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Diastolic mechanisms of impaired exercise tolerance in
aortic valve disease
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From the Cardiac Department, Brompton Hospital, London

SUMMARY In order to determine the significance of abnormalities of diastolic function in patients
with left ventricular hypertrophy, exercise echocardiography to heart rates of 140 to 150 beats/min
was performed in 18 normal subjects and 14 patients after aortic valve replacement. Simultaneous
echo-, phono-, and electrocardiograms were recorded. Left ventricular cavity size was determined at
end-diastole and end-systole. The timing of mitral valve opening and closure was measured, and
hence left ventricular filling time derived, expressed either as ms/beat, or s/min when multiplied by
heart rate. Isovolumic relaxation was taken as the interval between A2 and mitral valve opening.
Systolic function, assessed from cavity dimensions, peak VCF, and QA2 interval was normal in all
but two patients at rest and on exercise. Isovolumic relaxation was prolonged at rest in the patients
to 85±8 ms (normal 69+9 ms), but left ventricular filling times were normal. With exercise, in
normal subjects, isovolumic relaxation remained constant, but filling times dropped strikingly from
380±66 ms/beat, or 27±2 s/min at rest to 115± 10 ms/beat or 16+2 s/min. In patients with left
ventricular hypertrophy, isovolumic relaxation dropped on exercise to 41+15 ms. Filling periods
were normal at rest, 367+67 ms/beat or 27+3 s/min, but failed to show the normal drop with
exercise, being 240±44 ms/beat or 28±4 s/min. At heart rates above 120/min, separation between
the two groups was complete.
Thus, striking abnormalities of left ventricular filling can be demonstrated on exercise in patients
with left ventricular hypertrophy. They appear to represent loss of mechanisms whereby rapid
diastolic filling is achieved in the normal subject.

Numerous studies of left ventricular diastolic function the manner in which the abnormal resting filling pathave been performed in man at rest, both in normal tern is modified during exercise in those with left vensubjects and in patients with disease. Several techni- tricular hypertrophy.
ques, including haemodynamic,I ultrasound,2 and
radionuclide3 have all confirmed a characteristic pat- Patients and methods
tern of volume change consisting of an early period of
rapid filling, a mid-diastolic period of diastasis, and a Observations were made on 14 patients studied five to
further volume increase during atrial systole. In 26 months after aortic valve replacement. Operation
patients with left ventricular hypertrophy, this pat- was for dominant aortic stenosis in 12, and aortic regtern is significantly modified. Isovolumic relaxation is urgitation in two. Their ages ranged from 50 to 68
prolonged,4 peak rate of dimension increase during years; seven had Bjork-Shirley prostheses and seven
filling is reduced,5 and, in late diastole, passive stress Starr-Edwards prostheses. All were in sinus rhythm,
strain relations may be abnormal.6 It was the purpose and none was taking any treatment other than warfaof the present study to examine early diastolic events rin. As a control series, 18 normal subjects, aged 20 to
in a group of such patients during exercise, and to 32, were used. None had clinical evidence of any heart
compare the findings with normal. We have therefore disease. The patients had previously undergone a
determined a series of diastolic time intervals using maximum symptom limited formal treadmill exercise
echo- and phonocardiography in order to investigate test, using the Bruce protocol. All were able to reach
97+7% of maximum predicted heart rate for age and
Exercise tolerance, however, was limited to
sex.
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63±21% of predicted normal for age and sex. Five
additional patients were studied during a clinically
indicated electrophysiological study. Of these, two
proved to have normal hearts, two had ventricular
tachycardia, and one had Wolff-Parkinson-White
syndrome.
Patients were initially studied at rest, in the left
semilateral position. Simultaneous echo-, phono, and
electrocardiograms were recorded using a Cambridge
CDS system, operating at a paper speed of 100 mm/s.
Subjects were then exercised sitting, using a method
based on that of Corallo et al.,7 inclined to the left,
with their legs approximately horizontal, using an
Elema-Schonander bicycle ergometer. Exercise was
started at a level of 150 kpm/min, and was increased
at two minute intervals until a heart rate of 140 to
150/min was reached. Recordings were made at peak
exercise, and at intervals during recovery as the heart
rate slowed. In patients undergoing electrophysiological studies observations were obtained at rest, and at
the end of a two minute period of right atrial pacing at
a rate of 150/min (RR interval 400 ms).
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Resting M-mode echocardiograms were recorded to
show left ventricular cavity size and posterior wall and
septal thickness continuously throughout the cardiac
cycle. In addition, mitral valve echoes were recorded
from the level at which complete coaptation of
anterior and posterior leaflets was observed. During
exercise or atrial pacing, mitral leaflet echoes were
recorded in all patients, and, when possible, left ventricular cavity size (Fig. 1). A phonocardiogram was
recorded from the aortic area using a Leatham suction
microphone and a medium or high frequency cut-off
filter.
From these records, the following measurements
were made:
(1) RR interval and heart rate.
(2) End-diastolic and end-systolic dimensions, synchronous with the Q wave of the electrocardiogram
and A2, respectively, at rest, and at peak exercise.
Shortening fraction was derived as systolic reduction
in dimension divided by end-diastolic dimension.
(3) QA2 interval, A2 being taken as the closure sound
of the prosthesis.

Peak exercise
I

I

Fig. 1 Typical record showing mitral valve motion at peak exercise in a normal subject.

I
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(4) The interval A2 to mitral valve opening
(isovolumic relaxation time), the latter being taken as
the time of initial separation of the leaflets at the onset
of ventricular filling.4
(5) Total left ventricular filling time, measured as the
interval from mitral valve opening to closure at the
start of the succeeding ventricular systole, expressed
in ms/beat. The relative time available for left ventricular filling was also calculated as the product of the
duration of mitral valve opening and heart rate, representing the total time that the mitral valve was open
during each minute, with the units in s/min.
(6) Resting records were digitised,5 and peak systolic
and diastolic rates of dimension change were computed.
All measurements were derived as the mean value
from three beats. Mean values of different groups
were compared using Student's t test. Linear regression was performed by the method of least squares.

Results
RESTING VALUES

All patients studied after aortic valve replacement had
evidence of left ventricular hypertrophy, with mean
values of posterior wall and septal thickness, measured at end-diastole, being 1.4-0*3, and 16+0-4 cm,
respectively. Left ventricular cavity size was within
normal limits at end-systole (3.6±0.7 cm) and enddiastole (46+ 0-.9 cm). Systolic function, expressed as
peak VCF, was normal in all but two patients, with a
mean value of 1 8+0 7/s. Diastolic function, however,
was abnormal with isovolumic relaxation time prolonged to 85+8 ms (normal 69+2 ms, p<001), and
peak rate of dimension increase during filling reduced
to 11l6+4 cm/s (normal 16+3 cm/s, p<0.01). These
findings are characteristic of secondary left ventricular
hypertrophy.5 In the normal subjects at rest, the
mitral valve was open during diastole for a mean
period of 380±+66 ms/beat, or 27+2 s/min. Corresponding values in the patients were not significantly
different, being 367±+66 ms/beat or 27+3 s/min.
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The effect of increasing heart rate on QA2 interval
was given by the regression equation:
QA2=-215+2-53 RR,
where RR represents RR interval. The correlation
coefficient was 0.86 and the standard error of the
estimate 82 ms. The corresponding relation for the
normal subjects was:
QA2=-202+2-67 RR,
with a correlation coefficient of 0 97 and a standard
error of the estimate of 45 ms. There was no
significant difference between either the slopes or the
intercepts of these two relations. Values for the relation between RR and QA2 intervals for the five
patients during the atrial pacing were not significantly
different from the above.
DIASTOLIC FUNCTION DURING EXERCISE

Isovolumic relaxation time
In normal subjects, the duration of isovolumic relaxation time remained virtually constant with exercise for
rates up to 140 to 150 bpm, the mean value at peak
recorded levels being 70±9 rns, which is not
significantly different from the resting value. Though
isovolumic relaxation time was longer than the normal
at rest in the patients with an aortic valve replacement, it fell consistently with exercise, so that at the
highest levels studied it had fallen to 41 +±15 ms,
significantly less than normal (p<0.01). This relation
is shown in Fig. 2. The main reduction in isovolumic
relaxation time occurred as heart rate increased from
70 to 100 beats per minute; it then remained virtually
constant at higher exercise levels in all but one patient
in whom it dropped to the very low value of 10 ms.

Duration of left ventricularfilling period
In normal subjects, the duration of the left ventricular
filling period progressively dropped, so that at maximum levels at which recordings could be made, the
mitral valve was open for 115+10 ms/beat, or
16+2 s/min. Its behaviour in the patients was very
different from normal. At maximum levels recorded,
the duration of mitral valve opening had dropped to
240+44 ms/beat, significantly greater than the corresponding value in the normal group (p<0.01) (Fig.
SYSTOLIC FUNCTION DURING EXERCISE
3). When expressed as seconds per minute, left venIn normal subjects, end-diastolic dimension increased tricular filling period remained unchanged during
by 2 mm (p<0-01 with respect to resting values) and exercise at 28+4 in the patients, the response again
end-systolic dimension fell by 1 mm (p<0-05). Mean being significantly different from normal (p<0-001)
shortening fraction increased by 6%, and peak VCF (Fig. 4).
from 2.6 to 3 6/s (both p<0-01). Changes in the
patients were very similar: end-diastolic dimension Atrial pacing
increased by a mean of 1-5 mm (p<0 01), and end- The patients were studied at rest, and at a rate of
systolic dimension fell by 0-5 mm (not significant). 150 beats/min. At rest, isovolumic relaxation time
Shortening fraction increased from 24 to 270/o was normal (66±+7 ms), and was effectively unaltered
(p<001), and peak VCF from 1-8 to 2-5/s (p<0Ol). by pacing (62±10Ims). Left ventricular filling time
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Fig. 2 Relation between heart rate and the duration of isovolumic relaxation time in controls and patients after aortic valve
replacement.
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normal at rest, being 344+36 ms/beat dropping
to 108+13 ms during pacing. This latter value was
not significantly different from that recorded during
exercise in the normal subjects at the same heart rate.
At rest, the mitral valve was open 26+1 s/min, and
during artial pacing this dropped to 16+2 s/min,
again not significantly different from normal subjects
at peak recorded exercise level.
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brought about largely by

a

change in heart

rate,

with only a minor increase in stroke volume. Though

ejection time shortens, the positive inotropic effect of
increased sympathetic activity and the reduction in
peripheral resistance allow ejection rate to rise and
stroke volume to be maintained. Changes in ventricular relaxation and filling on exercise, however, have
attracted little interest. In normal subjects, a clear
pattern was seen. There was no change in isovolumic
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relaxation time up to a heart rate of 150/min. By contrast, left ventricular filling time became progressively
shorter, consistently falling to just above 100 ms/beat
at a rate of 150/min. Since stroke volume was likely to
have remained virtually constant or even to have
increased slightly at this level of exercise, the results
suggest a progressive rise in mean ventricular filling
rate, compatible with observations using nuclear
angiography.3 This shortening of the filling period
was not related to any change in left ventricular inotropic state, since a virtually identical relation to heart
rate was seen during atrial pacing. We conclude therefore that in the normal subject, left ventricular filling
time is a simple function of heart rate, while
isovolumic relaxation time is virtually independent of
it.
The possible value of studying events during early
relaxation using the present method was shown in
patients with left ventricular hypertrophy. In all but
two of these patients, systolic function at rest was
normal, whether judged in terms of changes in cavity
size, shortening fraction, peak VCF, or QA2 interval.
In patients with secondary left ventricular hypertrophy, isovolumic relaxation time was considerably prolonged at rest.4 Indeed, values in excess of 150 ms
may be found in such patients, considerably longer
than the entire filling period in normal subjects at
relatively low exercise levels. It might be anticipated,
therefore, that diastolic events would have to change
considerably during exercise in patients with left ventricular hypertrophy if ventricular filling were to be
achieved at all. The present results shed light on this
question. During exercise in patients with left ventricular hypertrophy, there was a striking reduction in
isovolumic relaxation time, so that, from having been
significantly longer than normal at rest, it became
significantly shorter than normal on exercise. This fall
in isovolumic relaxation time occurred at relatively
low exercise levels, and thereafter stabilised in the
majority of patients even when there was a further
increase in heart rate. The duration of mitral valve
opening also fell with exercise, but not to the low
levels seen in normal subjects, so that there was no fall
in the total time per minute that the mitral valve was
open. The difference between normal and abnormal
was considerable, being a factor of approximately two
in the present study, implying that the maximum velocity of ventricular filling must have been very
significantly reduced on exercise in patients with left
ventricular hypertrophy.
This ability to achieve mean filling rates considerably in excess of those during ejection is presumably
required to maintain stroke volume during exercise,
and presupposes complex underlying mechanisms.
These are likely to include ventricular filling as pressure is falling,6 and the presence of early diastolic
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restoring forces generated during the previous systole. "I Passive stress-strain relations are probably not
significant'2 at fast heart rates, and neither is the inotropic state of the left ventricle involved. Another
potential mechanism for maintaining diastolic filling,
that of prolonged filling period by abbreviating
isovolumic relaxation time, was clearly excluded in
normal subjects.
By contrast, in patients with left ventricular hypertrophy, isovolumic relaxation time progressively
shortened with exercise. This occurred at lower heart
rates, when the left ventricular filling time was still
within the normal range. The underlying mechanism
for this shortening is uncertain, but one possibility is
an increase in left atrial and left ventricular enddiastolic pressures.'3 Again, it is unlikely to have been
simply a manifestation of increased sympathetic activity, which also presumably occurred in normal subjects during exercise, without a change in isovolumic
relaxation time. The complete separation of the
patients from the normal subjects, and the relative
independence of rate at values greater than 120/min,
both seem to suggest that functional loss in these ventricles was uniform and complete, allowing the notable contribution of the underlying mechanisms to
normal filling to be assessed. In spite of these striking
diastolic abnormalities, systolic function was preserved during exercise as it was previously noted to
have been at rest. Since many of these patients have
severely impaired exercise tolerance in spite of normal
cavity size and peak VCF,'4 a limiting factor may well
be abnormal diastolic function and, in particular, failure to achieve rapid ventricular filling rates when
heart rate is high.
Our results indicate that fundamental information
about left ventricular diastolic function can be
obtained during exercise from simple echocardiographic measurements, allowing the requisite information to be collected at relatively high exercise levels.
In particular, it seems to be easier to record mitral
valve motion during exercise than to obtain satisfactory measurements of left ventricular cavity size.
Since the difference between normal and abnormal is
so large, these methods may prove sensitive in detecting less obvious disturbances of diastolic function
whose potential clinical significance is, as yet, unrecognised, and even be used as the basis of a simple
stress test with wide application in clinical practice.
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