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SUMMARY Fifty-three patients were studied with com-
bined echo-phonocardiography or phonocardiography alone
following prosthetic mitral valve replacement. In sixteen of
these patients, clinical deterioration developed, and all sub-
sequently underwent cardiac catheterization and/or surgery.

Two patients came to autopsy. Included in this group of six-
teen patients were five with obstructed prostheses, six with
paravalvular regurgitation, and five with left ventricular dys-
function. Measurements were made of the time interval from
the aortic valve closure sound to the peak opening of the mitral
prosthesis determined echocardiographically or to the mitral
prosthetic opening click (A,-MVO). Echocardiographic
studies of left ventricular wall motion were also performed.
The A,-MVO interval was significantly shortened

O HEMODYNAMIC DETERIORATION following
prosthetic mitral valve replacement is commonly due to
either left ventricular dysfunction, paravalvular regurgita-
tion, or prosthetic valve obstruction, and it may be difficult
to recognize and differentiate among these possibilities. Pho-
nocardiography has been helpful in the diagnosis of
prosthetic valve dysfunction by detecting changes in the in-
tensity and timing of the prosthetic mitral opening click.'-"
But some of the newer tilting disc prostheses do not con-

sistently produce an opening click, so phonocardiography
alone may not be applicable.'8 We have used a combined
echo-phonocardiographic technique that has special applica-
tion to such a tilting disc prosthesis but applies to other
prostheses as well. Our experience with this technique
suggests that it is useful in the detection and diagnosis of
prosthetic valve dysfunction.

Methods

Subjects

Combined echo-phonocardiography or, in some cases,

phonocardiography alone, was performed in 53 patients
following prosthetic mitral valve replacement. In this group
were 27 patients with Lillehei-Kaster tilting disc prostheses,
24 patients with Starr-Edwards ball valve prostheses, one

patient with a Beall floating disc prosthesis and one patient
with a Kay-Shiley floating disc prosthesis. Sixteen of these
patients exhibited clinical deterioration sufficient to require
cardiac catheterization, surgery, or to come to autopsy. Of
these 16 patients, five had prosthetic valve obstruction, six
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(P < 0.01) with prosthetic valve obstruction (.05 ± .02 sec)
and paravalvular regurgitation (.05 ± .01 sec) compared
with normally functioning prostheses (Starr-Edwards ball
valves .10 ± .02 sec, Lillehei-Kaster tilting disc prostheses
.09 ± .01 sec). Shortening of this interval was not specific
for these conditions because it was sometimes shortened
with left ventricular dysfunction. Echocardiographic studies
of left ventricular wall motion were helpful in distinguishing
among prosthetic valve obstruction, paravalvular regurgita-
tion and left ventricular dysfunction. The combined echo-
phonocardiographic technique was especially helpful in
detecting malfunction of tilting disc prostheses, because the
technique enables measurement of the A,-MVO interval in
the absence of an audible opening click.

had paravalvular regurgitation and five had left ventricular
dysfunction (table 1). (One patient with paravalvular
regurgitation underwent right heart catheterization only and
is not included in table 1.)

Echo-Phonocardiography

Phonocardiograms were obtained from the four standard
precordial areas with a Cambridge MC IV multichannel
recorder using Leatham suction microphones. Echo-
cardiograms were recorded with a Smith-Kline Ekoline 20-
A ultrasonoscope interfaced to the Cambridge recorder.
Echos of the interventricular septum, left ventricular
posterior wall and mitral valve prosthesis were obtained by
scanning techniques previously described.'7 A lead II of the
electrocardiogram (ECG) was recorded simultaneously with
the echo-phonocardiogram.
The following measurements were made: 1) The time

from the first high frequency component of the aortic valve
closure sound to the peak opening of the mitral prosthesis as

determined by the echocardiogram (A,-MVO). The tech-
nique is illustrated in figure 1. In patients who had only
phonocardiograms recorded, the A,-MVO interval was

measured as the time from the aortic closure sound to the
first high frequency component of the mitral prosthetic
opening click. 2) The echocardiographic left ventricular end-
diastolic dimension (EDD), measured at the peak of the
QRS of the ECG, and the end-systolic dimension (ESD),
measured at the time of the aortic closure sound. Both of
these measurements were taken as the vertical distance
between echoes from the endocardial surfaces of the septum
and the left ventricular posterior wall (fig. 1).

All measurements were t-aken to the nearest .01 sec or 1

mm and represent a mean obtained from five consecutive
cardiac cycles. Analysis of differences in the A,-MVO inter-
vals between normally functioning prostheses and malfunc-
tioning prostheses was made using an unpaired t-test. Left
ventricular septal motion was considered to be normal if the
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TABLE 1. Hemodynamnc Data in Patients with Obstructed Mitral Prostheses, Par avalvulatr it rat Regurgitation
and Left Ventricular Dysfunction

PAW ~~~~~~~~~~~~~~~~~Ave.rate ofP XXV fall of LV
CI LVEDP Mean A/V MAP Angio MVC AIVA pressure

Patient (L/min/m2) EF (mm Hg) (mm Hg) (mm Hg) (mm Jig) MR (mm Jig) (cm') (mm Hg/sec)
Obstructed Prosthesis

1. mitral prosthesis obstructed with thrombus at necropsy
2. mitral prosthesis obstructed with thrombus at surgery
3. 2.1 14 32 32/40 90 0 22 0.9 1059
4. 1.7 25 35 -/45 80 21 0.8-
5. 2.7 .56 13 28 -/40 100 0 18 1.0 1000

Paravalvular Regurgitation
6. 1.7 .50 18 30 -/50 90 3+ 964
7. 2.3 - 12 25 -/60 75 4+ 662
8. 2.9 .52 10 14(25*) -/28(60*) 75 4+ 550
9. 1.8 .45 22 26 22/46 82 4+ 615

10. paravalvuilar- defect (3mm X 7mm) found at necropsy
Left Ventricular Dylsfunction

11. 2.0 .21 28 30 -/40 90 1+ 764
12. 1.5 .17 40 35 36/32 90 0 a"53
13. 1.9 .35 25 29 -/42 95 0 533
14. 2.1 .56 20 28 -/35 90 1+ 889
15. 1.6 .45 25 35 35/45 110 1+ 1671

*Values obtained with exercise.
Abbreviations: Cl - cardiac index; EF = ejection fraction; LVEDP = left venitricular end-diastolic pressure; PAW = pul-

monary artery wedge pressure; MVG - mean mitral valve gradient in diastole; MVA = mitral valve area; MAP -mean arterial
pressure; Angio MR = degree of mitral regturgitatiorn assessed by angiography: nonie (0), mild (1+), moderate (2+), moderately
severe (3+), severe (4+).

septum moved posteriorly more than two mm from end
diastole to end systole, paradoxical if it moved anteriorly
more than two mm from end diastole to end systole and
hypokinetic if it moved less than two mm in either direction
from end diastole to end systole."8

Cardiac Catheterization and Angiography

Right and left heart catheterization was performed in

I0 sec.
---- --
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fifteen patients (table 1) and right heart catheterization
alone was performed in one patient. The brachial
arteriotomy approach was used and left ventricular and
pulmonary artery wedge pressures were recorded with #8
fluid-filled catheters. Cardiac output was measured with the
Fick method. Left ventriculography was performed in the
right anterior oblique projection and particular care was
taken to ensure that the catheter did not interfere with

PCG-AA

PCG-MA FiGiURE I Combined echo-phonocardiogram in a

patient with a normally functioning Lillehei-Kaster
tilting disc mitral prosthesis. Phonocardiograms
taken in the mitral area (PCG-MA) and aortic area
(PCG-AA ) are recorded at the top and the electrocar-
diogram (ECG) is recorded below. Mitral prosthetic
opening is shown by a and mitral prosthetic closure

SEPTUM by b. This echo is considered to be the disc movement.
The valve ring within which the disc seats is
represented by c. The peak opening of the prosthesis

LV occurs .1O sec after the aortic valve closure sound (A2)
as shown in the left panel. The right panel shows nor-
mal motion of the interventricular septum and
posterior wall (PW). The left ventricular (L V) inter-

PW
nal dimension at end diastole (EDD) and end systole
(ESD) are at the upper limits of normal.

ECG
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prosthetic valve function. Mitral regurgitation was assessed
by angiography as absent, mild, moderate, moderately
severe or severe. Prosthetic valve obstruction was assessed
by the mean pressure gradient across the mitral valve in
diastole (MVG) and from the calculated mitral orifice
area."9 Left ventricular dysfunction was diagnosed if at least
two of the following three criteria were met: 1) an ejection
fraction of less than .50; 2) a left ventricular end-diastolic
pressure of more than 15 mm Hg and/or; 3) a cardiac index
of less than 2.5 L/min/m2 in the absence of significant
valvular disease.

In addition, the average rate of fall of left ventricular
pressure was measured as the difference between the left ven-
tricular pressure at the level of the incisura of the arterial
pressure tracing and the lowest left ventricular pressure,
divided by the time interval over which this pressure fall oc-
curred.

Results
Interval from Aortic Closure Sound to Mitral Opening

The A2-MVO interval was significantly shortened
(P < 0.01) with prosthetic valve obstruction (.05 i .02 sec,
mean ±SD) and paravalvular regurgitation (.06 i .01 sec)
compared with normally functioning prostheses (Starr-
Edwards ball valves .10 ± .02 sec, Lillehei-Kaster tilting
disc prostheses .09 ± .01 sec). See table 2.
A2-MVO intervals in 29 patients with Lillihei-Kaster

tilting disc prostheses are shown in figure 2. In patients with

TABLE 2. Echo-Phonocardiographic Data in Patients with
Obstructed Mitral Prostheses, Paravalvular Mitral
Regurgitation and Left Ventricular Dysfunction

A2-MVO EDD ESD
Patient Prosthesis (see) (mm) (mm) Septal motion

Obstructed Prosthesis
1. L-K .05 32 23 Paradoxical
2. K-S .05 -
3. L-K .03 42 22 Normal
4. L-K .06 31 28 Paradoxical
5. S-E .08 61 50 Normal
Mean - SD .05 - .02*

Paravalvular Regurqitation
6. S-E .05 58 32 Normal
7. S-E .04 - -
8. S-E .07
9. L-K .06 48 30 Normal

10. L-K .05 50 28 Normal
Mean z SD .05 - .01*

Left Ventricular Dysfunction
11. L-K .07 62 52 Hypokinetic
12. L-K .10 70 62 Paradoxical
13. Beall .15
14. L-K .06 52 40 Hypokinetic
15. S-E .06 52 42 Hypokinetic
Mean - SD .09 - .04

*The ArMVO interval was significantly shortened with
prosthetic valve obstruction and paravalvular regurgitation
compared with normally functioning prostheses (Starr-
Edwards ball valves .10 i .02 seconds, Lillehei-Kaster tilting
disc prostheses = .09 = .01 seconds).

Abbreviationis: L-K = Lillehei-Kaster tilting disc pros-
thesis; K-S = Kay-Shiley floating disc prosthesis; S-E =

Starr-Edwards ball valve prosthesis; A2-MVO = aortic
closure sound-mitral valve opening interval; EDD = left
ventricular end-diastolic dimension; ESD = left ventricular
end-systolic dimension; SD = standard deviation.

normally functioning prostheses, the intervals ranged from
.07 to .12 sec as previously reported by Gibson.16 The inter-
vals were significantly shorter than this in patients with
obstructed prostheses (.03 to .06 sec) and in patients with
paravalvular regurgitation (.05 and .06 sec). The intervals in
patients with left ventricular dysfunction were either short or
normal (.06 to .10 sec).
A2-MVO intervals in 24 patients with Starr-Edwards ball

valve mitral prostheses, one patient with a Beall floating disc
prosthesis and one patient with a Kay-Shiley floating disc
prosthesis are shown in figure 3. In patients with normally
functioning Starr-Edwards prostheses, the intervals ranged
from .08 to . 13 sec, which is in close agreement with previous
studies.20 22 Patients with paravalvular regurgitation had in-
tervals that were considerably shorter than the normally
functioning group (.04 to .07 sec). There were two patients
with obstructed prostheses. One, with a Kay-Shiley floating
disc prosthesis, had an A2-MVO interval of .05 sec and the
other with a Starr-Edwards ball valve prosthesis, had an in-
terval of .08 sec. There were two patients with catheter-
ization-documented left ventricular dysfunction. One had a
shortened A2-MVO interval of .06 seconds; the other
patient, with a Beall floating disc prosthesis, had a
prolonged interval (.15 sec). There was no evidence of stick-
ing of the disc by cineangiography to account for the long
A2-MVO interval in the patient with the Beall prosthesis.

Previous observers have reported prolongation of the
A2-MVO interval and marked variation of this interval from
beat to beat in patients with prosthetic valve ob-
struction ,2-4, 6- , 10 1 but this was not observed in our series.
This finding is presumably due to obstruction to the normal
passage of the poppet resulting in a delay in the peak open-
ing of the poppet.

Echocardiographic Findings

Table 2 lists the echo-phonocardiographic data in patients
with obstructed prostheses, paravalvular regurgitation and
left ventricular dysfunction. Patients with paravalvular

.4r

12

10

0 08
6
2 06

.04

02

4.
+

Normally
Functioning
Prosthesis

Obstructed Paraprosthetic Left
Prosthesis Regurgitation Ventricular

Dysfunction

FIGURE 2 Aortic closure sound to mitral valve opening intervals
(A,-MVO) in 29 patients with Lillihei-Kaster tilting disc mitral
prostheses. Patients with normally functioning prostheses have in-
tervals ranging from .07 to .12 seconds. Patients with obstructed
prostheses and paravalvular regurgitation have intervals con-
siderably shorter than this while patients with left ventricular
dysfunction have intervals that are short or normal.
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There was one patient (patient 1, table 2) with a Lillehei-
Kaster tilting disc prosthesis who may have had diminished
poppet excursion (normal excursion: 7-12 mm for the
Lillehei-Kaster prosthesis16) but the echogram of the
prosthesis was not of sufficient technical quality to be certain
of this.

Illustrative Case Histories

The following case histories illustrate how the echo-
phonocardiographic data may be helpful in the evaluation of
prosthetic valve dysfunction.

CASE 1 (PATIENT 3, TABLE 2)

Normally Obstructed Paroprosthetic Left
Functioning Prosthesis Regurgitation Ventricular
Prosthesis Dysfunction

FIGURE 3 Aortic closure sound to mitral valve opening intervals
(A2-MVO) in 24 patients with Starr-Edwards ball valve mitral
prostheses (solid dots) and one patient each with a Beall floating
disc prosthesis (open square) and a Kay-Shiley floating disc
prosthesis (open triangle). Patients with normally functioning Starr-
Edwards prostheses have intervals ranging from .08 to .13 sec.

Patients with obstructed prostheses and paravalvular regurgitation
have intervals that are generally shorter than this. There are two

patients with left ventricular dysfunction; one with a short and one

with a long A2-MVO interval.

regurgitation and left ventricular dysfunction tended to have
large left ventricular dimensions" (normal EDD: 40-50
mm), while patients with obstructed prostheses tended to
have smaller ventricular dimensions although this was also
dependent on the nature of the preoperative valve disease.
Posterior wall motion was characteristically sluggish with
left ventricular dysfunction but was normal with prosthetic
valve obstruction and paravalvular regurgitation in the
absence of left ventricular dysfunction. Septal motion was

paradoxical in two of four patients with obstructed
prostheses and hypokinetic or paradoxical in all four
patients with left ventricular dysfunction. In contrast to this,
all patients with paravalvular regurgitation had normal
vigorous septal motion. Examples of echocardiograms from
patients with paravalvular regurgitation and left ventricular
dysfunction are shown in figure 4.

SEPTUM

LV EDDm58mm ESD- 32mrn

D%A I f ._

A 54-year-old housewife with rheumatic mitral stenosis
underwent mitral valve replacement with a Lillehei-Kaster
tilting disc prosthesis in 1974. One month later she was re-

admitted to the hospital with acute shortness of breath. The
blood pressure was 120/70 mm Hg and the pulse 100
beats/min and regular. The jugular veins were markedly dis-
tended and rales could be heard in the lower lung fields. A
right ventricular lift was present but the left ventricular apex
was quiet. The mitral prosthetic closure sound was clearly
audible and there were no murmurs or gallops. The chest X-
ray showed pulmonary edema. The prothrombin time was

fifteen seconds with a control of twelve seconds.
An echo-phonocardiogram was obtained and showed a

short A2-MVO interval of .03 sec and normal left ventricular
dimensions (EDD 42 mm, ESD 22 mm). Prosthetic valve
obstruction was suspected, confirmed at cardiac catheter-
ization, and at surgery both sides of the prosthesis were

found to be partially occluded with thrombus.
Comment. The clinical presentation in this patient is

typical of patients with prosthetic valve obstruction in our

series. The acute onset of pulmonary edema, inadequate
anticoagulation, short A2-MVO interval and normal echo-
cardiographic left ventricular dimensions are characteristic
featu.res.

CASE 2 (PATIENT 4, TABLE 2)

A 57-year-old housewife with rheumatic heart disease
underwent aortic and mitral valve replacement with Lillehei-
Kaster tilting disc prostheses for aortic and mitral stenosis in
1973. She did well until late 1974 when she was admitted

FIcGURE 4 Echocardiograms of the left ventricle in a

W SEPTUM patient with paravalvular regurgitation (left panel,
patient 6 in table 2) and a patient with left ventricular
dysfunction (right panel, patient 12 in table 2). The
electrocardiogram (ECG) is recorded below. The end-
diastolic dimensions are large in both patients but the

LV patient with paravalvular regurgitation has vigorous
motion of the interventricular septum and posterior
wall (PW) while the patient with left ventricular
dysfunction has paradoxical septal motion and

PW hypokinetic posterior. wall motion. ESD = end-
systolic dimension, L V = left ventricular chamber.
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with dyspnea and cough although she was in no acute dis-
tress. The blood pressure was 110/70 mm Hg and the pulse
130 beats/min and regular. The carotid pulse was brisk and
there was no jugular venous distension. There were rales at
the bases of the lung fields. The aortic and mitral prosthetic
closure sounds were clearly audible and there was a systolic
ejection murmur in the aortic area. The chest X-ray showed
slight cardiomegaly, pulmonary congestion and a small left
lower lobe pulmonary infiltrate. The electrocardiogram
showed atrial flutter with 2:1 atrioventricular block. The
prothrombin time was 13 seconds with a control of 12
seconds.

She was treated for pneumonia and again given an-
ticoagulants. An echo-phonocardiogram was obtained
which showed shortening of the A2-MVO interval to .06 sec
from a previous value of .11 sec in the early postoperative
period as shown in figure 5. The echocardiographic left ven-
tricular dimensions were small (EDD 31 mm, ESD 28 mm)
and the interventricular septum moved paradoxically.
Because of these findings mitral valve obstruction was
suspected, confirmed at cardiac catheterization, and she un-
derwent successful mitral valve replacement. At surgery the
disc excursion was diminished by encroachment of sub-
valvular scar tissue.
Comment. This patient was not acutely ill and mitral

obstruction was not obvious by the usual clinical
parameters. The short A2-MVO interval was the primary
reason for suspecting prosthetic valve obstruction and
proceeding with cardiac catheterization. This case illustrates
the value of the A2-MVO interval in the early detection of
prosthetic valve obstruction and shows how serial echo-
phonocardiographic tracings are helpful.

CASE 3 (PATIENT 6, TABLE 2)

A 30-year-old farmer with rheumatic mitral stenosis
underwent mitral valve replacement in 1969. A Starr-
Edwards ball valve prosthesis was inserted into a heavily
calcified mitral annulus. Postoperatively, there was a persis-
tent systolic murmur and in 1970 he underwent repeat mitral

FIGURE 5 Combined echo-phonocardiogram in a
patient (patient 4 in table 2) with a Lillehei-Kaster
tilting disc mitral prosthesis. Phonocardiogramsfrom
the aortic area (PCG-AA) and mitral area (PCG-
MA) are recorded at the top and the electrocar-
diogram (ECG) is recorded at the bottom. The trac-
ing at the left was taken in the early postoperative
period when the A2-MVO interval was normal (.11
sec). Nineteen months later, thrombosis of the
prosthesis developed and the A2-MVO interval
shortened to .06 sec. There was some variation in the
Ar-MVO interval in the second tracing due to the
presence of atrial fibrillation and varying R-R inter-
vals, but an average of measurements from five con-
secutive cycles also yielded a value of .06 sec.

and tricuspid valve replacement with Starr-Edwards ball
valve prostheses for mitral paravalvular and tricuspid
regurgitation. He did fairly well until 1973 when he was
readmitted to the hospital with increasing dyspnea and
edema. The pulse was 90 and irregular. There were marked
jugular venous distension, peripheral edema and rales in the
lower lung fields. There were prominent right and left ven-
tricular apical impulses. The closure sounds of the
prostheses were clearly audible and there were two opening
clicks following the second heart sound. An apical pan-
systolic murmur was present. The chest X-ray showed
marked cardiomegaly and moderate pulmonary congestion.
An echo-phonocardiogram was obtained which showed a

narrow A2-MVO interval of .05 sec (fig. 6) and large ven-
tricular dimensions (EDD 58 mm, ESD 32 mm) with
vigorous septal and posterior wall motion (fig. 4, left panel).
At cardiac catheterization the patient was found to have
severe paravalvular mitral regurgitation, and he subse-
quently underwent successful surgical replacement with a
Lillehei-Kaster tilting disc prosthesis. Postoperatively the
A2-MVO interval lengthened to .08 sec and the ventricular
dimensions decreased (EDD 50 mm, ESD 25 mm).
Comment. This patient illustrates the characteristic echo-

phonocardiographic findings with paravalvular regurgita-
tion: a short A2-MVO interval and large left ventricular
dimensions with vigorous septal and posterior wall motion.
The echocardiogram shown in figure 6 was very helpful in
identifying the mitral and tricuspid opening clicks. It may be
quite difficult to identify prosthetic opening and closing
sounds from the phonocardiogram alone in patients with
multiple prostheses.

CASE 4 (PATIENT I1, TABLE 2)

A 55-year-old woman with longstanding rheumatic mitral
stenosis underwent mitral valve replacement with a Lillihei-
Kaster tilting disc prosthesis in 1974. Three months later she
was readmitted with progressive dyspnea. The blood
pressure was 140/80 mm Hg and the pulse 80 and regular.
There were rales in both lower lung fields but no jugular
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FIGURE 6 Combined echo-phonocardiogram and carotid artery
tracings taken in a patient (patient 6 in table 2) with Starr-Edwards
mitral and tricuspid ball valve prostheses and mitral paravalvular
regurgitation. Phonocardiograms from the pulmonic area (PCG-
PA ) and left lower sternal edge (PCG-LSE) are recorded above and
the electrocardiogram (ECG) is recorded below. The echo-
cardiogram helps to identify the mitral opening click (MO) and
tricuspid opening click (TO) and facilitates measurement of
the Ar-MVO interval. The interval is shortened (.05 sec) due to the
presence of paravalvular mitral regurgitation. A2 aortic closure

sound, MDM= mid-diastolic murmur, MC - mitral closure
sound, Ml = mitral valve closure, SM - systolic murmur.

A2-MVO z.10 seconds A2-MVO .06 seconds

A22 moA v

NORMAL
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MITRAL
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FIGURE 7 Schematic drawings of aortic, left ventricular (L V) and
left atrial (LA) pressure tracings which illustrate the determinants
of the isovolumic relaxation period and the A2-MVO interval. The
isovolumic relaxation period (IRP) begins when the left ventricular
pressure is at the level of the incisura of the aortic pressure and ends
when the left ventricular pressure falls below the left atrial pressure.
Peak mitral valve opening (MVO) occurs shortly after the crossover

of left atrial and left ventricular pressures. The aortic closure sound
(A2) is coincident with the incisura of the aortic pressure tracing
which is separated from the left ventricular pressure by an interval
which has been termed "hangout." The tracings on the left are nor-

mal and result in a normal A2-MVO interval. The tracings on the
right are representative of mitral obstruction and the elevation of
the left atrial pressure results in early mitral valve opening and a

short A2-MVO intervaL

venous distension or peripheral edema. The left ventricular
apex was not palpable. The prosthetic closure sound was
clearly audible and there were no murmurs. There was a
question of a third heart sound. Chest X-ray showed car-
diomegaly and pulmonary vascular congestion. The
prothrombin time was 36 seconds with a control of 12
seconds but had been 15 seconds with a control of 12 seconds
one week prior to admission.
An echo-phonocardiogram showed an A2-MVO interval

of .07 sec which had shortened from a value of . 1 sec in the
early postoperative period. The echocardiographic left ven-
tricular dimensions were large with hypokinetic septal and
posterior wall motion (EDD 70 mm, ESD 62 mm). She un-
derwent cardiac catheterization and was found to have
severe left ventricular dysfunction and a normally func-
tioning mitral prosthesis.
Comment. This patient presented a very difficult

diagnostic problem. The A2-MVO interval had shortened to
.07 sec which is at the lower limits of normal for this
prosthesis and the echocardiographic left ventricular dimen-
sions were large with poor septal and posterior wall motion.
These findings are consistent with left ventricular dysfunc-
tion alone but it was difficult to exclude co-existing
prosthetic valve obstruction. Cardiac catheterization was
required to exclude this possibility.

Discussion

The A2-MVO interval depends primarily24' 2 on the
duration of the isovolumic relaxation period.* The
isovolumic relaxation period, in turn, is determined by three
hemodynamic variables: 1) aortic pressure at the time of
aortic valve closure; 2) left atrial pressure at the time of
mitral valve opening; and 3) the rate of fall of left ventricular
pressure. The mechanism by which these factors influence
the A2-MVO interval is illustrated in figures 7 and 8. The left
panel of figure 7 shows a schematic representation of normal
left atrial, left ventricular and aortic pressures which result
in a normal A2-MVO interval. Mitral stenosis or mitral
prosthetic valve obstruction characteristically elevates the
left atrial pressure and causes early opening of the mitral
valve and shortening of the A2-MVO interval24 as shown in
the right panel of figure 7. Paravalvular regurgitation is
usually associated with a large left atrial v wave which also
results in early mitral valve opening and shortening of the
A2-MVO interval13 as illustrated in the left panel of figure 8.
The changes produced by left ventricular dysfunction are
more complex. The left atrial pressure will generally be
elevated but the rate of fall of the left ventricular pressure
will generally be diminished." These two factors influence
the duration of the isovolumic relaxation period in different
directions as illustrated in the right panel of figure 8; conse-
quently, the A2-MVO interval may be either shortened, nor-
mal, or prolonged.

*The A2-MVO interval and isovolumic relaxation time are not identical.
The aortic valve closure sound (A2) is coincident with the incisura of the aortic
pressure tracing which is separated from the left ventricular pressure by an in-
terval that has been given the descriptive term "hangout."2 This interval is
normally about .01 sec but may be prolonged in certain diseased states such as
aortic stenosis.2' Peak mitral valve opening (MVO) occurs a short period
after the crossover of the left atrial and left ventricular pressure tracings. See
figure 7 for the relationship of A2 and MVO to the isovolumic relaxation
period.
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Our findings are in agreement with these considerations.
Patients with obstructed prostheses and paravalvular
regurgitation almost uniformly had shortened A,-MVO in-
tervals. Patients with left ventricular dysfunction were
variable; some had short and some had long A,-MVO inter-
vals. Interestingly, the one patient with left ventricular
dysfunction and a prolonged A,-MVO interval (patient 13,
table 1) also had the slowest rate of fall of left ventricular
pressure.

Paravalvular regurgitation, prosthetic valve obstruction,
and left ventricular dysfunction may all result in shortening
of the A,-MVO interval so this measurement alone is
usually insufficient to allow distinction among these
possibilities. Echocardiographic studies of the left ventricle
may be very helpful in this distinction. Patients with
obstructed prostheses tend to have small left ventricular
dimensions while patients with paravalvular regurgitation
and left ventricular dysfunction generally have large ven-
tricular dimensions although this also depends on the nature
of the preoperative valve disease. Serial echocardiograms
may be helpful in this regard. Posterior wall motion is
sluggish in patients with left ventricular dysfunction but is
generally normal with prosthetic valve obstruction and para-
valvular regurgitation in the absence of left ventricular
dysfunction. Septal motion is frequently abnormal following
cardiac surgery18 and this is often the case in patients with
obstructed prostheses and left ventricular dysfunction. In
contrast, patients with paravalvular regurgitation have nor-
mal vigorous septal motion as shown in this study and by
others.1' Hypokinetic or paradoxical septal motion makes
significant mitral paravalvular regurgitation unlikely.
A number of previous observers have reported the value of

phonocardiography in the diagnosis of prosthetic valve
malfunction.'-`' Prosthetic valve obstruction (due to throm-
bosis, tissue ingrowth or poppet variance) can cause the
following phonocardiographic changes: 1) The closing sound

A2-MVO=.04 seconds

A2 HMVO

MITRAL

REGURGITATION

A2-M VO=.08 seconds

A2 MVO

LEFT
VENTRICULAR
DYSFUNCTION IRP

FIGURE 8 Schematic drawings of aortic, left atrial (LA) and left
ventricular (L V) pressure tracings representative of mitral
regurgitation (left) and left ventricular dysfunction (right). Mitral
regurgitation is associated with large left atrial v waves (v) which
result in early mitral valve opening and a short A,-MVO interval.
Left ventricular dysfunction is associated with elevation of the left
atrial pressure, which tends to shorten the A2-MVO interval, and a

diminished rate offall of left ventricular pressure, which tends to
prolong the A,-MVO interval. The net result is that the interval may
be either shortened, normal or prolonged.

may diminish in intensity.2`4 2) The opening click may
diminish in intensity or disappear altogether."' "6 7 3) The
A,-MVO interval may become prolonged and vary from
beat to beat.2-4,6 8, 10, 11 (This is thought to be due to obstruc-
tion to the normal passage of the poppet resulting in delay of
the peak opening of the poppet.) 4) The A,-MVO interval
may be shortened.9 Paraprosthetic mitral regurgitation has
been associated with the following phonocardiographic
changes: I) The opening click may be diminished or absent
due to dehiscence of the prostheses.'2 -4 2) The A,-MVO in-
terval may be shortened.'3 15

Mitral ball-valve prostheses, such as the Starr-Edwards
prosthesis, and floating disc prostheses, each usually
produce a clearly audible opening click. Some of the newer
tilting disc prostheses, such as the Lillehei-Kaster prosthesis,
do not produce an opening sound of any magnitude; conse-
quently, the phonocardiographic findings listed above are of
little help in the diagnosis of malfunction of these
prostheses. The use of combined echo-phonocardiography is
especially helpful in detecting malfunction of these
prostheses because it enables measurement of the A2-MVO
interval in the absence of an audible opening click.
Some important limitations of this study must be pointed

out. First, there are varying degrees of severity of left ven-
tricular dysfunction, paravalvular regurgitation and
prosthetic valve obstruction so that values of the A,-MVO
interval and echocardiographic left ventricular dimensions
might be expected to form a continuum with normal values.
Our patients had moderately severe to severe hemodynamic
lesions and this is probably why there was such a good
separation between groups in our study. Second, the
A2-MVO interval may be influenced by a number of factors
other than the presence of left ventricular dysfunction,
prosthetic valve obstruction or paravalvular regurgitation. A
low cardiac output and slow heart rate, for example, can
diminish the mitral valve gradient and left atrial pressure
and result in a normal isovolumic relaxation time and a nor-
mal A,-MVO interval despite significant mitral valve
obstruction. Variations in blood pressure directly affect the
isovolumic relaxation period and the A2-MVO interval.
Coexisting aortic valve disease may potentially influence the
A2-MVO interval by causing changes in aortic diastolic
blood pressure, elevation of the left atrial pressure or
prolongation of the hangout time of the aortic valve closure
sound. Third, echocardiographic studies of left ventricular
wall motion may be influenced by coexisting pathology such
as tricuspid regurgitation or left ventricular dysynergy which
may make interpretation difficult. In the context of these
limitations, combined echo-phonocardiography may be very
helpful in the assessment of prosthetic valve dysfunction.

In summary: 1) The A,-MVO interval is substantially
shortened with prosthetic mitral valve obstruction and para-
valvular mitral regurgitation and is useful in the detection of
these conditions. This interval is not specific for these con-
ditions because it is sometimes shortened with left ven-
tricular dysfunction. 2) Echocardiographic studies of the left
ventricle are helpful in distinguishing among prosthetic valve
obstruction, paravalvular regurgitation and left ventricular
dysfunction. 3) Combined echo-phonocardiography is es-
pecially useful in detecting malfunction of mitral tilting disc
prostheses, because it enables measurement of the A,-MVO
interval in the absence of an audible opening click.
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Addendum
Since the mansucript was submitted for publication, we have seen three

additional patients with mitral prosthetic valve dysfunction. One patient with
a Starr-Edwards ball mitral prosthesis had an A2-MVO interval of .07
seconds, an echocardiographic EDD of49 mm, an ESD of 33 mm and normal
septal motion. A second patient with a Lillehei-Kaster tilting disc prosthesis
had an A2-MVO interval of .06 seconds, an EDD of 50 mm, an ESD of 33
mm and normal septal motion. Both of these patients had severe para-

valvular regurgitation documented by cardiac catheterization and underwent
surgical correction. The third patient with a Lillehei-Kaster tilting disc
prosthesis had an A2-MVO of .03 seconds, an EDD of 42 mm, an ESD of 36
mm and paradoxical septal motion. This woman, who was in the 35th week of
pregnancy, was found to have severe obstruction of the mitral orifice at car-

diac catheterization and a heavily thrombosed prosthesis at surgery. Surgery
was performed prior to delivery of the child; the patient did well but the baby
did not survive.
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