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Abstract

Left atrial (LA) operative mean stiffness was measured using simultaneous recordings of the left ven-
tricular (LV) pressure and M-mode echocardiography of the LA and mitral valve. The LA operative
passive mean stiffness value was obtained during LV systole using LV pressure at the mitral valve open-
ing and the pre-atrial contraction where the LV and LA pressure curves cross each other. Before the LA
stiffness measurement, the LA volume calculated by biplane left atriography was compared with the
dimension of the LA M-mode echocardiogram at three points (maximum volume, pre-atrial contraction
and minimum volume) in another 23 patients (5 normal subjects, 4 patients with angina pectoris, 14
patients with myocardial infarction), and the regression equation was obtained by power fitting (y=ax>+
b). Using this equation, the LA volumes were calculated and used for the measurement of LA operative
mean stiffness.

Eleven normal subjects (C group), 14 patients with myocardial infarction (ejection fraction : EF2>
55%; NF group), and 12 patients with myocardial infarction (EF<55%; F group) were studied. The
measured operative mean stiffness values based on the LA dimension and LV pressure [K(D)] were 0.69
+0.40, 1.0£0.37, and 2.0%0.61 mmHg/mm, respectively (p<0.01 in C vs F and NF vs F). The mean
stiffness values calculated with LA volume [K(V)] were 0.48 +0.23, 0.42£0.19, and 0.66 +0.25 mmHg/
ml, respectively (p<0.05 in NF vs F). In F group, both the K(D) and K(V) values were high. The K(D)
value can thus be used clinically as an easily obtained index of the LA operative mean stiffness. The high
LA operative mean stiffness in F group appeared to be related to the increased LA pressure at the mitral
valve opening.

This method of measurement of the LA operative mean stiffness can be easily applied and used as a
routine measurement providing additional information regarding left ventricular function.
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Selected abbreviations and acronyms

’7(3 =normal subjects

EF=ejection fraction

F=failing patients with myocardial infarction (EF<55%)

K(D)=mean left atrial stiffness calculated by left atrial dimension

K(V)=mean left atrial stiffness calculated by left atrial volume

LA =left atrium

LADmax =maximum left atrial dimension

LADpre-a=left atrial dimension at pre-atrial contraction

LAP=left atrial pressure

LVP=left ventricular pressure

LAPmvo=Ileft atrial pressure at mitral valve opening

LAPpre-a=left atrial pressure at pre-atrial contraction

LVPpre-a=left ventricular pressure at pre-atrial contraction

NF=non-failing patients with myocardial infarction (EF2
55%)

LVPmvo=/left ventricular pressure at mitral valve opening

INTRODUCTION

The left atrium (LA) supports the filling of the
left ventricle. The stiffness of the LA influences left
ventricular (LV) filling and pump performance'™.
This supportive function of the LA in various heart
diseases®, and the relationship between LA pres-
sure and volume have been studied'®'. The evalua-
tion of LA function is very important for the assess-
ment of left ventricular (LV) function, but the mea-
surement of LA pressure is difficult in routine car-
diac catheterization. We examined a new method of
assessing LA operative mean stiffness using simul-
taneous recording of LV pressure and the M-mode
echocardiography of the LA and mitral valve.

METHODS

We studied a total of 37 patients, consisting of 11
with normal findings of heart function (C group), 14
patients with myocardial infarction (ejection
fraction : EF=55%: NF group), and 12 patients
with myocardial infarction (EF<55%; F group).
Informed consent was given by all patients before
the study. The data of biplane left atriography in
another 23 cases (5 normal subjects, 4 patients with
angina pectoris, 14 patients with myocardial
infarction) were utilized to obtain the relationship to
the echocardiographic data.

B-mode guided M-mode echocardiography of the
LA and mitral valve (Hewlett Packard 77020AC,
2.5 MHz, Wilmington, DE, USA) was recorded si-
multaneously with LV pressure (catheter tip ma-
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Fig. 1 Representative simultaneous M-mode echocardiograms and
left ventricular pressure (LVP) tracings. Case : A 67-year-old
man

The pressure at the mitral valve opening (MVO) was deter-
mined by simultaneous M-mode echocardiography of the mi-
tral valve and recording of the LVP (middle and lower panel).
The pressure at the pre-atrial contraction was determined from
the pressure tracing just before the A wave was recorded, and
the left atrial dimension at the pre-atrial contraction was deter-
mined at this point (upper and lower panel).

PAWP =pulmonary artery wedge pressure.

nometer, Model 811-300S, Sentron, Holland) at a
paper speed of 100 mm/sec (Fig. 1). The LA opera-
tive mean stiffness values were obtained from these
data as shown in Fig. 2.

Measurement of LA operative mean stiffness

In the LA pressure volume loop (Fig. 2), the LA
fills from the minimal volume to the maximum vol-
ume (from A to C). LA passive filling begins at A,
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Fig.2 Schematics of M-mode echocardiograms and left ventricular
pressure tracing (upper) and left atrial pressure-volume loops
(lower)

Passive filling begins at point A and ends at point C. The mean

operative stiffness [K(V)] value was obtained from
K(V)=(LAPmvo—LAPpre-a)/(LAVmvo—LAVpre-a)

This equation represents the slope of the line from B to C. The

actual mean stiffness is the slope of the line from A to C. At

mitral valve closure, the volume of the left atrium at the pre-

atrial contraction (B) is near the curve of line A to C. Thus we

substituted the slope of the line B to C for that of the line A to C

in this study.

Abbreviation as in Fig. 1.

and thus the slope of the line from A to C represents

the mean stiffness of the LA. The LA and LV pres-

sure curves cross at two points. One is at LV mitral

valve opening; this point corresponds to point C in

the LA pressure volume loop (Fig. 2).
LAPmvo=LV pressure at mitral valve opening
(LVPmvo)...... 1

The other point is at LA contraction; this point
corresponds to point B in the LA pressure volume
loop (Fig. 2).

LAPpe-a=LV pressure at pre-atrial contraction
(LVPpre-a)...... 2)

Thus we can obtain the LA pressure values at
these two points from the LV pressure data. As de-
scribed above, the slope of the line from A to C rep-
resents the actual operative mean stiffness of the
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LA. However, empirically, point B is always lo-
cated close to the line from A to C, so we approxi-
mated the slope from A to C using the slope of the
line from B to C. Thus the slope of the line from B to
C represents the mean passive stiffness of the left
atrium in our method.

K(V) = (LAvao - LAPpre-a)/(LAvao -

LAVpre-a)

The LV pressure at mitral valve opening
(LVPmvo) was obtained from the simultaneous M-
mode echocardiograms of the mitral valve and re-
cordings of LV pressure (Figs. 1, 2). The LV pres-
sure at pre-atrial contraction (LVPpre-a) was obtained
from the recording of the LV pressure just before
the atrial contraction wave (Figs. 1, 2). The LA di-
mension (LADmax and LADpre-a) was obtained from
the simultaneously recorded M-mode echocar-
diogram of the LA (Figs. 1, 2). The LA operative
mean stiffness using the LA dimension [K(D)] was
calculated as follows :

K(D)=(LAPmvo— LAPpre-a)/LADmax -
LADpre-a)
Using the equations (1) and (2), we can obtain K(D)
as follows :
K(D) = (LVvao - LVPpre—a)/(LADmax -
LADpre-a)

Three consecutive beats were analyzed in each

patient and averaged.

Measurement of LA volume

The LA volume was calculated by biplane left
atriography in referable 23 patients, and the LA di-
mension obtained by M-mode echocardiography at
the three points (maximum volume, pre-atrial con-
traction and minimum volume) were compared. The
regression equation for LA dimension and LA vol-
ume obtained from biplane left atriography and LA
M-mode echocardiography in the 23 patients (69
points) was y=0.7x*+22 (r=0.84, p<0.05; Fig.
3). In the following LA stiffness study, the LA vol-
ume was obtained using this equation in each of the
37 patients of this study. Using this equation, the
LA volumes of the 37 patients in this study were
calculated based on the LA dimension obtained by
LA M-mode echocardiography, and were used for
the measurement of LA operative mean stiffness.
The LA operative mean stiffness using the LA vol-

ume [K(V)] was calculated as follows :
K(V)=(LAPmvo— LAPpre-a)/ LAVmax—

LAVpre-a)
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where LAVmvo is the LA volume at mitral valve

opening, and LA Vpre-a is the LA volume at pre-atrial

contraction. Using equations (1) and (2), K(V) was

calculated as follows :
K(V)=(LVPmvo—LVPypre-a)/(LAVmax—
LAVpre-a).

Statistical methods

Data are expressed as mean & standard deviation.
The differences in parameters between the groups
were compared using Student’s unpaired z-test, and
p<0.05 was considered significant.

RESULTS

LA dimension, volume, and pressure

The maximum LA dimension (LADmax) in the F
group was significantly greater than those in the C
group and NF group (both, p<0.05; Table 1). A
significant difference between the F group and the
other two groups was also seen for maximum LA
volume calculated using the regression equation.
The LA pressure at the mitral valve opening
(LVPmvo), and the pre-atrial contraction (LVPpre-a) in
the F group were significantly greater than those in
the other two groups, as were the LA dimension at
pre-atrial contraction and the LADmax.

Pressure-dimension plots at mitral valve open-

ing and pre-atrial contraction

The F group had a pressure-dimension plot
shifted to the right and upward compared with the
normal group and NF group (Fig. 4—upper). The
pressure-volume plot of the F group was also shifted
rightward and upward compared with the C group
and NF group (Fig. 4-lower).

LA operative mean stiffness

The operative mean stiffness values calculated
from the LA dimension (mmHg/mm) were 0.69 =
0.40 in the C group, 1.0£0.37 in the NF group, and
2.0%0.61 in the F group (p<<0.01 in C vs F and NF
vs F; Fig. 5). The operative mean stiffness values
calculated from the LA volume (mmHg/ml) were
0.48+0.23, 0.42+0.19 and 0.66£0.25, respec-
tively (p<<0.05 in NF vs F; Fig. 6). Thus, in the F
group, the LA operative mean stiffness was signifi-
cantly increased. The increase of LA stiffness ap-
peared to be related to the increased LA pressure at
the mitral valve opening.
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Fig.3 Graph showing the correlation between left atrial dimension
(LAD) measured by M-mode echocardiography and left atrial
volume (LAV) measured by left atriography in 23 patients (69
points)
The correlation equation was y=0.7x>+22, r=0.84, p<0.05.

DISCUSSION

The measurement of LA pressure is often diffi-
cult and time-consuming in routine catheterization,
and the pressure is sometimes hard to record clearly
because of the influence of the patient’s breathing.
This new method of measurement of LA stiffness is
superior in that the LA pressure can be measured
easily from the LV pressure. Our results indicate
that in patients with low LVEF, the operative mean
stiffness of the LA is increased.

LA dimension, volume, and pressure

Previous measurements of LA size using angio-
cardiography'®, M-mode echocardiography'’2?,
and B-mode echocardiography??? have indicated
that patients with LA volume overload can be dif-
ferentiated from those with normal LA volume. In
this study, we found that the LA maximum and pre-
atrial contraction dimensions were increased sig-
nificantly in patients with LV dysfunction. These re-
sults are almost the same as those obtained previ-
ously®?, although the increase of maximum LA vol-
ume in the patients with myocardial infarction was
not significant in previous studies.

LA volume calculation by M-mode echocardi-
ography has been reported previously'®2?. The re-
gression equation found for the relationship be-
tween the LA volume measured by angiocar-
diography and the LA dimension measured by
echocardiography was somewhat different from

J Cardiol 1997; 30: 89-96
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Table 1 Left atrial dimension, volume and pressure
LADmax LADpre-a LAVmax LAVpre-a LVPmvo LVPpre-a
(mm) © (mm) (ml) (ml) (mmHg) (mmHg)
C 28.6t4.6 23.7+4.8 39.6+8.3 32.3+5.8 9.0+1.7 6.0t1.6
NF 35.6+4.6% 31.6+4.1% 55.1£13.4* 45.21+9.4% 10.0£3.3 6.1+2.6
F 39.4+3.2% 36.0t3.1% 65.61+10.3% 55.41+8.4% 13.4+3.9% 7.013.3*
*p<0.05 vs C, 1p<<0.05 vs NF, *p<<0.05 vs C.
*% p<0.
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e Fig.5 Operative mean stiffness [K(D)] calculated from the left atrial
dimension

0
Volume(ml)
Fig.4 Pressure-dimension plot (upper) and pressure-volume plot

(lower) at mitral valve opening and pre-atrial contraction

Upper : In the F group, the plot was shifted toward the right
and upward.

Lower : In the F group, this plot was also shifted toward the
right and upward.

ours, but we used three points in the same patient
(maximum, pre-atrial contraction, and minimum)
and obtained a reasonably good correlation (r=
0.84). We previously validated the accuracy of mea-
surement of LA volume by biplane left atriography
using ellipsoid phantom models®. Thus the accu-
racy of the calculated LA volume using the equation
appeared to be acceptable.
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The K(D) value was 0.69+0.40 mmHg/mm in the C group,
1.0%0.37 in the NF group, and 2.0%0.61 in the F group (p<
0.01 in C vs F and NF vs F).

Abbreviations as in Fig. 4.

LA operative stiffness in myocardial infarc-

tion

LA booster function is increased in patients with
myocardial infarction’, and is ascribed to the
preload increase of the LA (Frank-Starling’s law)?.
The LA booster function is observed in heart fail-
ure, but in extreme cases, an increase of contrac-
tion causes a decrease of this function because of
afterload mismatch in various heart diseases'>?!2%,
LA contraction is thus important in the compensa-
tion of cardiac output.

Another important function of the LA is conduit
function. This function aids in LV filling. In one ex-
perimental study", a more compliant LV resulted in
more increased cardiac output. Another study?
found that at the diastasis period of the LV, the LA
is stiffer than the LV, and then blood fills in towards
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Fig. 6 Mean stiffness [K(V)] calculated from the left atrial volume

The K(V) value was 0.48+0.23 mmHg/mm in the C group,
0.42%0.19 mmHg/mm in the NF group, and 0.66%0.25
mmHg/m! in the F group (p<<0.05 in NF vs F).

the LV. The LV peak filling rate is influenced
greatly by LA pressure®. Thus, LA stiffness has an
important role in LV filling. As the LA compensates
for LV diastolic dysfunction, LA operative stiffness
increases. The LA reservoir fraction was found to
increase with age in a study of normal patients®,
indicating that LV dysfunction accompanying age is
compensated for by LA reservoir function. The LA
stores more blood, LA pressure increases accord-
ingly, and as a result, LA operative stiffness in-
creases. The same mechanism has been noted to oc-
cur in patients with myocardial infarction.

Clinical implications

In patients with myocardial infarction, LA con-
traction is important in maintaining cardiac out-
put’?. Our results suggest that the appropriate LA
operative stiffness is also important. The measure-
ment of LA operative mean stiffness can be easily
performed by our new method using simultaneous
recordings of LV pressure and M-mode echocardi-
ography of the LA and mitral valve. We can obtain
additional information about LV function by mea-
suring the LA operative mean stiffness without left
ventriculography, when left ventriculography is not
advisable for the patients, e.g., because of renal fail-
ure.

The trends observed in the LA operative mean
stiffness were almost the same when calculated by
the LA dimension and by the LA volume in the pa-
tient groups. Rather, LA operative mean stiffness

calculated by the LA dimension was better than that
by the LA volume in differentiating this values be-
tween the three groups. When K(V) normalized val-
ues [K(V) XLA volume] were used this index also
increased significantly in the F group compared
with other groups [K(V)XLA volume : 18.2£8.9
(C), 22.5+8.5 (NF), and 41.6 = 12.9 mmHg (F), re-
spectively; p<0.01 in C vs F and NF vs F]. The LA
operative mean stiffness calculated by the LA di-
mension was a better index than that by LA volume
and can be easily used clinically.

Limitations

The operative stiffness obtained by our method
was the mean stiffness from point B to point C (Fig.
1). The actual mean stiffness of LA is the slope of the
line from A to C. In the clinical setting, the slopes of
the two lines appeared to be almost the same be-
cause the pressure range was almost the same from
A to C and from B to C. Empirically, point B lies
close to the line of A to C, when the LA is supposed
to be a tight chamber. However, it is actually not a
tight chamber, and thus the slope of B to C was
somewhat different from the slope of A to C. Al-
though the differences were small, further study
might be necessary. We did not compare the pres-
sure derived from LV pressure using our method
with the actual LA pressure; however, the useful-
ness of this method seemed to be supported clini-
cally in our patient study.

We did not perform M-mode echocardiography
of the LA and the mitral valve simultaneously. The
LA dimension was obtained from simultaneous M-
mode echocardiography of the LA and recording of
the LV pressure. The LA dimension at the mitral
valve opening was obtained as the maximum LA
dimension (LADmax). The LA dimension at pre-
atrial contraction (LADpre-2) Was obtained from the
LA dimension at the time point just before the atrial
contraction wave of the LV pressure recording.

The LV pressure at mitral valve opening
(LVPmvo) was obtained from the LV pressure at the
time point of the mitral valve opening of the simul-
taneous M-mode echocardiogram of the mitral
valve. The LV pressure at pre-atrial contraction
(LVPpre-a) was determined just before the atrial con-
traction wave of the LV pressure tracings.

Thus, all three recordings (M-mode echocardio-
gram of the LA, M-mode echocardiogram of the
mitral valve, and LV pressure) were not recorded

J Cardiol 1997; 30: 89-96



simultaneously. Some differences in the measure-
ments may have been detected if they had been re-
corded simultaneously instead of separately, but we
think that these differences would be negligible.

CONCLUSION

We measured the LA operative mean stiffness
using simultaneous recordings of the LV pressure
and M-mode echocardiography of the LA and mi-

3
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tral valve. Our results indicate that, in patients with
depressed LV systolic function, the LA operative
mean stiffness increased as compensation. Our
method of measuring the LA operative mean stiff-
ness can be obtained easily and can be used as a rou-
tine measurement providing additional information
regarding L'V function.
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