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Pulmonary arterial ex-
tensibility in patients
with intracardiac left to
right shunt
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Summary

The extensibility of the pulmonary artery (PA) were examined using a combined hemodynamic
and ultrasonic technique in 14 patients with atrial septal defect (ASD), three with ASD and pulmonary
hypertension (PH), 17 with ventricular septal defect (VSD) and 11 with VSD and PH. Seven patients
with neither intracardiac shunt nor PH served as controls.

The tension (T') of PA was measured as the product of the pressure and the diameter (D) and
was found to be high in the patients with intracardiac shunt. The resting diameter of PA (D,) was
calculated as the intersect with the D axis in the regression line of PA tension-diameter relation. The
Lagrangian strain of PA [(D—Dy)/D,] was obtained using D, and correlated with T yielding a linear
regression equation. The elastic modulus (E) was obtained as the slope of this equation.

E in the patients with ASD [(1.0£0.5)x 10° dynes/cm] or VSD [(9.8+4.6) X 10* dynes/cm] were
slightly higher than that of the control [(6.7+2.9) x 10* dynes/cm], but these differences were not statis-
tically significant. However, E in the patients with ASD and PH [(2.5+1.3) x 10° dynes/cm] or in the
patients with VSD and PH [(2.6+£0.9) X 105 dynes/cm] were significantly higher than the control. E
seemed unlikely to be causally related to the resistance of PA capillary beds, and was suggested to be
influenced by the histological changes of the pulmonary trunk.

It was concluded that the extensibility of PA in the patients with ASD or VSD was not altered
secondary to the increased blood flow unless PH was associated.
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Atrial and ventricular septal defects are often
associated with either increased pulmonary flow,
increased pulmonary arterial pressure, or both.
The evaluation of these hemodynamic changes
of the pulmonary artery plays an important role

in determining the severity and deciding the
indication of the surgical treatment of these
disorders.

The pattern of the pulmonary arterial blood
flow and pressure must be a function of the
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driving pressure generated by the right ventricle,
the physical characteristics of the wall of the
pulmonary artery and the impedance of the
pulmonary arterial capillary beds. Particulary
the mechanical properties of the wall of the
pulmonary artery have an important influence
on the pulmonary blood flow and pressure'?.
Although there are many investigations concern-
ing the histological changes of the pulmonary
artery in various congenital heart diseases®?,
few reports are available relating to the mechani-
cal properties of the pulmonary artery>~®.

We have therefore undertaken studies to
investigate the physical characteristics of the
pulmonary artery in vivo using echocardio-
graphy and micromanometry in patients with
atrial and ventricular septal defects.

Materials and Methods

The patients studied were 52 children who
underwent the cardiac catheterization. Patients
were divided into 5 groups according to the
hemodynamic data. Group 1 contained 14
patients with atrial septal defect (ASD) and
normal pulmonary arterial (PA) pressure with
the ages ranging from one year and 2 months
to 13 years and 7 montbs (mean age; 5 years
and 11 months). The pulmonic to systemic flow
ratios (Qp/Qs) ranged from 1.27 to 2.64 (2.01
+0.38) and the mean PA pressures were less
than 25 mmHg and ranged from 14 to 23 mmHg
(19+2 mmHg). Group 2 had 3 patients with
ASD and pulmonary hypertension (PH) ranging
in age from 7 months to 8 years and four months
(7 years and 3 months). Qp/Qs ranged from

|
i
s |
%
’ '3 :.‘ | * - -1
4 bbbt I el L AR DR 1132 ] g
- -
! G-. . "y oY
d o . , o — .
A o= y-yln! . \ B 1
‘ RPA
R - . N
o oy 15 oL -“,:‘: |
| o
40
1
cm
PAP=H
= 2 ! Nhanptesqur_aiz—zo
0
mmHg

Fig. 1. Representative recordings of pulmonary arterial pressure and the M-mode echo-

cardiogram.

ECG =electrocardiogram; RPA =right pulmonary artery; PAP=pulmonary arterial pressure.

—592 —



0.99 to 1.69 (1.43+0.38) and the mean PA
pressure ranged from 29 to 60 mmHg (49+
17 mmHg). Group 3 contained 17 patients with
ventricular septal defect (VSD) and normal PA
pressure. The ages of them ranged from one
year and a month to 6 years and 3 months (3
years and 9 months), Qp/Qs from 1.10 to 3.30
(1.53+0.59) and the mean PA pressure from
11 to 22 mmHg (19+2 mmHg). Group 4 had
11 patients with VSD and PH ranging in age
from 5 months to 5 years and 2 months (2 years
and 7 months). Qp/Qs were increased to 2.54+
0.58 ranging from 1.78 to 3.46, and the mean
PA pressures were also elevated and - ranged
from 38 to 77 mmHg (58+11 mmHg). Group
5 (7 patients) consisted of 4 children with mild
isolated aortic stenosis (left ventricular-aortic
pressure gradient less than 25 mmHg), 2 with
the history of Kawasaki’s disease without de-
monstrable cardiovascular abnormalities and one
with an abnormal electrocardiogram without
other cardiac disorders. All of them had no
intracardiac shunt and had normal mean PA
pressure ranging from 9 to 17 mmHg (14+
3 mmHg). The ages of them ranged from one
year and a month to 14 years and 9 months (6
years and 8 months).

The simultaneous recordings of the M-mode
echocardiogram and the PA pressure measured
by a micromanometer were performed during
the routine diagnostic cardiac catheterizations
(Fig. 1). M-mode echocardiograms were ob-
tained using a Smith-Klein 20-A ultrasono-
scope interfaced with an Electronics for Medi-

PA extensibility

cine VR-12 optical recorder and a nonfocused
hammer shaped transducer with a frequency
rate of 3.5 MHz.

The right pulmonary artery (RPA) was ex-
amined using a suprasternal notch approach,
and was recorded only in the plane showing the
characteristic motion pattern in which the su-
perior wall of the left atrium was separated
from the inferior wall of RPA in the phase of
the atrial contraction. The diameter of RPA
was defined as the internal distance between
the superior and the inferior walls of RPA®.

The PA pressure was recorded using a Millar
catheter-tip micromanometer. Since the re-
cording of RPA pressure was not always possi-
ble, the main PA pressure was used rather than
RPA pressure. To ensure the accuracy of this
methodology, the right and main PA pressures
were compared in 14 patients in whom the both
pressures could be recorded during the cardiac
catheterizations. These patients consisted of 5
children with VSD, four children with ASD,
three children with tetralogy of Fallot and two
children with patent ductus arteriosus.

The diagram of the devices which were used
for digitization of the recordings, calculation
and display is shown in Fig. 2. The diameter
of RPA (D) and the main PA pressure (P) were
digitized at 10 msec intervals using a Graf pen
sonic digitizer (Science Accessories Corpora-
tion) and were fed to a NOVA 01 16K mini-
computer. The graphs and the calculations were
displayed on a TV monitor and printed by a
Casio typuter.
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Fig. 2. Diagram of the devices.
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The diagram of the data analysis was shown
in Fig. 3. First, the tension (T') of PA was cal-
culated as the product of D and P using the
law of Laplace, and then it was correlated with
D. The relation of these variables was almost
linear during ejection phase (Fig. 4). The linear
regression equation was obtained and the slope

T (=PxD)

T=m(D-Do)

/Dn D

Fig. 3. Diagram of the data analysis.

=

of this equation (m) and the intersect with the
abscissa (Dy) were calculated. D, expresses the
diameter of PA when the tension of the wall is
unloaded, that is, resting dimension. Then the
Lagrangian strain, (D—Dy)/D,o, was calculated
and was correlated with T yielding a linear
regression equation. The elastic modulus (E)

T =tension; P=pressure; D=diameter; D,=resting diameter; E=elastic modulus.
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Fig. 4. Representative recordings of the pulmonary arterial tension-dimension relation-

ship.
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was obtained as the slope of this equation (Fig.
3) which expressed the instantaneous change in
tension divided by the corresponding change
in strain; E=T/[(D—Dy)/D,]. The wall tension
was used in the present calculations rather than
the wall stress since the wall thickness of PA
could not be measured by this method. The
maximum tension of PA throughout the cardiac
cycle was also obtained.

Results

The reliability of the method to measure the
size of RPA from the M-mode echocardiogram
has ascertained in the previous reports.? The
comparison of RPA diameters determined by
both M-mode echocardiography and angio-
cardiography yielded an excellent correlation
coefficient (r=0.97) and showed that these two
measurements were almost identical (Fig. 5).

The right and main PA pressures were com-
pared in both systole and diastole (Fig. 6). The
regression equations of each correlation demon-
strated that the values of these pressures were
also almost identical.

The representative tracing of each disorder
(ASD, ASD+PH, VSD and VSD+PH) were
given in Fig. 7.

The resting diameter (Dp) was 0.9+0.2 cm

PA extensibility

~2.0pr

3

v

o

9

<

'

Q

q

a

o

op
n=28
y=1.00x +0.27
r=0.97
P<0.001
L - —
(] 1.0 2.0

RPAD -ECHO (cm)

Fig. 5. Correlation between right pulmonary
arterial dimensions determined by both echo-
cardiography and angiocardiography.

RPAD-ECHO=right pulmonary arterial dimen-
sion determined by echocardiography. RPAD-ACG=
right pulmonary arterial dimension determined by
angiocardiography.
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Fig. 6. Correlation between right and main pulmonary arterial pressures.
RPA =right pulmonary artery; MPA =main pulmonary artery.

— 595 —



Saito, Ueda, Nakano

[ | rea RPA 1 i
.
"ml o o e
A MH‘. .-‘ﬁ
100
’ PAF n HH o TN
/ (] pae /] M
i N ,l Ny N | | mesn
- 14 L4 ~
A TIYTITN M st "J“" il T THLY -Lso ¢
»
R IR W Y
- P/
N R m? nY RS /.\\ . AF
N N L V4 “/ b\\
%
MY N N = ‘*-ﬂ" N T wf HHHTH ==
ECG ECG 1
I 11 |
l J k ‘.b.
I by
™ |4 T4 o [t RPA
L -
[ lan
100
RPA
- P
icm Pg./\
L -A'\'\
B i U ---—~J\,—/—\ » M1H % H L1 D
Liec = TIRUmT
E H s2s N
et 2 g M ‘yy g | V
4 HE PAP £ Ue
EhEsE EEE e AF
P s ssiiz== 2z W ) \H M
il i y V- L - HHEH et
i

Fig. 7. Representative recordings of each disorder.
A atrial septal defect. B: atrial septal defect with elevated pulmonary arterial pressure. C: ventri-
cular septal defect. D: ventricular septal defect with elevated pulmonary arterial pressure.
RPA=right pulmonary artery; PAF=pulmonary arterial flow; dF/dt=first time derivative of
pulmonary arterial flow; PAP=pulmonary arterial pressure; dP/dt=first time derivative of pulmonary

arterial pressure; ECG =electrocardiogram.

in the control group (Fig. 8). D, was also ob-
tained in the patients with ASD (1.0+0.2 cm),
ASD+PH (1.1+0.4cm), VSD (0.84+0.2 cm)
and VSD+PH (0.8+0.2cm). Although the
values of the patients with ASD and ASD+PH
were somewhat larger than that of the control
group, any of the 4 groups showed no statisti-
cally significant difference from the control
group.

The slope of the regression line (m) was (7.2

+2.3)x 10* dynes/cm? in the control group.
This was also calculated for the patients with
ASD [(1.1+0.4)x10% dynes/cm?], ASD+PH
[(2.2+0.6) x 10° dynes/cm?], VSD [(1.2+0.4)x
10° dynes/cm?] and VSD+PH [(3.140.5)x 105
dynes/cm?]. These 4 measurements showed
statistically higher values than that of the control
group (Fig. 9).

The maximum tension of the patients with
VSD [(3.74+0.6) X 10* dynes/cm] was not sig-
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Fig. 8. Resting diameter (D) of each disorder.

Shaded area indicates the value of control.

ASD =atrial septal defect; VSD =ventricular septal
defect; ASD+PH=atrial septal defect with pul-
monary hypertension; VSD+PH=ventricular septal
defect with pulmonary hypertension.
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Fig. 9. Slope of regression line (m) of each
disorder.
Shaded area indicates the value of control.
Abbreviations: See Fig. 8.

PA extensibility
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Fig. 10. Maximum tension of each disorder.
Shaded area indicates the value of control.
Abbreviations: See Fig. 8.

nificantly different from that of the control
group [(3.5+1.2) x 10* dynes/cm], but the values
of other three groups [ASD; (5.61.3)x 104
dynes/cm, ASD+PH; (1.7+0.9) x 105 dynes/cm,
VSD+PH; (1.3+0.5)x10° dynes/cm]  were
higher than the control group (Fig. 10).

The regression equation relating the pul-
monary arterial tension (7°) as a function of the
pulmonary arterial diameter (D) is given by the
formula

T

m(D— Dy)
= mD—mD,
where m represents the slope of the line, D,
represents the intersection with the abscissa
and —mD, represents the intersection with the
ordinate.
The elastic modulus (£) is calculated from
the formula
E = T/[(D—Dy)/Dy]
Since T/(D—Dy)=m from the foregoing for-
mula, £ can also be obtained from the following
formula
E = mD,
Therefore, £ equals the absolute values of
the intersection with the ordinate on the re-
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gression line relating the PA tension as a func-
tion of PA diameter (Fig. 11).

The representative regression lines were ob-
tained in each groups by connecting the average
values of the intersection with the ordinate and
that with the abscissa (Fig. 11). As is evident
from this graph, the absolute value of the in-
tersection with the ordinate which expresses
the elastic modlus is large in the patients with
PH, but it does not differ much from control in
the patients without PH. This is also demon-
strated in Fig. 12. The elastic modulus in the
patients with ASD [(1.0+0.5) x 105 dynes/cm] or
VSD [(9.8+4.6)x 10* dynes/cm] were slightly
larger than the control [(6.742.9)x 10* dynes/
cm], but these differences were not statistically
significant. However, the elastic modulus in
the patients with ASD+PH [(2.5+1.3)x10°
dynes/cm] or VSD+PH [(2.640.9) x 105 dynes/
cm] were significantly (p<0.01 and p<0.001,

Tension (10*dynes/cm )
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8
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0

=Yg

= mDo

Fig. 11. Representative tension-dimension re-
lations of each disorder.
Abbreviations: See Fig. 8.
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( mean +sd)

N.S.

ASD VSD  ASD+PH VSD+PH

Fig. 12. Elastic modulus (E) of each disorder.
Shaded area indicates the value of control.
Abbreviations: See Fig. 8.

respectively) larger than the control.

The comparison between the PA resistance
and the elastic modulus is shown in Fig. 13.
The values of the resistance were high in the
patients with the large elastic modulus and were
low in the patients with the small elastic modulus.
However, in each group, no statistical correla-
tion was demonstrated between these two
variables.

Discussion

Our data showed that the extensibility of the
PA walls in the patients with ASD or VSD did
not appear to differ significantly from that in
the control unless PH was associated. And the
elastic modulus seemed unlikely to be causally
related to the resistance of the PA capillary beds.

These results agree with the previous re-
ports®®. Harris and his co-workers® measured
the extensibility of the human PA walls in vivo
by hanging weights on strips of the PA walls.
The extensibility of the pulmonary trunk in the
patients with ASD or VSD with normal PA
pressure were within normal limits, but in the
patients with elevated PA pressures, the ex-
tensibility were less than normal. Jarmakani et
al.9 studied the pressure-radius relationships
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Fig. 13. Correlation between pulmonary arterial resistance and elastic modulus.
PAR =pulmonary arterial resistance; E=elastic modulus.

Other abbreviations: See Fig. 8.

of PA in the patients with congenital heart
disease by angiocardiography and showed that
the wall of PA was stiffer in the patients with
PH but its elastic properties were not altered
secondary to increased blood flow.

While on the other hand, Boughner and
Roach? examined the elastic properties of PA
in vivo using angiocardiography in the patients
with ASD, and described that PA in those
patients were more distensible than the controls.
Their result is diametrically opposed to our
findings. In their study, PA pressures were not
simultaneously recorded with the angiocardio-
grams, and a fluid filled catheter-transducer
system was used for the pressure recordings.
It is well known that in this system one can
not avoid a damping or an overshoot of the pres-
sure!®. Actually, a lot of oscillations were found
on the pressure tracings in their paper. More-
over, the position of the pulmonary trunk for
the measurement of the diameter was not fixed
in their work. Since the extensibility of PA
must be varied with the position for the meas-
urement, their results might be influenced by

the difference in the measured position among
the patients. Thus the disagreements in the
results between their and our studies may be
caused by the difference in the methodology.

Heath and his co-workers® reported that in
those patients with intracardiac left to right
shunts in whom PH had existed from birth,
the elastic tissue in the pulmonary trunk pre-
served its fetal appearance which was similar
to that of the aorta, and the tissue of the pul-
monary trunk was less extensible than normal.
In this study, all patients with PH were also
thought to have been associated with PH since
birth according to their histories, and showed a
decreased extensibility of PA. From these ob-
servations, the extensibility of the pulmonary
trunk appears to represent the histological
changes of this organ.

The technique to evaluate the extensibility
of the pulmonary trunk given in this paper is
thought to offer several advantages over the
previously described manners®~®. Firstly, the
simultaneous and instantaneous recordings of
the pressure and the diameter can be obtained
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easily in vivo. Secondary, the influence of the
contrast media which may cause the change of
the intraluminal pressure, the diameter or the
extensibility of the wall of the PA can be avoided.
Thirdly, for the evaluation of the extensibility,
Lagrangian strain which is dimensionless quanti-
ty can be used obtaining the resting diameter
from the tension-diameter relationship.

On the other hand, the disadvantages of our
method are as follows. The technique can not
be applied to the patients who has a pulmonary
branch stenosis. And in the process of the anal-
ysis, special devices are necessary for the digiti-
zation and the calculation.

The present study offered some useful in-
formations about the hemodynamics of the pul-
monary trunk in those who have increased
pulmonary blood flow, and they are given
belows. The increased blood flow augments
the wall tension but does not make the pul-
monary trunk less extensible by itself. The
pulmonary hypertension is associated not only
with the increased impedance of the pulmonary
arterial capillary beds but also with the changes
of the mechanical properties of the pulmonary
trunk. In spite of the increased blood flow or
the elevated intraluminal pressure, the resting
diameters of PA do not differ much from the
control.

It was concluded that the technique to
evaluate the extensibility of PA from the
simultaneous recording of the PA pressure and
the echocardiogram was easy to perform and
was useful for assessing the effect of the in-
creased pressure or the blood flow on the me-
chanical properties of PA.
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