. In the
present study, however, relaxation was more com-

plete and passive elastic myocardial properties were

unlikely to be altered during exercise. The mean

passive filling rate increased and viscous resistance
probably increased in parallel.343' The calculated
index of chamber stiffness (AP/AV) during exercise
was almost double that at rest. Pouleur et al reported
that the viscoelastic forces depended on both the
lengthening rate and length of the myocardial fibres
at the beginning of passive diastolic filling.34 In our

study the index of chamber stiffness was related not
only to mean passive filling rate (lengthening rate)
but also to the early filling fraction. Because both
these values and the volume (length) at the lowest
diastolic pressure increased during exercise, it is
likely that viscoelastic forces were increased and that
this led to an increase in chamber stiffness. Robinson
et al examined the effect of acute expansion of blood
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volume on the cardiac response to maximal upright
exercise in six men with minimal cardiac disease.36
An increase in stroke volume and cardiac output
(measured by dye dilution) after augmentation of
blood volume was accompanied by a slight increase in
right atrial pressure at rest. During exercise, the
expansion of blood volume induced no increase in
stroke volume, but it did cause a considerable
increase in right atrial pressure. These findings
suggest an effect on the steepest portion of the
pressure-volume relation where end diastolic volume
would be little affected by an increase in filling
pressure.

LIMITATIONS OF THE STUDY
Many methods have been used to assess diastolic
compliance;37 38 we decided to assess overall diastolic
passive filling expressed as the average rate of change
in left ventricular volume over the interval from the
lowest diastolic pressure to end diastolic pressure.
This simple technique avoids many of the assump-
tions that are implicit in assuming a monoexponential
diastolic pressure-volume relation, and avoids the
errors of fitting a curve to a few points measured
during exercise." 3 The validity of the method we
used depends upon the accuracy of the component
measurements and the magnitude of J P. A fluid filled
catheter system overestimates the lowest filling
pressure whereas the overshoot with a micromano-
meter is minimal.40 During exercise, however, when
pressure changes rapidly, the changes in intraven-
tricular pressure may not accurately reflect changes
of intramural pressure because of possible distortion
by the fluid coupling between the myocardium and
the pressure sensor-that is, the blood in the ventri-
cle. We do not know whether and to what extent the
dissociation of intramural and intraventricular fluid
dynamics influenced our measurements of diastolic
chamber stiffness.
The results of the present analysis of diastolic

properties during supine exercise may not be
applicable to exercise in the upright position, because
in the supine position the pressure-volume relation
was already on a steeper portion at rest (because ofan
increase in preload) than it was in the upright
position. During exercise in both positions, however,
the gradient of the pressure-volume relation became
steeper than under resting conditions." Even if there
are differences at rest, the change in left ventricular
chamber stiffness during exercise is similar in both
the supine and upright position.

It is concluded that the decrease in early diastolic
filling pressure during exercise in normal subjects is
caused by the combined effect of faster and more
complete relaxation and increased elastic recoil. An
increase in the slope of the passive diastolic pressure-
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volume curve is the result of the increased viscoelas-
tic resistance of the left ventricular wall. Enhanced
decay of early diastolic pressure permits an increase
stroke volume despite augmented diastolic viscous
resistance and chamber stiffness during supine sub-
maximal exercise.
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