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In recent years physicians have been presented
with new auscultatory syndromes due to the in-
creasing use of prosthetic heart valves. It is the
purpose of this paper to describe phonocardio-
grams of patients who have multiple ball valve
prostheses of the type described by Starr and
Edwards (1961) and Starr et al. (1963). The sharp
sounds produced by the opening and closing of
these valves allow timing of several physiological
events in the cardiac cycle. In addition, analysis of
these recordings in patients with atrial fibrillation
shows the deleterious effect of fast heart rate on
prosthetic valve function.

SUBJECTS AND METHODS
Studies were done on 16 patients from two weeks to

two years after multiple valve replacement with Starr-
Edwards prosthetic valves. Their ages ranged from 23
to 51 years. Of these 16, 10 had prosthetic mitral and
aortic valves, one had mitral and tricuspid prostheses,
and 5 had replacement of aortic, mitral, and tricuspid
valves. There were 9 patients with sinus rhythm, 4
with atrial fibrillation, and one with atrial flutter. In
the remaining 2 patients, records were made during
atrial fibrillation and after electrical conversion to sinus
rhythm.

Phonocardiograms were recorded with a Sanborn
Model 500 photographic recorder. Diaphragm micro-
phones were simultaneously placed at the apex and at the
left stemal border in the 2nd intercostal space or in the
4th and 5th intercostal spaces. Occasionally a micro-
phone was placed at the right sternal border as well.
The indirect carotid pulse was obtained by a bell
pressed over the carotid artery. The paper speed was
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100 mm./sec., allowing analysis of intervals to 0 005 sec.
At least 15 complexes were analysed in patients with
atrial fibrillation, and at least five were studied in
patients with sinus rhythm. Isoprenaline was given
by intravenous infusion in order to speed the rate in one
patient with three prostheses and sinus rhythm.
Records were obtained during the administration of the
drug and shortly after it was stopped, but before the
heart rate had returned to resting level.

RESULTS

An ejection type systolic murmur (Leatham,
1958) was present at the left sternal border, aortic
area, or apex of all patients with prosthetic aortic
valves. A murmur was not found in the single
patient with mitral and tricuspid prostheses. The
murmurs varied from soft to moderately loud
(grade 3/6), and in some patients were not re-
corded since the controls were set for optimum
recording of the valve sounds. The murmurs
began with aortic opening and lasted through the
first two-thirds of the ejection phase (Fig. 1).
The valve opening and closing sounds were dis-

crete, high-pitched clicks. The tricuspid valve
sounds at the left sternal border were louder than
the mitral sounds, an observation perhaps explained
by the more anterior position of the tricuspid valve
in the chest. After very long R-R intervals in
patients with atrial fibrillation, the mitral and
tricuspid closure sounds were very soft, suggesting
that the balls had returned nearly to the closed
positions before the onset of systole (Fig. 1).

Mitral and Aortic Prostheses. In the 10 patients
with mitral and aortic prostheses, 4 sounds were
easily identified in each cardiac cycle (Fig. 1).
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FIG. 1.-Record from Patient 2 with aortic and mitral prostheses and atrial flutter. The systolic ejection
murmur is loud. In the second cycle, after a long diastolic pause, the mitral closure sound is soft and simul-
taneous with the Q wave. The next diastole is shorter and the mitral closing sound is louder and later than
in the preceding cycle. In this and the following illustrations the valve sounds are designated thus: MC=
mitral closing; MO = mitral opening; AC = aortic closing; AO = aortic opening; TC = tricuspid closing; TO =

tricuspid opening.

With the onset of systole there was a mitral closing
sound closely followed by an aortic opening sound.
Aortic closure occurred at the end of ejection, and
finally there was the opening click of the mitral
valve in early diastole. The interval from mitral
closure to aortic opening corresponds with iso-
metric contraction, though it is recognized that a
finite time is necessary for ball travel in both
valves. Similarly, time from aortic closure to
mitral opening is a measure of isometric relaxation.

Mitral, Tricuspid, and Aortic Prostheses. In
addition to the characteristic findings with mitral
and aortic prostheses, these patients had tricuspid
valve sounds soon after the mitral opening and
closing sounds. Thus systole was announced by
mitral closure, tricuspid closure, and aortic opening.
At the end of ejection aortic closure occurred,
followed in early diastole by the opening of the
mitral and tricuspid valves which produced a split
"opening snap." Sometimes, however, the tri-
cuspid valve sound would be superimposed on
either the mitral closure sound or aortic opening
click in early systole, and only two sounds were
recorded at this time. In diastole the opening
clicks of the tricuspid and mitral valves were some-
times superimposed so that only one "'opening
snap" was recorded (Fig. 2). Splitting of the A-V
valvular opening clicks with inspiration was de-
monstrated in the patient with mitral and tricuspid
prostheses. There was no respiratory effect on the
interval from the Q wave to the sounds of tricuspid
and mitral valve closure, however (Fig. 3).

Additional sounds with phonocardiographic
characteristics of valve sounds were noted in 4
patients: 2 had clicks at the time of a 4th heart
sound, and 2 had clicks at the time of the 3rd heart
sound. One of the latter also displayed several
tiny clicks in early diastole after mitral valve
opening.

Intervals. The discrete valve opening and
closing sounds allowed accurate measurement of
the timing of various events in the cardiac cycle.
Table I lists these results in our patients and some
normal values from earlier publications (Braunwald
et al., 1955; Braunwald, Fishman, and Courmand,
1956). The duration of total systole, isometric
contraction, and ejection vary inversely with rate
(Wallace et al., 1963). The heart rate at which the
normal values were measured was not stated; how-
ever, the normal subjects were patients under
anaesthesia who had thoracic operations, and rate
presumably was not unusually fast or slow.

In our patients mitral closure occurred at a time
later after the Q wave of the cardiogram than the
time observed by Braunwald in normal subjects.
Isometric contraction, measured from mitral closure
to aortic opening, was within Braunwald's normal
range in all the patients except one with three
prosthetic valves and right bundle-branch block.

In patients with atrial fibrillation, varying R-R
intervals allow differing lengths of time for filling
of the ventricles in diastole. Therefore, in mitral
stenosis, end-diastolic left atrial pressure varies
with ventricular filling time, being lower after a
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FIG. 2.-Phonocardiogram of Patient 15 with mitral, aortic,
and tricuspid prostheses.

(A) At rest. There are three distinct valve sounds
soon after the Q wave of the cardiogram. A soft systolic
murmur is present. In the first complex the mitral and
tricuspid opening sounds are fused, but they are split in the
second one. A soft atrial sound is present between the P

wave and QRS.
(B) During isoprenaline infusion. Isometric con-

traction is rapid and the aortic opening sound is super-
imposed on tricuspid closure. The mitral and tricuspid

opening sounds are nearly simultaneous.
(C) During recovery from isoprenaline infusion.

Tricuspid closing and aortic opening sounds are distinct, but
not as widely separated as in 2(A).
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FIG. 3.-Tracing from Patient 16 with mitral and tricuspid prosthetic valves. No murmur is present. Note
the splitting of the opening prosthetic valve sounds with inspiration. They are superimposed in the first

complex which occurred at the very end of expiration.
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TABLE I

CLINICAL, CARDIOGRAPHIC, AND PHONOCARDIOGRAPHIC DATA IN 16 PATIENTS WITH STARR-EDWARDS PROS-
THETIC VALVES

Q-LV Q-LV LV iso- Ejection LV iso-
systole ejection metric metric

con- relaxa-
traction tion

Normal 0-052± 0-115± 0-061±
subjects 0-0067 0-0117 0-0121 0-078

dfp
Heart Preced- Mos- dfp

Patient, sex, and age Rhythm rate ing R-R Mcs Tos-Tcs Q-Tcs Q-Mcs Q-Aos Mcs-Aos Aos-Acs Acs-Mos Acs-Tos

1 F 51 AF 73 0-821 0 435 - - 0-071 0-112 0-041 0-282 0 073 -

2 M 30 A.Fl. 63 0-948 0 550 - - 0-066 0-151 0-085 0-241 0-080 -

3 F 44 AF 100 0-603 0-269 - - 0-085 0-147 0-062 0-210 0-067 -

o 3 SR 90 0-669 0-294 - 0-062 0-123 0-061 0-233 0-086 -a6 Q 4 M 23 AF 92 0-650 0-277 - 0-096 0-166 0 070 0-217 0-078 -
," 4 SR 83 0-723 0 340 - - 0-078 0-128 0 050 0-264 0-066 -

5 M 38 SR 74 0-811 0 405 - - 0 059 0-110 0-051 0-278 0-080 -
'0 6 F 56 SR 82 0 730 0-368 - 0-066 0-117 0-051 0-244 0-069 -

b 7 M 46 SR 81 0-664 0-298 - - 0-084 0-136 0-052 0-228 0-087 -

8 M 39 SR 104 0-580 0-242 - - 0-083 0-143 0-060 0-190 0 099 -
9 M 36 SR 56 1-070 0-644 - - 0 045 0-131 0-086 0-284 0 059 -
10 M 43 SR 96 0-625 0-290 - - 0 077 0-129 0-052 0-201 0-082 -

Mean 81 0-741 0-368 - - 0 073± 0-133± 0-060± 0-239 0-077 -
0-017 0-017 0-014

11 M 33 AF 58 1-028 0-611 0 595 0-105 0-085 0-179 0 094 0-241 0 090 0-126
t 12 M 30 AF 68 0-882 0-469 0 474 0-138 0-097 0-148 0-051 0-277 0-080 0-110

13 F 47 AF 73 0-822 0 434 0-442 0-083 0-060 0-117 0 057 0-278 0-065 0-081
14 F 28 SR 104 0-580 0-217 0-249 0-117 0 079 0-143 0-064 0-200 0-103 0-11415 F 38 SR

3 DuRest 810i743 0 333 0 344 0 087 0 059 0 117 0 058 0 272 0)084 0 097
02 15 * During

isopre-
naline 101 0-595 03262 03280 0081 0-059 0-081 0-022 0-248 0-065 0-069

*5 After
a ~~~~~isopre-

naline 90 0-665 0-300 0-307 0-086 0-060 0-098 0-038 0-264 0-066 0-087
16t F 47 SR 78 0-775 0 343 0 357 0-123 0-091 - - 0-263t 0-132 0-149

Mean 75 0-805 0-401 0-410 0-109 0 079 ± 0-141± 0-065 ± 0-254 0-092 0-113
0-016 0-027 0-017

The values listed are means for ali the observations on each individual patient. All intervals are in seconds. dfp = diastolic
filling period; Q=Q wave of cardiograph; Tos= Tricuspid opening sound; Tcs= Tricuspid closing sound; Mos=Mitral
opening sound; Mcs= Mitral closing sound; Aos = Aortic opening sound; Acs = Aortic closing sound.

* Not used in calculation ofgroup means.
t Mitral and tricuspid prostheses.
* Carotid ejection time.

long diastolic pause which gives more time for the
atrium to become decompressed. When left
atrial pressure is low, the Q-lst heart sound interval
is short, since rising ventricular pressure quickly
exceeds low atrial pressure. In our patients with
atrial fibrillation, the interval from Q wave to
mitral closure varied inversely with the preceding
R-R interval (Fig. 4), suggesting that atrial pressure
was lower after a long diastolic pause than after a
short one. With heart rates of 60 or below, mitral
closure occurred immediately after the Q wave, and
the sound was of very small amplitude (Fig. 1).
With low atrial pressure the interval between the

second sound and mitral valve opening click is
long, since more time is required for ventricular
pressure to fall below atrial and allow the A-V
valves to open. Though there was a tendency in

our patients with atrial fibrillation for the interval
between aortic closure and mitral opening to vary
directly with the preceding R-R interval, this was
not consistent.
As a measure of the time available for ventricular

filling, we used the period between the opening and
closing clicks of the prosthetic mitral and tricuspid
valves. The actual diastolic filling period is
perhaps slightly longer than the interval between
the valve sounds, since the ball must take a short
time to travel in the cage before making a sound,
both at opening and at closure. Despite these
limitations, certain correlations could be made.
In those patients with atrial fibrillation, the
diastolic filling period varied inversely with the
heart rate, as expected, since systolic time per
minute increases with heart rate, while diastolic
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1-00

0O80b

060r

i 0

* 0

.0

.. .

;
0O40h

0O20F

0-02 004 006 008
Q to mitral closing sound-seconds

1.0

FIG. 4.-Relation between the preceding R-R interval and
the Q to closing valve sound interval in Patient 3 with aortic
and mitral prostheses and atrial fibrillation. There is some
variation for any particular rate, but an inverse relation

is shown.

time decreases (Levine et al., 1962). In 2 patients
with some very short R-R intervals, measurements
at fast heart rates were obtained. The phono-
cardiogram of one of these patients is shown in
Fig. 5, and the graph of heart rate and diastolic
filling period is shown in Fig. 6A. It is clear that

as the heart rate approaches 180, the diastolic
filling period becomes very short. Indeed, when
the distribution curve is extrapolated the short
distance to the Y axis, it is suggested that diastolic
filling would cease at a heart rate of 189. The
validity of this observation is supported by the
several measured points which occurred very close
to this value and by the very similar slopes of the
lines in all the other patients with atrial fibrillation.
The calculated regression equation for each patient
allowed prediction of the heart rate at which dias-
tolic filling would cease. These values are shown in
Table II for the patients with atrial fibrillation or
flutter.

Isoprenaline Effect. In order to speed the heart
rate, isoprenaline was given by intravenous in-
fusion to one patient with three prostheses and sinus
rhythm. The interval between the Q wave and the
tricuspid valve closure sound shortened, isometric
contraction was more rapid, and ejection was
shorter. During the height of the drug effect, the
tricuspid closure and aortic opening sounds were
superimposed (Fig. 3). The mitral and tricuspid
opening sounds moved nearer the aortic closure
sound during drug administration.

Effect of the Number of Prostheses and Rhythm.
No statistically significant differences were found
in the measured intervals of patients with three

ECGG II
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FIG. 5.-Phonocardiogram of Patient 3 with aortic and mitral prostheses and atrial fibrillation with a fast vent-
ricular rate. A profusion of valve sounds is present, but the valves open and close in the usual order. The
R-R interval between the first and second complexes is 0-380 sec. (heart rate 158) and between the second
and third is 0 345 sec. (heart rate 174). Diastolic filling period (dfp) is very brief in both. Between the first
and second complexes dfp is 0 045 sec.; however, between the second and third, dfp is 0-060 sec. despite the
shorter R-R interval. This increase in filling occurs largely because ejection (AO-AC) is much shorter
between the second and third complexes than between the first and second. The interval from aortic closure
to mitral opening is shown to be only slightly shortened at these fast rates when compared with the fourth

complex with a much longer R-R interval (0-520 sec.; heart rate 115).

c
0
u
V

.0

c0

L.

535

 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.28.4.531 on 1 July 1966. D
ow

nloaded from
 

http://heart.bmj.com/


Boicourt, Bristow, Starr, and Griswold

1l40r

.1*001

0 00

0%

IF

1 20

in

c -0
C 0

0

> 0 80

_

C. 0 60

-C

° 0 40
O.

01
0

0.

r=0-99

K A.0

Fk

020

020 040 0-60 080
Mitral diastolic filling period-seconds

r.0 99 Mitral .

r=O 99 Tricuspid A

020 040 060 080 100
Diastolic filling period-seconds

A B
FIG. 6.-(A) Relation between R-R interval and mitral diastolic filling period in Patient 3 whose phonocardiogram is

shown in Fig. 5. Several measurements were obtained at short R-R intervals where diastolic filling time is very brief.
(B) A graph of R-R interval and diastolic filling period in Patient 12 with three prosthetic valves. The slopes of

the calculated regression lines of the mitral and tricuspid distributions are practically identical, and very similar to the
slope of the line in A, though when extrapolated the Y intercepts would be slightly different.

prostheses as opposed to those with two, or in
patients with sinus rhythm when compared with
those with atrial fibrillation or flutter. However,
significant individual differences were found.
Both the patients in whom measurements were
made before and after conversion to sinus rhythm
had shortening of the interval from Q wave to
mitral closure after conversion (Table I). Although
their slower heart rates with sinus rhythm would
produce a shortening of this interval, the amount of

shortening observed appeared to be more than
could be accounted for by rate change alone.
Hultgren and Hubis (1965) have made similar
observations. This suggests that atrial systole
facilitates closure of prosthetic mitral valves, a
phenomenon observed with normal valves as well
(Sarnoff, Gilmore, and Mitchell, 1963).

DISCUSSION
Previous reports on phonocardiography after

TABLE II
CALCULATED REGRESSION EQUATIONS FOR 7 PATIENTS WITH STARR-EDWARDS PROSTHESES IN ATRIAL

FIBRILLATION

Patient Valve Correlation Slope of Longest R-R Shortest R-R R-R interval Heart rate at Y
coefficient distribution observed (sec.) observed (sec.) Y intercept intercept

1 Mitral 0 99 1-061 1 180 0-580 0 359 167
2 Mitral 0 97 1-095 1-265 0-685 0-342 175
3 Mitral 0 99 1-061 1-015 0-345 0-317 189
4 Mitral 0 99 1-060 1-060 0-380 0-341 176

11 Mitral 0 99 1-077 1-730 0 740 0-384 160
11 Tricuspid 0.99 1-023 1-730 0 740 0-401 150
12 Mitral 099 1-025 1-330 0600 0-401 150
12 Tricuspid 0.99 1-149 1-330 0 600 0 337 178
13 Mitral 0-96 1-105 0-975 0-630 0 343 175
13 Tricuspid 0-96 1-048 0-975 0-630 0-358 168
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Phonocardiograms of Patients with Starr-Edwards Prosthetic Valves

valve replacement have discussed the character-
istic sounds produced by the prosthesis and have
reported the presence of additional sounds at the time
of the usual 3rd and 4th heart sounds. In addition,
multiple high-pitched sounds have been noted
in diastole (Hultgren and Hubis, 1965; Zitnik and
Burchell, 1963; Strach, Judson, and Ardaiz, 1963).
The murmur noted in our patients with aortic

prosthesis is probably due to turbulent blood flow
through the aortic valve. Cardiac catheterization
studies (Bristow et al., 1964) have shown small
pressure gradients across the Starr-Edwards pros-
thetic aortic valve. Since the mitral prosthesis
projects into the aortic outflow tract, it too can
produce turbulence, and many patients with only a
mitral prosthesis have a systolic ejection murmur.

Cardiac catheterization studies have shown small
pressure gradients across Starr-Edwards mitral
prostheses (Morrow et al., 1964; Judson et al.,
1964; Bristow et al., 1965), and the phonocardio-
graphic findings might be expected to be similar
to those in patients with mild mitral stenosis.
Zitnik and Burchell (1963) have pointed out that
the mitral prosthetic sounds in patients with atrial
fibrillation vary with the R-R interval as they do in
patients with a mildly stenotic mitral valve. They
observed no effect of respiration on the interval
from aortic closure to mitral opening. We did not
find a good direct relationship between the R-R
interval and the aortic closure to mitral opening
interval. There was an inverse relationship be-
tween the R-R interval and the interval from the Q
wave to mitral or tricuspid closure, however. The
mitral and tricuspid opening sounds split with
inspiration and closed with expiration as did the
normal second heart sounds.
The effect ofheart rate on diastolic filling period is

interesting. Diastolic filling may not actually be
abolished by heart rates near 180, since atrial and
systemic venous pressures may rise enough to
cause the valves to open sooner than the extra-
polated graph suggests. It is obvious, however,
that the filling interval is seriously reduced at
moderately rapid rates. The reason for the dis-
proportionate reduction in diastolic filling is that at
rapid rates isometric contraction, ejection, and
isometric relaxation are normally proportionately
less shortened than is diastolic filling period. In
addition, in these patients with prosthetic valves,
the interval from aortic closure to mitral opening is
relatively fixed, varying only a few hundredths of a
second from slow to very fast heart rates. At fast
rates, this interval encroaches considerably on
diastolic filling time (Fig. 5). Therapeutic impli-
cations are obvious. Atrial fibrillation with rapid
ventricular rate and other fast arrhythmias are

known to be poorly tolerated by patients with
prosthetic mitral valves, and prompt treatment of
these arrhythmias is indicated.

Left atrial and left ventricular diastolic pressure
relationships are two of the factors causing variation
in the timing of the mitral prosthetic valve sounds.
The inertia of the ball and the position of the ball
in the cage at the onset of systole are two additional
factors. A finite amount of time must be necessary
for the ball to come into motion and to travel to
strike the valve ring or the top of the cage. If it
starts from less than the fully open position, it
will close sooner than if it has to travel the full
length of the cage. Hultgren and Hubis (1965)
have reported that the loudness of the mitral closing
click varied inversely with the preceding R-R in-
terval. In patients with slow heart rates, the small
size of the mitral closing sound and its early appear-
ance after the Q wave of the electrocardiogram
suggest that the ball has returned almost to the
closed position before the onset of systolic con-
traction causes it to strike the seat. Variations in
the degree of the return of the ball to the closed
position could cause the variations in the interval
between the Q wave and valve closure sound similar
to those we have observed and ascribed to variations
in the left atrial pressure. Previous phonocardio-
graphic studies of patients with mitral stenosis have
shown that at slow heart rates (60 or below) the Q
wave/first heart sound and second heart sound/
opening snap relationships are not a reliable guide
to the severity of mitral stenosis (Craige, 1957).
At slow rates the early closing of the mitral valve in
our patients may be due to partial return of the ball
to the closed position before the onset of systole,
while at faster rates the left atrial pressure may be
the determining factor in the movement of the valve
closure sounds.

SUMMARY AND CONCLUSIONS
Phonocardiograms have been recorded in 16

patients after multiple valve replacement with
Starr-Edwards prostheses. The closing sounds of
the mitral and tricuspid prostheses vary with the
heart rate in a manner similar to those of a slightly
stenotic mitral valve. Analysis of intervals during
the cardiac cycle is facilitated by the discrete valve
sounds. At rates of over 150 diastolic filling time
is greatly reduced, suggesting that arrhythmias with
rapid ventricular rate should be treated promptly
in patients with mitral or tricuspid prostheses.
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