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SUMMARY To evaluate the effect of mitral valve replacement on left ventricular function in mitral
regurgitation, we measured (1) the end-systolic stress/volume ratio, which is practically independent
of changes in loading conditions, and (2) the left ventricular contractile reserves upon isometric
exercise, both before and one year after mitral valve replacement in 11 patients with mitral regurgi-
tation.
The end-systolic stress/volume ratio increased, though the ejection fraction decreased after mitral

valve replacement. The ejection fraction decreased and the end-systolic stress/volume ratio remained
unchanged during isometric exercise before operation, whereas afterwards the ejection fraction
remained unchanged and the end-systolic stress/volume ratio increased during exercise.

Ventricular function improves after mitral valve replacement in patients with mitral regurgitation,
though the ejection fraction, which is affected by altered loading conditions, deteriorates. The left
ventricular response to stress caused by isometric exercise is also improved after surgery.

A major problem in assessing the effects of valve
replacement on ventricular function is the difficulty
experienced in separating the effects of removal of
abnormal loading conditions from those of a primary
change in myocardial function. In aortic valve dis-
eases, valve replacement results in an improvement in
the indices of ventricular function. I 2 In mitral regur-
gitation, however, the ejection phase contractile
measures often deteriorate after operation,34 and the
reason is thought to be the increased afterload caused
by a competent mitral valve.3-5
The purpose of the present study was to evaluate

left ventricular function before and after mitral valve
replacement in patients with chronic mitral regurgita-
tion by using the end-systolic wall stress/end-systolic
volume ratio as a measure of ventricular function.
This ratio has previously been shown to be practically
independent of loading conditions. Secondly, we
aimed to study the influence of valve replacement on
the left ventricular response to stress by using
isometric exercise as a stress test.
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Patients and methods

Eleven consecutive patients with moderate or severe
mitral regurgitation (3+/4+ or 4+/4+ mitral regurgi-
tation in cineangiography), and who underwent mitral
valve replacement, participated in the study. The
patients were studied by cardiac catheterisation before
operation and 12 months after mitral valve replace-
ment. The patients who also had aortic valve disease
(more than 10 mmHg systolic gradient across the aor-
tic valve and/or clinical signs of aortic regurgitation)
were excluded, as were those with significant mitral
stenosis (mitral valve area under 2-0 cm2). Three
patients were excluded from the consecutive series
because of poor pre- or postoperative angiographic
visualisation of the left ventricle.
The clinical data concerning the patients, five men

and six women are presented in Table 1. Their mean
age was 51 ± 5 years. Six patients had atrial fibrilla-
tion both before and after operation and five were in
sinus rhythm. The chronic mitral regurgitation was
considered to be the result of rheumatic fever in five
patients, three had ruptured chordae tendineae, and
three were considered to have "floppy mitral valve".
All the patients were receiving digitalis and diuretics
both before and after operation. None was receiving
beta blockers or vasodilating agents. Nine patients

328



Left ventricular function in mitral regurgitation

Table 1 Clinical data

Case No Agelsex NYHA Duration ofsymptoms (tuh) Type ofprostheses

Preop Postop

1 54 M 3 2 60 St. Jude
2 40 F 3 1 30 Bjork-Shiley
3 51 M 4 2 60 Bjork-Shiley
4 48 M 3 1 10 Bjork-Shiley
5 56 F 3 2 12 Bjork-Shiley
6 52 F 3 2 20 Bjork-Shiley
7 50 F 3 1 84 Bjork-Shiley
8 54 M 3 2 12 St. Jude
9 56 F 4 2 120 Bjork-Shiley
10 43 F 3 2 6 Bjork-Shiley
11 54 M 3 2 60 Bjork-Shiley
Mean-SD 51±5 3-2±0-5 1-7±0-4 43±37

NYHA, New York Heart Association's classification of grade of symptoms.

had a Bjork-Shiley valve prosthesis and two had a St
Jude medical valve prosthesis. All patients gave their
informed consent to the preoperative and postopera-
tive catheterisations and the isometric handgrip exer-
cise tests.

PREOPERATIVE AND POSTOPERATIVE STUDIES
Preoperative and postoperative right and left heart
catheterisation was performed via the cubital vein and
the brachial artery. Right atrial pressures, pulmonary
pressures, and pulmonary capillary wedge pressures
were recorded with a Statham P23Ia transducer. Left
ventricular pressures were recorded with a high
fidelity Millar tip transducer. A data acquisition sys-
tem (Hewlett-Packard 5600B) was used for the stan-
dard recording of pressures. Selective biplane left
ventricular cineangiography was performed in the 450
right anterior oblique position. The filming of the left
ventricle. was performed at biplane in the 450 right
anterior oblique and 450 left anterior oblique projec-
tions. No coronary angiography or coronary bypass
surgery was performed.

ISOMETRIC EXERCISE TESTS
The left ventricular pressures were recorded after
preoperative and postoperative angiography until they
returned to baseline levels. Then at least 20 minutes
after resting cineangiography, the patients were asked
to perform a handgrip test. Each patient's maximal
voluntary handgrip contraction was determined as the
average of two or three maximal attempts using a
hand dynamometer (Martin, Germany) held in the
left hand. After calculation of the maximal voluntary
handgrip contraction, the patients were asked to per-
form a sustained handgrip at 30% of the mean maxi-
mal voluntary handgrip contraction. The patients
were watched carefully to ensure they avoided the
Valsalva manoeuvre. Left ventricular pressures and
heart rate were determined every minute for four
minutes during the sustained grip. Left ventricular

cineangiography was then performed again, with the
patient still maintaining the grip.

MEASUREMENTS
Left ventricular volumes were measured from one or
two representative beats; postextrasystolic beats were
discarded. In the patients with atrial fibrillation the
volume measurements were taken on those beats that
most closely approximated the average RR interval for
the basal ventricular response. In the postoperative
angiograms a cycle length was chosen for analysis
which most closely resembled that of the preoperative
cycle. The greatest individual variation in RR cycle
lengths in the preoperative and the postoperative
measurements was 0-14 s. The contours of the left
ventricle were digitised at biplane on the projection
screen with a sonic pen using the HP 5600B and the
area-length method for volumes.6 The measured vol-
umes were changed to actual volumes by using the
regression equations previously established in our
laboratory.7 The left ventricular pressure curve was
recorded simultaneously with the angiogram at a
paper speed of 150 mm/s and was digitised and syn-
chronised with the corresponding volume data with
the aid of the HP 5600B. The mitral valve area was
calculated from the modified Gorlin formula as
described by Hammermeister et al., 8 and the left ven-
tricular mass as described by Rackley et al.9 The
mitral regurgitant fraction was measured by subtract-
ing the stroke volume, determined by the Fick
method, from the total left ventricular stroke volume.
The circumferential wall stress was estimated from
the formula'0: wall stress = (PR,/H) (ah) [1-1/2 (R,/
B)2], where P=left ventricular pressure, H=wall
thickness, R,=minor semiaxis, B=major semiaxis,
ah=(rm/rm+H/2), rm=B2/Ri. The end-systolic wall
stress was estimated by measuring the pressure, wall
thickness, and the minor and major semiaxes at the
point of lowest end-systolic volume. The end-systolic
wall stress/end-systolic volume index ratio was
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estimated by dividing the wall stress at end-systole by wall stress increased significantly, and the left ven-
corresponding end-systolic volume index. tricular mass index decreased, but not significantly.

STATISTICS
The paired t test was used for comparing the resting
data with those obtained during isometric exercise
and also the preoperative with the postoperative data.

Results

CLINICAL DATA
The clinical data are presented in Table 1. Two
patients were in functional class four and the others in
class three before operation. All patients had dysp-
noea on exertion, but none complained of chest pain.
The mean duration of the symptoms had been 43+37
months. The mean mitral regurgitant fraction was
0*47± 14. All the patients showed a functional
improvement after mitral valve replacement, eight ris-
ing to functional class two and three to class one.

PREOPERATIVE AND POSTOPERATIVE
HAEMODYNAMIC AND ANGIOGRAPHIC DATA
The preoperative and postoperative resting
haemodynamic and angiographic data are presented
in Table 2. The mean pulmonary artery pressure and
the mean pulmonary capillary wedge pressure
decreased significantly after mitral valve replacement.
The end-systolic volume index remained unchanged,
but the end-diastolic volume index decreased
significantly. The ejection fraction decreased, but the
end-systolic wall stress/volume ratio increased
significantly after surgery (Fig. 1). The end-systolic
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PREOPERATIVE AND POSTOPERATIVE
HAEMODYNAMIC AND ANGIOGRAPHIC DATA AT
REST AND DURING ISOMETRIC EXERCISE
The preoperative and postoperative haemodynamic
data at rest and during exercise are presented in Table
3. The heart rate and left ventricular end-systolic
pressure increased significantly during exercise both
before and after operation, but the end-diastolic pres-
sure remained unchanged. Table 4 presents the indi-
vidual values for the left ventricular volumes at rest
and during exercise before and after operation. The
end-systolic volume index increased during exercise
before operation, but remained unchanged after valve
replacement. The end-diastolic volume index

Table 2 Pre- and postoperative resting haemodynamic and
angiographic data

Preoperative Postoperative p values

PAmean (mmHg) 35±15 22±6 <0-001
PCWmean (mmHg) 24±7 13±3 <0-001
ESVI (mi/M2) 56±22 51±20 NS
EDVI (mI/M2) 138±49 100±28 <0-02
EF (Y%) 58+8 50±+10 <0.025
ESWS/ESVI 3.3±1-8 5-4+2-4 <0-02
ESWS (g/m2) 195 ±46 252±50 <0-05
LVMI (g/m2) 137±48 115±30 NS

Mean values+ SD; p values with paired t test. Abbreviations:
PA, pulmonary artery pressure; PCW, pulmonary capillary wedge
pressure; LVMI, left ventricular mass index; for others see Tables 3
and 4.
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Fig. 1 Effect of mitral valve replacement on indices of ventricular function. Left
panel presents the significant increase in the end-systolic stresslend-systolic volume ratio
after mitral valve replacement. Right panel presents the significant decrease of the
ejection fraction after mitral valve replacement.
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Table 3 Pre- and postoperative haemodynamic data at rest and during isometric exercise

Case HR (beath/mn) LVESP (mmHg) LVEDP(mmHg)
No

Preop Postop Preop Postop Preop Postop

Rest Exercise Rest Exercise Rest Exercise Rest Exercise Rest Exercise Rest Exercise

1 68 113 61 68 122 124 137 145 19 18 15 15
2 85 100 80 94 111 133 126 145 17 20 12 14
3 80 86 75 82 138 143 140 152 14 15 12 12
4 69 80 68 75 144 162 140 147 13 11 15 11
5 85 95 80 88 121 151 132 145 36 34 19 22
6 82 92 65 71 113 126 116 140 26 26 9 13
7 52 65 65 71 108 125 104 110 13 15 12 11
8 70 72 72 90 161 165 133 147 13 13 10 11
9 77 80 60 71 122 128 125 133 20 21 14 19
10 74 78 63 78 109 138 106 109 12 10 8 11
11 80 91 58 73 135 155 134 151 20 15 15 18
MeantSD 75±10 87±14 68±8 78±9 126+17 141+15 127±13 139±15 18±7 18±7 13±3 14±4
p value <0-01 <0-001 <0-001 <0.001 NS NS

p values with paired t test. Abbreviations: HR, heart rate; LVESP, left ventricular end-systolic pressure; LVEDP, left ventricular end-diastolic
pressure; preop, preoperative; postop, postoperative.

Table 4 Pre- and postoperative left ventricular volumes at rest and during isometric exercise

Case No ESVI (ml/m2) EDVI (mi/r2)
Preop Postop Preop Postop

Rest Exercise Rest Exercise Rest Exercise Rest Exercise

1 77 81 88 90 153 140 128 128
2 77 74 53 53 156 156 110 107
3 24 34 45 44 68 68 79 81
4 47 52 49 45 103 103 94 88
5 60 61 65 74 143 143 135 146
6 52 54 20 19 162 162 68 70
7 42 45 26 30 95 95 73 74
8 25 28 37 38 79 68 65 71
9 57 80 53 59 151 162 103 101
10 61 68 52 42 238 198 99 99
11 94 96 77 83 170 151 148 142
Mean-SD 56±22 61±21 51±20 52±22 138±49 131±42 100±28 101±28
p value <0-05 NS NS NS

p values with paired t test. Abbreviations: ESVI, end-systolic volume index; EDVI, end-diastolic volume index.

Table 5 Pre- and postoperative measures of left ventricularfunction at rest and during isometric exercise

Case No EF (%/o) ESWSIESVI

Preop Postop Preop Postop

Rest Exercise Rest Exercise Rest Exercise Rest Exercise

1 50 43 31 30 2-1 2-3 3-3 3-9
2 51 51 52 50 1-3 1-6 2-9 3-3
3 64 56 43 45 6-7 5-6 6-2 6-8
4 55 48 48 49 3-6 4-0 3.8 4-9
5 58 57 52 49 2-5 3-0 5-5 5 7
6 68 65 70 72 4-8 4.4 10-0 13-2
7 56 53 64 60 3-5 3-9 9-2 8-7
8 69 58 44 46 5.9 6-1 6-8 7-5
9 62 51 49 41 2-1 1-8 3-8 4-1
10 62 51 53 58 2-1 1-9 4-6 6-7
11 45 36 48 41 1-6 1-9 3-2 3-7
Mean±SD 58±8 52±8 50±10 49±11 3-3±1-8 3-3+1-6 5-4_2-4 6-2±2-9
p value <0-001 NS NS <0 05

p values with paired t test. Abbreviations: EF, ejection fraction; ESWS/ESVI, ratio between end-systolic wall stress and end-systolic volume
index.
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Fig. 2 Effect of mitral valve replacement on left ventricular response to isometric
exercise. Preoperatively the end-systolic wall stress/volume ratio remained unchanged
during exercise, but increased significantly postoperatively (left panel). The ejection
fraction decreased preoperatively during exercise, but remained unchanged after mitral
valve replacement (right panel).

remained unchanged during exercise both before and
after operation. Table 5 presents the individual values
for the ejection fraction and the end-systolic wall
stress/volume ratio at rest and during exercise. The
ejection fraction decreased during exercise before
operation, but remained unchanged after operation
(Fig. 2). The end systolic wall stress/volume ratio
remained unchanged before operation, but increased
significantly after operation during exercise (Fig. 2).
The end-systolic wall stress increased from 195±46
g/m2 to 226+50 g/m2 (p<0-001) during the handgrip
exercise before operation, and from 252-+±50 g/m2 to
289 g/m2 (p<0z001) after operation.

Discussion

A regurgitant mitral valve is an unloading device that
allows the contractile force of the left ventricle to be
expended more in shortening the myocardial fibres
than in the development of tension. Because of this
systolic unloading, the measures of ventricular func-
tion, such as the ejection fraction, which depend on
the ventricular afterload, may overestimate myocar-
dial function.5 Thus the end-systolic stress volume
relations, which are practically independent of the
loading conditions,"I 12 can be regarded as more reli-
able for evaluating ventricular function in patients
with mitral regurgitation.

Reports concerning the effect of mitral valve
replacement on ventricular function in mitral regurgi-
tation have shown the ejection phase contractile indi-
ces to decrease after surgery.34 Since none of these
studies has taken into consideration the altered load-

ing conditions after operation, the true effect of valve
replacement on myocardial function remains to be
determined. Our data indicate that the ventricular
function, as expressed by the end-systolic wall stress/
volume ratio, improves after operation. This is in
agreement with the postoperative improvement noted
in the functional class and clinical state. Our policy
has been not to recommend operation for patients
with poor preoperative ventricular function, and thus
none of our patients had irreversible ventricular dys-
function. Though the end-systolic wall stress/volume
ratio increased, the ejection fraction decreased after
operation, as also noted by others.34 The reason for
this decrease was mainly a reduction in end-diastolic
volume with no concomitant reduction in end-systolic
volume, probably because of the increased afterload
caused by a competent mitral valve. In other volume
overload states, as in aortic regurgitation, where the
afterload is not usually reduced preoperatively, the
abolition of volume overloading results in a decrease
in both the end-systolic and end-diastolic volume. 13
Isometric exercise has been used for evaluating left

ventricular contractile reserves in various cardiovascu-
lar disorders.14-16 The handgrip exercise significantly
increases the afterload on the heart'4 and can there-
fore be regarded as a useful means of exerting stress
on the left ventricle in mitral regurgitation, where the
afterload stress caused by isometric exercise
unmasked the left ventricular dysfunction preopera-

tively. After mitral valve replacement the ventricular
response to exercise was improved, indicating an
associated improvement in the contractile reserves of
the myocardium after operation.
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Reliable determination of the end-systolic wall
stress/volume ratio requires highly invasive methods
and is not suitable for serial measurement of left ven-
tricular function preoperatively. Because of the poor
postoperative results reported in patients with a low
preoperative ratio,'7 the non-invasive monitoring of
ventricular function might be valuable in order to
avoid irreversible myocardial dysfunction. The ejec-
tion fraction can easily be measured by non-invasive
methods such as echocardiography'8 or nuclear
angiography'9 during isometric exercise. The non-
invasive monitoring of the left ventricular response to
isometric exercise might be helpful before operation
in deciding upon the best time for operation, before
irreversible myocardial dependence on reduced after-
load has occurred.

Conclusion

Our data indicate that though the ejection fraction
decreases, ventricular function, as assessed by the
end-systolic wall stress/volume ratio, improves after
mitral valve replacement in patients with mitral re-
gurgitation. The ventricular response to afterload
stress caused by isometric exercise also improves after
operation. By unmasking ventricular dysfunction,
isometric exercise testing may be helpful preopera-
tively in the non-invasive monitoring of the ventricu-
lar response to afterload stress. The non-invasive
assessment of the possible development of reduced
ventricular response to afterload stress in the course of
time is needed, before preoperative isometric exercise
testing can be regarded as helpful in making therapeu-
tic decisions.
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