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Relation between mitral valve closure and early systolic
function of the left ventricle

v
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SUMMARY In order to investigate relations between mitral valve closure and mechanical events at the
onset of left ventricular systole, simultaneous M mode echocardiograms and phonocardiograms were

recorded with the apexcardiogram and its first differential (dA/dt) in 25 normal subjects and 88
patients with heart disease. The timing of mitral and aortic valve closure and the onset and peak rate

of rise of the apexcardiogram with respect to the Q wave of the electrocardiogram were measured.
There was considerable variation in the intervals from Q to mitral valve closure (Q-MVC) and from
Q to peak dA/dt and in the isovolumic contraction time between normal subjects. There was no

consistent abnormality of these intervals in patients with coronary artery or valvar disease, and no

relation between the interval from Q to mitral valve closure and end diastolic pressure. When the
timing of the first heart sound and peak dAldt were considered together, however, clear abnor-
malities became apparent. In normal subjects, the intervals Q-MVC and Q to peak dA/dt were

significantly correlated. In coronary artery disease, the expected relation between Q-MVC and Q
to peak dA/dt was found only when end diastolic pressure was normal and was lost when end
diastolic pressure was raised. Mitral stenosis was associated with delayed mitral closure in a few
cases only, but in chronic aortic regurgitation closure was consistently early with respect to the
apexcardiogram. In patients with atrial fibrillation and a normal mitral valve the timing of mitral
valve closure with respect to the apexcardiogram was normal, which is inconsistent with an atrial
contribution to the timing of mitral valve closure. Thus when considered in isolation the timing of
mitral valve closure and the duration of isovolumic contraction time gave little information about
cardiac function. Nevertheless, a predictable relation exists between mitral valve closure and the
onset of left ventricular mechanical systole in normal subjects, which can be used to identify
characteristic alterations in patients with heart disease.

Mitral valve closure is an important landmark in the
cardiac cycle. It signals the onset of the period of
isovolumic contraction and is a major determinant of
the timing and intensity of the first heart sound. The
exact mechanism by which it occurs has long been an
object of study, yet there is still no agreement on the
relative importance of atrial and ventricular contrac-
tion in leading to closure1 or on the ways in which
these factors may be modified in disease. The purpose
of the present study was to investigate the inter-
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relations between the timing of mitral valve closure as
shown by M mode echocardiography, the onset of the
mechanical events of left ventricular systole as
reflected in the apexcardiogram, and the duration of
isovolumic contraction in normal subjects and
patients with heart disease.

Patients and methods

STUDY GROUPS
Twenty five normal subjects and 88 patients with
heart disease were studied. The normal subjects were
aged between 23 and 58 (median 39) years with no

history or clinical evidence of heart disease and no

significant abnormality on echocardiography. Of the
88 patients, 44 (aged 21-76 years) were found at car-

diac catheterisation to have coronary artery disease.

436

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.53.4.436 on 1 A
pril 1985. D

ow
nloaded from

 

http://heart.bmj.com/


Relation between mitral valve closure and early systolic function of the left ventricle

Valve disease was present in 38 patients, including 10
with mitral stenosis (eight in atrial fibrillation), two
with mixed mitral valve disease (both in atrial fibrilla-
tion), seven with mitral Starr-Edwards prosthesis (all
in atrial fibrillation), eight with aortic stenosis, and 13
with chronic aortic regurgitation or mixed aortic valve
disease, all in sinus rhythm. In order to study the
effects of atrial systole, six further patients with atrial
fibrillation but with no other demonstrable cardiac
abnormality were also studied.

ECHOCARDIOGRAPHY
M mode echocardiograms were recorded to display
first the mitral valve (Fig. 1) and then the aortic valve
cusps, together with a simultaneous electro-
cardiogram, apexcardiogram and its first derivative,
and phonocardiogram on each. A Cambridge Instru-
ments recorder was used, operating at a paper speed
of 100 mm/s. The apexcardiogram transducer had a

time constant of 4 s, and the differentiating circuit
was fitted with a low pass filter with a 3 dB cut off of
300 Hz to reduce noise. All patients were examined in
the left semilateral position during quiet respiration.
In those patients in whom cardiac catheterisation was

performed, left ventricular end diastolic pressure
(pre-a) was noted. Invasive and non-invasive investi-
gations were performed within 24 hours of one

Fig. 1 SimultaneousM mode echocardiogram and
apexcardiogram (ACG), indicating the measurements made. Q,
onset ofthe Q wave ofthe electrocardiogram, MVC, mitral valve
closure; peak dAldt, peak of thefirst derivative of the
apexcardiogram, AC, anterior (and PC posterior) cusps of the
mitral valve.

another, and in no patient was there any perceptible
change in clinical state during this interval.

MEASUREMENTS
The onset of the Q wave of standard lead II was taken
as the reference point for all measurements. If a Q
wave was not present the onset of the R wave was
taken as representing the earliest deflection of the
QRS complex. Mitral valve closure was taken as the
time of complete coaptation of the leaflets, using the
minimum gain of the echocardiograph with which this
could be demonstrated. Records showing multiple
echoes, or approximation of cusp echoes rather than
complete closure, were rejected as unsuitable for
measurement. Aortic valve opening was taken as the
onset rather than the completion of the opening
movement. It was possible to obtain satisfactory
measurements of the time of mitral valve closure in
patients with mitral valve disease, but aortic valve
opening could not usually be assessed in those with
aortic valve disease, particularly when the valve was
calcified. For the apexcardiogram, the onset of the
upstroke (C point) was taken as that of the rapid rise
after the "a" wave, although in some cases, particu-
larly when the "a" wave was increased in amplitude,
it was difficult to define. The timing of peak rate of
rise was usually clear, but in a small number of cases,
particularly when mitral closure was delayed with
respect to the Q wave of the electrocardiogram, its
pattern was bifid or plateau shaped; in these circum-
stances, the timing of the first peak was used for
measurement.
The following time intervals were measured: (a) Q

to C point of apexcardiogram (Q-C); (b) Q to peak rate
of rise of apexcardiogram (Q to peak dA/dt); (c) Q to
mitral valve closure (Q-MVC); and (d) the interval
from mitral closure to aortic opening, which was
referred to as isovolumic contraction time, although
in some cases small volume changes might have
occurred owing to some degree of mitral regurgita-
tion. In patients with sinus rhythm mean values for
these intervals were obtained from 7-10 cycles, and in
patients with atrial fibrillation individual results from
20-80 complexes were used. All time intervals were
expressed to the nearest 5 ms.
The possibility that a significant delay occurred

between echocardiographic, phonocardiographic, and
apexcardiographic measurements had previously been
checked in vitro. In order to test the system in vivo,
however, simultaneous measurements were made in
seven patients with mitral Starr-Edwards prostheses.
It was assumed that the closing click of the prosthesis
was due to the ball impinging on the cage at the start
of ventricular systole. In all cases, there was no more
than a 5 ms difference between the cessation of the
posterior motion of the ball, demonstrated by

437

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.53.4.436 on 1 A
pril 1985. D

ow
nloaded from

 

http://heart.bmj.com/


438

echocardiography, the onset of the first high
frequency vibration of the click, and the onset of a
characteristic deflection on the first differential of the
apexcardiogram corresponding to the click.

STATISTICAL METHODS
Results were analysed using Student's t test, Fisher's
exact probability test, or non-parametric tests when
variables were not normally distributed. The 95%
confidence limits about mean values were taken as two
standard deviations. Correlation coefficients were
calculated by the method of least squares.

Results

NORMAL SUBJECTS
The mean (SD) interval from the onset of the QRS
complex to mitral valve closure was 60 (10 ms). The
onset of the upstroke of the apexcardiogram occurred
25 (10) ms and the peak rate of rise 85 (10) ms after
the Q wave of the electrocardiogram. There was thus
appreciable scatter between these variables in differ-
ent normal individuals. There was, however, a
significant correlation between the intervals Q to
mitral valve closure and Q to peak rate of rise (Fig. 2).
The regression equation was: (Q to peak
dA/dt)=0-66(Q-MVC)+45 ms. The correlation
coefficient was 0-79 and the standard error of the
estimate 5 ms. The standard error of the slope was
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Fig. 2 Relation between the intervals Q to mitral valve closure
and Q to peak dAldt in normal subjects. The regression line and
bounds set at two standard deviations (95% confidence limits) are

shown.
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0-11 and of the intercept 6 ms. The correlation be-
tween Q-MVC and Q-C was very much less close, the
correlation coefficient being 0 39. In retrospect, this
seemed to be due to difficulty in identifying the onset
of the upstroke even in the presence of a normal "a"
wave. The interval Q to aortic valve opening, equival-
ent to pre-ejection period, had a mean value of 90 (10)
ms. Isovolumic contraction time showed considerable
scatter: the mean value was 30 (10) ms with values
ranging from 15 to 55 ms.

PATIENTS WITH HEART DISEASE
Timing of mitral closure-The time interval Q-MVC
was within normal limits in the majority of patients
studied. For those with coronary artery disease the
mean value was 65 (15) ms, and there was no relation
to end diastolic pressure (correlation coefficient
-0 04). In patients with mitral stenosis, the mean
value was a little higher than normal (75 (20) ms), but
this prolongation was not significant, and only one
patient had a value above the 95% confidence limit of
normal. In patients with aortic valve disease, the
mean was 45 (20) ms, which again was not
significantly different from normal. In patients with
atrial fibrillation Q-MVC varied little from beat to
beat when the RR interval was greater than 400 ms.
For values lower than this, Q-MVC increased by
20-30 ms as the RR interval decreased to 300 ms.

Peak rate ofrise ofapexcardiogram-In patients with
coronary artery disease, the Q to peak dA/dt interval
had a mean value of 95 (25) ms. Nevertheless, the
scatter was wide, and there was no significant correla-
tion with end diastolic pressure, the value being
100 (25) ms in those in whom the end diastolic pres-
sure was raised and 90 (20) in those in whom it was
normal. When individual patients were considered,
15 out of 17 with normal end diastolic pressure had
values within the normal range; this was the case in
only 15 of those in whom end diastolic pressure was
raised, the interval Q to peak dAldt being abnormally
prolonged in the remainder (p<0-025 with respect to
patients with normal end diastolic pressure). Mean
values of Q to peak dA/dt for patients with mitral and
aortic valve disease were 90 (20) and 90 (15) ms,
within the 95% confidence limits of normal. In
patients with atrial fibrillation, the morphology of the
first derivative of the apexcardiogram was sometimes
abnormal, showing a bifid appearance, with the first
peak preceding and the second following mitral valve
closure. When the RR interval was very short the
height of the first peak was regularly greater than that
of the second. When a series of beats was studied over
a range of RR intervals, it was apparent that the sec-
ond peak seen after a short RR interval corresponded
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to the single one when the preceding interval was
longer.

Isovolumic contraction time-This did not prove to
be a discriminating measurement. For patients with
coronary artery disease the mean value was 40 (20)
ms, for those with mitral valve disease 40 (15) ms, and
in the minority of those with aortic valve disease in
whom aortic valve opening could be adequately dis-
played 40 (30) ms. None of these values was
significantly different from normal. There was no
significant relation with end diastolic pressure (corre-
lation coefficient -0.1).

Relation between the timing of mitral closure and the
peak rate of rise of the apexcardiogram-In patients
with coronary artery disease and a normal left ven-
tricular end diastolic pressure, there was a close corre-
lation between the intervals Q-MVC and Q to peak
dA/dt, given by the relation: Q to peak dAW
dt=0-77(Q-MVC)+40 ms. The correlation coefficient
was 0*76 and standard error of the estimate 9 ms (Fig.
3). The standard error of the slope was 0*17 and of the
intercept 10 ms. Neither of these latter values was
significantly different from those of the corresponding
relation in normals. In patients in whom end diastolic
pressure was raised, this relation was virtually lost,
with values occurring earlier or later than normal.
These deviations were most likely to occur when the
interval Q to peak dA/dt was prolonged. In these
patients, the overall correlation coefficient was 0 33.
In patients with mitral stenosis, mitral valve closure
was delayed with respect to peak dA/dt in four
patients and was within the 95% confidence limits of
normal for the remainder. By contrast, in aortic re-
gurgitation, mitral closure was early in all but one
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case, occurring before the Q wave of the
electrocardiogram in two (Fig. 4). In patients with
atrial fibrillation, the relation between Q-MVC and Q
to peak dA/dt could be studied over a wide range of
RR intervals. In individual patients (Fig. 5) correla-
tion coefficients ranged from 0-55 to 0-96 (median
0-79) for those in whom the mitral valve was normal
and from 0 34 to 0 97 (median 0.87) in those with
mitral stenosis. In 10 of the 14 patients in whom a
significant correlation was present, the slope and
intercept of the regression line were within the 95%
confidence limits of normal. In the remainder, all of
whom had mitral stenosis, the slope was significantly
steeper, and the intercept lower than normal. In the
absence of an "a" wave, the C point of the apexcar-
diogram was more clearly defined so that the interval
Q-C could be measured. This was found to vary with
Q-MVC, with correlation coefficients between 0-22
and 0-98 (median 0.87) in patients with mitral valve
disease and 0*28 and 0-80 (median 0.57) in those with-
out.

Discussion

Using simple non-invasive methods it is possible to
study the relation between mechanical events at the
onset of ventricular systole and mitral valve closure.
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Fig. 3 Relation between the inrvalsQ to mitral valve closure
and Q to peak dAIdtfor patients with coronary art disease.
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Fig. 5 Beat to beat variation in the relation between the time
intervals Q to mitral valve closure and Q to peak dAldt in a
single patient with atrialfibrillation and a normal mitral valve.
The regression line and 95% confidence limits are derived from
normal subjects.

The timing of the upstroke of the apexcardiogram has
been shown to be closely related to that of the
intraventricular pressure pulse, subject to a delay of
approximately 10 ms.23 The onset of the apex-

cardiogram itself proved to be difficult to identify par-

ticularly when there was a significant "a" wave, but
we found that the timing of the peak rate of rise of the
apexcardiogram was a reproducible landmark. In the
occasional patient, particularly in atrial fibrillation
when the previous RR interval was short, there was

more than one peak present. These ambiguities could,
however, be clarified with reference to complexes pre-

ceded by a slightly longer RR interval. The timing of
mitral valve closure was determined by M mode
echocardiography. We found it essential to demon-
strate clear cusp apposition, a pattern which M mode
records directed from the cross sectional display
showed to be obtainable from only a small region of
the valve at the site of coaptation.

Previous observations have suggested that mitral
valve closure is delayed when left atrial pressure is
raised. This is the basis of prolongation of the interval
from the Q wave of the electrocardiogram to the first
heart sound reported many years ago in mitral
stenosis.4-6 Nevertheless, more recent studies,6 par-
ticularly when simultaneous pressures and phonocar-
diograms are recorded, have shown this association to
be weak and of little predictive value in individual
patients. Our own results are in line with these more
recent results, showing delay in mitral valve closure in
only one of 10 patients with mitral stenosis. The

Smalcelj, Gibson
interval from Q to mitral closure has also been meas-
ured by M mode echocardiography in patients in
whom the mitral valve is normal,78 incorporated into
an index which also includes the period from aortic
valve closure to maximum mitral valve opening (E
point), and used to estimate left atrial pressure.
Nevertheless, when we considered the interval from
Q to mitral closure in isolation we found no correla-
tion with left ventricular end diastolic pressure. The
same applied for isovolumic contraction time whose
variability in normal subjects was considerable, so
that although our estimates agreed closely with those
of Hirschfeld et al,9 we found that no consistent alter-
ation could be demonstrated in disease. Rather sur-
prisingly, the interval from Q wave to peak rate of rise
of the apexcardiogram did appear to have some sen-
sitivity in detecting patients with a raised end diastolic
pressure, being within normal limits in all but two
cases in whom end diastolic pressure was normal but
prolonged in 12 of 27 in whom end diastolic pressure
was raised. This increase was associated with prolong-
ation of the pre-ejection period and thus was more
likely to have been due to the effects of inco-ordinate
contraction'0 rather than any direct effect of left atrial
pressure, stressing that systolic and diastolic left ven-
tricular involvement frequently occur together in
patients with coronary artery disease.
The apparent variability in the timing of mitral

valve closure was considerably reduced when it was
considered in relation to that of the peak rate of rise of
the apexcardiogram. In common with Drui et al,' l we
found a significant correlation between the timing of
these two events in normal subjects. An indistingu-
ishable relation was present in patients with atrial
fibrillation and a normal mitral valve and in patients
with coronary artery disease in whom end diastolic
pressure was normal. In rheumatic mitral stenosis,
mitral valve closure was delayed with respect to the
apexcardiogram in three out of 10 patients. When
atrial fibrillation was present delayed mitral closure
was more obvious when the preceding RR interval
was long, leading to a significant increase in the slope
of the relation between Q-MVC and Q to dA/dt. By
contrast, mitral valve closure was early in the majority
of patients with pure aortic regurgitation, or mixed
aortic valve disease, measured with respect to the tim-
ing of the peak rate of rise of the apexcardiogram.
Although premature mitral valve closure is well rec-
ognised as occurring in patients with aortic regurgita-
tion, its appearance is usually held to be uncommon
and when present to suggest that the lesion is acute in
onset, severe, and requiring urgent operation.'2 13
Our results indicate that a lesser degree of prematur-
ity in mitral valve closure is common in patients with
chronic and well compensated disease. Its mechanism
in these latter patients did not seem to be the same as
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that in acute regurgitation since in all but two cases
mitral valve closure occurred after the Q wave of the
electrocardiogram and in all but three after the onset
of systolic contraction of the left ventricle. In chronic
aortic regurgitation, therefore, the time relation be-
tween mitral closure and the onset of ventricular sys-
tole is altered, possibly as a result of the regurgitant
jet from the aortic root. In patients with ischaemic
heart disease and an increase in end diastolic pressure
the normal close relation between mitral valve
closure and peak dA/dt was lost owing to wide scatter
rather than to any consistent alteration in timing.

These results have several consequences in inter-
preting early systolic events. Even in normal subjects
there is considerable variability in the interval from
the Q wave of the electrocardiogram to mitral valve
closure. This appears to result directly from a corres-
ponding variation in the onset of mechanical left ven-
tricular systole as reflected in the upstroke of the
apexcardiogram. The timing of peak dA/dt appears to
be a useful landmark since its use allows that of mitral
valve closure to be predicted within narrow limits.
This relation persists in patients with atrial fibrillation
in whom there is no mitral valve disease over a wide
range of values, strongly suggesting that the timing of
mitral valve closure depends on that of the onset of
ventricular systole and not on left atrial contraction.
The relation was also unaltered in patients with coro-
nary artery disease, provided that end diastolic pres-
sure was within normal limits, although mitral valve
closure was frequently early with respect to the apex-
cardiogram when end diastolic pressure was raised.
This occurred in spite of the interval from Q to mitral
valve closure itself being within normal limits, indi-
cating the increased sensitivity with which abnor-
malities could be detected if cusp motion is not consi-
dered in isolation but correlated with mechanical
events. Although it might be predicted that an
increase in left ventricular end diastolic and left atrial
pressures might cause isovolumic contraction time to
be shortened, by analogy with the clear cut effect of
these abnormalities on isovolumic relaxation,'4 we
found no evidence of this. The failure of the interval
Q-MVC on its own to predict left ventricular end dias-
tolic pressure suggests that the sensitivity of the more
complex index must be due to changes in its other
component, the time between A2 and the E point of
the mitral echogram. This latter interval includes
isovolumic relaxation time, previously shown to be a
sensitive index of end diastolic pressure in patients
with coronary artery disease.'4 The relation with
mitral valve closure may also be of value in interpret-
ing the apexcardiogram. The interval from Q to peak
dA/dt has been used to assess left ventricular systolic
function since it has been found to correlate with the
corresponding interval derived from the high fidelity

pressure trace. 'I- ' 7 The morphology of the first
derivative of the apexcardiogram may be atypical,
however-showing two or more peaks of nearly equal
height-making such measurements ambiguous. Our
results suggest that this problem might be resolved by
taking the peak following rather than preceding mitral
valve closure. Finally, there has been much con-
troversy in published reports on whether mitral valve
closure'8 or the initial development of tension in ven-
tricular myocardium ' 9 is responsible for the genesis of
the first heart sound. This might be yet another field
in which the close relation between early systolic
events shown in the present study might be relevant,
stressing the potential value of considering the
interaction between valve motion and tension
development rather than attempting to study each in
isolation.

AS was supported by a grant from the British Coun-
cil.
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