J c I The Journal of Clinical Investigation

Pressure-flow studies in man: effect of atrial systole on
ventricular function in mitral stenosis

M. Eugene Kendall, ... , Frederick R. Cobb, Joseph C. Greenfield Jr.
J Clin Invest. 1971;50(12):2653-2659. https://doi.org/10.1172/JCI106766.

Research Article

The effect of atrial contraction on left ventricular function in six patients with varying degrees of mitral stenosis was
determined by utilizing the pressure gradient technique to measure instantaneous aortic blood flow and pressure. Aortic
flow was measured as ventricular rate was controlled by right ventricular pacing to create A-V (atrioventricular)
dissociation at varying rates (90-150 beats/min). At each heart rate, beats with preceding P waves, effective atrial systole,
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interval within the range of 0.05-0.20 sec. These beats were grouped for each patient, subjected to regression analysis,
and compared to control beats. The absolute and percent change created by effective atrial systole was inversely
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ABsTrRACT The effect of atrial contraction on left
ventricular function in six patients with varying degrees
of mitral stenosis was determined by utilizing the pres-
sure gradient technique to measure instantaneous aortic
blood flow and pressure. Aortic flow was measured as
ventricular rate was controlled by right ventricular pac-
ing to create A-V (atrioventricular) dissociation at vary-
ing rates (90-150 beats/min). At each heart rate, beats
with preceding P waves, effective atrial systole, were
grouped according to the duration of the P-R interval.
Beats without P waves served as controls. There was
always a significant increase in stroke volume, created
by effective atrial systole, but the P-R interval at which
it took place was different for each patient. There was
no difference in the stroke volume for beats preceded by
P waves having a P-R interval within the range of 0.05-
0.20 sec. These beats were grouped for each patient, sub-
jected to regression analysis, and compared to control
beats. The absolute and percent change created by ef-
fective atrial systole was inversely proportional to the
severity of the disease as determined by mitral valve
orifice size.

Effective atrial systole plays less of a role in aug-
menting left ventricular function in patients with mitral
stenosis than in patients with normal valves.

INTRODUCTION

The effect of atrial systole on left ventricular function in
patients with rheumatic mitral stenosis has been of in-
terest to clinical investigators for several years. Carleton
and Graettinger reported that atrial systole augmented
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cardiac output by approximately 209 in patients without
valvular disease, but made no significant hemodynamic
contribution in the presence of mitral stenosis (1). On
the other hand, Heidenreich, Thompson, Shaver, and
Leonard reported a significant increase in diastolic flow
and corresponding augmentation in left ventricular per-
formance with effective atrial systole when compared to
ineffective atrial systole (2). The major technical prob-
lems in resolving this question have been the inability to
establish a realistic animal model or to measure left
ventricular stroke volume on a beat-to-beat basis in pa-
tients with mitral stenosis. However, phasic aortic flow
can be measured in man with the pressure gradient tech-
nique (3). The present study was undertaken to delineate
the influence of a propertly timed atrial contraction on
left ventricular function in patients with pure mitral
stenosis.

METHODS

Five male patients and one female patient ranging in age
from 22 to 58 yr, were studied following admission to the
Durham Veterans Administration Hospital. All exhibited the
auscultatory changes of pure mitral stenosis and were in
normal sinus rhythm. Five of the six had electrocardiographic
and X-ray findings of significant mitral stenosis. The clinical
data describing these patients is given in Table I.

After informed consent was obtained, right- and left-sided
cardiac catheterizations were performed using standard tech-
niques. Left atrial pressure was recorded through a No. 2.5
Brockenbrough transeptal catheter® to obtain the mitral
gradient. Mitral valve orifice sizes, using the Gorlin formula,
were calculated. The absence of either mitral and/or aortic
regurgitation was ruled out with visualization of the left
ventricle and aortic root after the injection of either Hypaque
76% 2 or Renografin 76%.2 Three of the five male patients

! United States Catheter & Instrument Corp., Glens Falls,
N. Y.

? Winthrop Laboratories, Division of Sterling Drug, Inc,
New York.

3E. R. Squibb & Sons, Inc., New York.
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Ficure 1 Pressure and flow recordings during ventricular pacing in
patient C. A. with mitral stenosis at a rate of 120 beats/min. Surface
ECG, intra-atrial ECG, pressure difference (Ap/Az), aortic blood flow,
aortic pressure, and left atrial pressure are displayed from the top down.
Stroke volume in cm® is listed for each beat under the flow recording.
The minor change in systolic blood pressure and stroke volume can be
seen with the variation in P-R interval.

had selective coronary arteriography using the Judkins tech-

nique and no significant lesions were visualized.

At the conclusion of the standard cardiac catheterization, a
specially designed 6.5 French double lumen catheter,* having
lateral pressure taps 4 cm apart, was placed percutaneously
into the femoral artery and advanced to the ascending aorta.
The lateral pressures were accurately measured with a
transducer-amplifier system. The pressure differences ob-
tained with an analog computer® were used to solve the
proper equations for phasic blood flow (3). Ascending aortic
pressure was simultaneously measured directly from one
lumen of the catheter. A standard electrocardiogram and
intra-atrial electrocardiogram, using a No. 7 Zucker bipolar
pacing catheter,® were recorded. A No. 5 bipolar pacing
catheter ®* was placed at the apex of the right ventricle and
connected to an external pulse generator” in order to create
complete A-V ? dissociation. Each patient was paced at the
lowest rate at which ventricular capture took place without
atrial competition and in increments of 10 beats per min to
a maximal rate of approximately 150 beats per min. Each
pacing rate was maintained for a minimum of 3 min. All
data were recorded on an optical recorder® at a paper speed
of 100 mm/sec and on FM analog magnetic tape.”® The mea-
surement of flow was not associated with any difficulties and
the only inconvenience to the patient was the prolongation of
the catheterization by approximately 30 min.

Phasic blood flow was measured in the ascending aorta by
the pressure gradient technique (3). This method is based on
the solution of the Navier-Stokes equation of fluid motion,
which relates the axial pressure gradient to the flow (4). The

* United States Catheter & Instrument Corp., Glens Falls,
N. Y. -

®*Model 3400 Analog Computer, Systron-Donner Corp.,
Concord, Calif.

¢ United States Catheter and Instrument Corp., Glens Falls,
N. Y.

"Model 5800, Medtronic, Inc., Minneapolis, Minn.

8 Abbreviations used in this paper: A-V, atrioventricular;
EKG, electrocardiogram.

® Model 4568B, Hewlett-Packard Co., Palo Alto, Calif.

* Model 3955. Hewlett-Packard Co., Palo Alto, Calif.
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specific technique has been described in detail elsewhere (3)
and the validity demonstrated in a flow generator (3), in dog
aorta (5), and in man (6, 7).

Stroke volume was obtained by the planimetric integration
of the area under each flow curve. Zero flow was assumed
to be present at the end of diastole. Stroke work was com-
puted as the product of the mean systolic blood pressure and
stroke volume. For each beat analyzed the presence or ab-
sence of a P wave was determined from the intra-atrial
EKG. The P-R interval was defined as the time from the
beginning of the P wave to the pacing artifact. A total of
approximately 800 heart beats were analyzed. Linear regres-
sion analysis and a Student # test were used to evaluate the
results of all computations, and plotting of data was carried
out on a digital computer.™

RESULTS

A typical recording obtained in patient C. A. is shown in
Fig. 1. Note that the stroke volume, listed under each
flow curve, varies very little, regardless of P-R interval.
In Table II, stroke volumes obtained at representative
heart rates for each patient are listed as the mean and
standard error of the mean. The standard error is not
shown where there were fewer than three observations
in a particular group. A P-R interval of zero indicates
that no P wave occurred during the preceding diastole
and will be referred to as control beats. In columns
four through nine, data obtained at each designated P-R
interval are listed. Statistical comparisons were per-
formed in each patient to test for differences in stroke
volume at different P-R intervals, but no comparisons

" were made between patients. Since the stroke work was

found to vary in exactly the same manner as the stroke
volume, it is not listed.

 Model 1130, International Business Machines Corp., Ar-
monk, N. Y.
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TasBLE 11
The Effect of Atrial Systole on Ventricular Stroke Volume in Mitral Stenosis

P-R interval, sec

0 0.05-0.10 0.11-0.15 0.16-0.20 0.21-0.30 0.31-0.40 0.41-0.50 0.51-0.60
Patient Heart rate sV sV £\ sV SV sV 5\% R\
beats/min cm?
U. H. 90 34 £2 — 35 38 40 1% 37 x1 36 +1
110 27 2 34 —_ 34 1% 36 2% 36 1% — —
130 24 +1 38 33 36 2% 34 3% —_— - —_
L.P. 150 19 +1 23 +1 27 £1* 20 =1 21 1 —_ —_— —_
E. H. 100 32 1 35 37 £1* 37 +1* 37 35 +3 31 —_
125 24 +1 30 2% 29 32 28 +1 —_ —_ —
146 . 19 +1 20 21 25 £1* 20 +1 — — —
W. T. 90 32 41 —_ - — 38 k1% 40 +1* 36 £1 36 1
115 27 %1 36 37 36 2% 33 £2% 32 39 —
150 27 1 37 36 2% 30 +2 23 —_ — —
C. A, 120 34 +4 40 —_ — ) 47 39 14 — —
136 32 %1 34 +4 40 37 %1% 44 £2% 37 2% —_ —
154 21 +1 23 34 3% 37 £4* 38 2% 27 2% —_ —
R. P. 88 37 x1 49 4:2% 59 53 +3* —_ — —
115 34 +1 47 1% 47 +1* 41 +1 — — —_ —
150 23 +1 41 +£3* 40 38 31 — —_ —_

In each column is listed the mean and standard error of the mean for stroke volume (SV) in cm? for each heart rate. If there were fewer than three ob-

servations in a group, only the mean value is given.

* Stroke volume at this particular P-R interval is statistically different from control at the same heart rate (P < 0.01).

In every patient the stroke volume of control beats
decreased significantly when the rate was increased
(P <001). Data for patient L. P. are listed only at
one heart rate (150 beats per min) since A-V dissocia-

tion could not be achieved below this rate. The presence

of a preceding P wave always resulted in a significant
increase in stroke volume over control beats (P < 0.01),
but the P-R interval at which the increase takes place is
different for each patient. Although the presence of a
P wave resulted in a significant increase in stroke vol-
ume over control, there was no significant difference
detected in the stroke volume of beats preceded by a
P wave with a P-R interval in the range of 0.05-0.20 sec
(P >0.05). Thus, data from these beats were com-
bined and subjected to regression analysis. Regression
lines for beats with a preceding P wave, P-R interval
0.05-0.20 sec, and control beats, no preceding P waves,
were calculated for each patient, These lines are seen in
Fig. 2. C. S. (panel A) represents a patient with a nor-
mal mitral valve studied previously in this laboratory
(8). In this patient the regression lines are parallel
but their intercepts are different. There is an absolute in-
crease in stroke volume of approximately 20 mm® in
beats with effective atrial systole over those of control
beats at the highest and lowest rate. This represents a
24%, increase in stroke volume at a rate of 58 beats per
min and a 409, increase at the rate of 126 beats per min.
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The slopes of the regression lines for patient R. P., with
mild mitral valve disease (panel B), are not significantly
different but the intercepts are. At a rate of 79 beats per
min the lack of effective atrial systole decreased stroke
volume in this patient 209%, and 39%, at a rate of 150
beats per min, while the absolute changes were 11 cm’
and 17 cm® at the respective rates. C. A., with moderate
mitral valve disease (panel C), had significantly different
slopes and intercepts with a 2 em® (5%) difference in
stroke volume at the lowest rate and a 12 cm® (349) at
the highest rate. W. T., with moderate valvular disease
(panel D), had an absolute increase of 5 cm® at 90 beats
per min and 7 cm® at 150 beats per min,, which repre-
sents a 13% and 279%, change over control values at the
respective rates. E, H., with moderately severe disease
(panel E), had a 5 ecm® (11%) increase in stroke vol-
ume at 100 beats per min and a 3 cm® (16%,) increase
at 150 beats per min with effective atrial systole when
compared to control beats. U. H., with severe mitral
stenosis (panel D), had an increase in stroke volume
of 4 cm® (89%,) at the lowest rate and 11 cm® (20%) at
a rate of 130 beats per min. The slope was different but
the intercepts were not.

Fig. 3 shows the change in stroke volume following
an effective atrial contraction as a per cent of the
control stroke volume in seven patients with normal
mitral valves previously studied in this laboratory

M. E. Kenddll, A. Walston 11, F. R. Cobb, and ]J. C. Greenfield, Jr.



(8) (open circles) and five patients with pure mitral
stenosis (closed circles) at the lowest and highest pacing
rates (triangles). At the highest paced rate the normal
patients increased stroke volume from 40 to 1509
whereas the patients with mitral stenosis changed from
10 to 40% with an effective atrial systole. It should be
noted that the patient with the 409, change was R. P,
who had very mild mitral stenosis. The maximum
changes in the patients with severe mitral stenosis was
259%,.

Determination of left atrial pressure revealed no sig-
nificant increase in the V wave of the control beats,
indicating that mitral insufficiency did not occur in these
beats. The left atrial A wave became larger as it ap-
proached ventricular systole and was at its largest when
contracting against a closed mitral valve.

Although the average peak systolic blood pressure
appeared to be slightly higher in effective atrial systole
when compared to control beats (range 0-20%), no sta-
tistically significant difference could be shown except
in patient R. P., with very mild mitral disease, where
a 209 difference was found (P < 0.01). Pulse pressure
reacted in a similar fashion.
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F1Gure 2 Regression lines calculated for stroke volume (on
the ordinate) as function of heart rate (on the abscissa) are
shown for a patient without mitral valve disease (C. S.) and
five patients (R. P., C. A, W. T, E. H,, and U. H.) with
mitral stenosis in order of the severity of their disease. The
regression lines for beats without a preceding P wave are
shown as broken lines, and for beats following a P wave as
solid lines. The standard error of estimate for each line is
given by the crossed bar (see text).
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Ficure 3 The change in stroke volume as a per cent of the
control stroke volume is given for seven patients without
mitral valve disease (Q) and five with mitral stenosis (@)
at the lowest and highest (A) heart rates. There is a varia-
tion among the normals but all exceed the changes seen in
those with mitral stenosis.

DISCUSSION

The importance of atrial contribution to left ventricular
function in the experimental animal (9, 10) and in nor-
mal humans (8) has been thoroughly evaluated, but little
has been written about its significance in rheumatic heart
disease and, in particular, pure mitral stenosis. Carleton
and Graettinger, using synchronous and sequential atrial
pacing, reported effective atrial systole to improve nor-
mal human’s left ventricular output by 209 but found
no effect on individuals with mitral stenosis (1). These
results were, unfortunately, subject to all the homeostatic
mechanisms that take place in cardiac output regulation
during the steady state and are not comparable to the
data presented in our study. Using the stenotic mitral
valve as a flowmeter and calculating the diastolic flow
with the Gorlin formula, Heidenreich et al. (2) reported
a 249, increase in diastolic flow. In addition, their stud-
ies revealed a 249, increase in mean peak left ventricu-
lar systolic pressure, and a 139, increase in mean left
ventricular ejection time when comparing effective and
ineffective atrial systole. They subsequently showed a
199, increase in diastolic flow and an 119 increase in
left ventricular ejection time in a similar study except
that isorhythmic dissociation was substituted by sequen-
tial and synchronous A-V pacing (11). We found com-
parable data for patient R. P. with very mild disease.
He showed a 209 increase in average peak systolic pres-
sure and a 209, increase in stroke volume when com-
paring effective and ineffective atrial systole. As heart
rate was increased, stroke volume was augmented by
409, with effective atrial systole. However, in the pa-
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tients with more severe stenosis of the valve, the increase
in average peak systolic blood pressure, stroke volume,
. and mean pulse pressure, created by effective atrial sys-
tole, became much smaller. Heidenreich and coworkers
(2, 11) grouped their patients and averaged the data.
Thus, their results might have been skewed by the fact
that the predominance of their patients had relatively
mild mitral stenosis.

None of these investigators (1, 2, 11) varied heart
rate in making their determinations. Mitchell, Gupta,
and Payne’s work in the dog (12) and reports from this
laboratory (8) in patients without mitral valve disease
show the absolute increase in stroke volume created by
effective atrial systole to be independent of heart rate,
In the patient with mild mitral stenosis, we found simi-
lar results. However, as the severity of the disease in-
creased, as manifest by decrease in calculated mitral
valve size, the absolute change in stroke volume created
by effective atrial systole was markedly diminished. The
absolute change in stroke volume became larger in two
patients as the heart rate was increased, indicating that
atrial contraction might be more important in maintain-
ing ventricular filling at higher heart rates.

The fact that the stroke volume of control beats was
smaller might be explained as evidence for the presence

-of mitral insufficiency occurring because of the absence
of atrial contraction. Ruskin, McHale, Harley, and Green-
field (8) did phonocardiograms on their patients which
failed to reveal mitral insufficiency or other cardiac mur-
murs. In our patients there were no significant changes
in left atrial V wave pressure to suggest an increase in
mitral insufficiency during the control beats. These data
would support the opinion of Braunwald, Rockoff, Old-
ham, and Ross (13) in humans and Williams, O’Dono-
van, Cronin, and Wood’s work in dogs (14) that a prop-
erly timed atrial contraction is not always essential for
mitral valve closure.

Ultimately, three factors determine the stroke vol-
ume in mitral stenosis: (a) the functional capacity of
the atrium, (b) compliance of the left ventricle, and
(¢) impedance of blood flow at the stenotic mitral valve
site. None of our patients had been in atrial fibrillation
and when the atrium contracted against a closed valve,
good pressure responses were recorded. Thus, from this
data, the inability of the atrium to act as an effective
pump did not seem to be a factor. All patients studied
had normal left ventricular end-diastolic pressures at
rest but none were measured with exercise or during
pacing. Of the four patients operated, all but one had
excellent clinical results subsequent to relieving the ob-
struction of the mitral valve. U. H. had only mild im-
provement. One might postulate that poor ventricular
compliance is the reason for the lack of dramatic im-
provement in this patient. This has been suggested by

2658

several investigators in the past (15-18). The most
reasonable explanation for the markedly reduced effect
of atrial systole in augmenting stroke volume in patients
with severe mitral stenosis is the loss of energy second-
ary to marked turbulence of blood flowing across the de-
formed mitral valve. Thus, raising atrial pressure by
atrial systole will not result in a meaningful increase in
flow during diastole, since the energy will be dissipated
at the valve.

The data for this study cannot be used to show that
restoration of sinus rhythm in patients with atrial fibril-
lation will be ineffective. Aside from the considerations
of prophyllaxis against embolism, normal sinus rhythm
may augment ventricular function by maintaining a
slower heart rate. In addition, the nonfibrillating atrium
should be better able to provide the high diastolic pres-
sure needed to maintain flow across the mitral valve.
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