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Introduction

In congenital left to right shunts, large pulmo-
nary flow can produce a reactive hyperplasia in the
arteriolar wall and anatomic reduction of the vascu-
lar bed (1). The state of pulmonary vascular bed in

congenital heart disease is the predictor of the pa-
tients clinical condition, prognosis and outcome of
surgical intervention (2). The reduction of pulmo-
nary vascular bed ,which increases pulmonary vas-
cular resistance (PVR), may result in progressive pul-
monary hypertension (1). In other words, measu-
ring PVR and pulmonary artery pressure (PAP) can
give us an idea about the state of pulmonary vascu-
lar bed.

Although PVR can be assessed only invasively, it
is possible to measure PAP both invasively and no-
ninvasively. Doppler echocardiography allows esti-
mation of PAP by measuring tricuspid regurgitation
velocity (3), pulmonary regurgitation velocity (4) and
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Abstract
Objective: The state of pulmonary vascular bed in congenital heart disease is the predictor of the patients’
clinical condition, prognosis and outcome of surgical intervention.This study aims to investigate the conditi-
on of pulmonary vascular bed analysing pulmonary artery stiffness by means of Doppler echocardiography. 
Method: Thirty-three patients (16 females, mean age 26±15 years) with various congenital heart diseases
such as atrial septal defect (20 patients), ventricular septal defect (10 patients), patent ductus arteriosus (2
patients), atrioventricular septal defect ( 1 patient) were enrolled in this study. Systemic flow (Qs), pulmo-
nary flow (Qp), systemic vascular resistance, pulmonary vascular resistance were calculated according to Fick
method by using data obtained during left and right heart catheterization. Echocardiographically, pulmonary
artery stiffness (PAS) was calculated by using maximal frequency shift (MFS) and accelleration time (AcT) of
the pulmonary artery flow trace. PAS (kHz/sec)= MFS/AcT. 
Results: Invasively, the average Qp/Qs ratio, mean pulmonary artery pressure, and pulmonary vascular re-
sistance were found as 2.58 ± 1.25, 25±20 mmHg, and 135±217 dyn.sec.cm-5, respectively. Echocardiog-
raphically, PAS was found to be 33±17 kHz/sec. Pulmonary artery stiffness was correlated with mean pul-
monary artery pressure (r=0.63; p<0.001) and pulmonary vascular resistance (r=0.55, p<0.001), while no re-
lation was found with Qp/Qs.
Conclusion: Estimation of pulmonary artery stiffness by using pulmonary flow maximal frequency shift and
acceleration time obtained by means of Doppler echocardiography may give us an idea about the state of
pulmonary vascular bed.
Key words: Pulmonary artery stiffness, pulmonary vascular bed (Anadolu Kardiyol Derg, 2003; 3: 92-97)



right ventricular outflow tract flow acceleration time
(5). Despite a good correlation between mean PAP
and pulmonary artery acceleration (AcT), significant
errors in noninvasive estimation of mean PAP using
pulmonary AcT by Doppler echocardiography are still
existed (6-8). Especially, these errors were evident in
patients with mild pulmonary hypertension (8). Besi-
des, all these methods depend on estimation and it
may be impossible to measure PAP in patients witho-
ut pulmonary or tricuspid regurgitation. Because of
these obstacles, in order to understand the state of
pulmonary vascular bed, it is necessary to develop
new noninvasive methods.

Recent studies have indicated that systemic arte-
rial pulse pressure, which is a parameter of aortic
stiffness, is an important determinant of cardiovas-
cular mortality and morbidity (9-11). In the same
way, pulmonary artery stiffness (PAS) may be able
to demonstrate the state of pulmonary vascular bed
in patients with left to right shunt responsible for an
increase in pulmonary artery flow. Several studies
found a correlation between pulmonary artery elas-
ticity and PAP, and indicated that PAS parameters
can be used in determination of pulmonary hyper-
tension (12, 13). Most of the studies concerning
PAS have been performed invasively (12-15) and
using invasive methods made it impossible to use
this new parameter in clinical application. Studies
using echocardiography to calculate PAS measured
right pulmonary artery dimensions (16, 17). Howe-
ver, the change of the diameter of pulmonary ar-
tery during cardiac cycle may lead to an error of di-
ameter measurement, (18) and this measurement is
too cumbersome to justify its routine use for the
evaluation of PAS. It may be impossible in some pa-
tients to visualize right pulmonary artery from the
suprasternal window, and using transesophageal
echocardiography is not convenient for clinical app-
lication. Decreased pulmonary artery distensibility
abbreviates the duration of right ventricular-pulmo-
nary artery systolic ejection time (19). In other
words, an abbreviation in acceleration time of the
pulmonary flow trace occurs. Taking into account
this fact, it appears to be possible to apply a diffe-
rent method, which was used in determining aortic
stiffness (20), in calculating PAS with a formulae as-
sociated with acceleration time. 

This study aims to investigate pulmonary artery
stiffness by means of a new Doppler echocardiog-
raphic method which is introduced for the first time

to calculate pulmonary artery distensibility and to
correlate its results with the invasively measured PVR
and mean PAP.

Material and Methods

Patients: Thirty-three patients (16 females, mean
age 26±15 years) with various congenital heart dise-
ases such as atrial septal defect (20 patients), ventri-
cular septal defect (10 patients), patent ductus arte-
riosus (2 patients), atrioventricular septal defect (1
patient) were enrolled in this study. Conditions
which could influence pulmonary artery Doppler
flow like pulmonary stenosis, pulmonary artery ane-
urysm, poor echocardiographic visualisation, rhythm
disturbances were the exclusion criteria of this study.

Echocardiographic Study: Transthoracic echo-
cardiography was performed by one of the authors,
who did not have any information on the patients’
clinical data, using a Hewlett-Packard Sonos 1500
instrument (Hewlett-Packard, Andover, Mass.) with a
2.5 MHz phased-array transducer. Recordings were
taken from patients positioned in the left lateral de-
cubitus position. The M-mode traces were recorded
at a speed of 50 mm/sec. Simultaneous electrocardi-
ographic recordings were also taken. Measurements
of the left and right ventricle diameters, left ventricu-
lar ejection fraction, left and right atrium systolic di-
ameter and pulmonary artery diameter were obta-
ined according to established standards (21).

Doppler Study: The echocardiographic device
states were adjusted so that maximal frequency shift
can be obtained, and all Doppler signals were recor-
ded at a speed of 100 mm/sec. The Doppler frequ-
ency shift, acceleration time, maximal flow velocity,
velocity time integral were measured from the Dopp-
ler flow trace obtained from the parasternal short
axis view using pulsed Doppler ultrasound with the
sample volume placed in the pulmonary artery just
1cm distal to the pulmonary valve annulus. To pre-
vent possible influence of respiratory and cardiac
cycle on measurements, the average of 7 consecuti-
ve Doppler flow traces was calculated for each para-
meter (22). The ratio of peak systolic frequency shift
to acceleration time give us pulmonary artery stiff-
ness (Figure 1).

Pulmonary artery stiffness (PAS) (kHz/sec)= maxi-
mal frequency shift of pulmonary flow (MFS)/accele-
ration time (AcT). 

Catheterization: After echocardiography, pati-
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ents were transferred to the angiography laboratory
within 30 minutes, and right and left heart cathete-
rization was performed. Echocardiography and cat-
heterization procedures were performed, and interp-
reted by two different observers who had no infor-
mation on other procedure results. Mean PAP was
found using data obtained from right heart cathete-
rization. Based on the Fick method, data obtained
from right and left heart catheterization were used
to calculate systemic flow (Qs), pulmonary flow (Qp),
systemic vascular resistance (SVR) and pulmonary
vascular resistance (PVR).

Statistical Analysis: Data values were expressed
as mean ± SD. The relationship between pulmonary
artery stiffness and other variables was assessed ac-
cording to Pearson’s linear regression analysis. The
Bland-Altman and simple linear regression analyses

were used for the assessment of interobserver repro-
ducibility. All statistical analyses were performed
using a computer software package with SSPS mo-
dality. A p value of less than 0.05 was considered as
statistically significant.

Results

Each patients’ diagnosis, Qp/Qs, PVR, mean PAP
and PAS values are given in Table 1. The left ventri-
cular diastolic diameter, right ventricular diastolic di-
ameter, and pulmonary artery diameter were found
as 41±9 mm, 42±12 mm, and 25±6 mm, respectively
(Table 2). Echocardiographic PAS was calculated as
33±17 kHz/sec. There was no statistically significant
difference between the heart rates during echocardi-
ographic examination (86±16 beat/min) and during
the catheterization procedure (90±17 beat/min)
(p=0.15). Invasively measured mean Qp/Qs, mean
PAP and PVR were as follows: 2.58±1.25, 25±20
mmHg, and 135±217 dyn.sec.cm-5, respectively.
PAS was correlated with mean PAP (r=0.63,
p<0.001; Fig. 2) and pulmonary vascular resistance
(r=0.55, p<0.001; Fig. 3), while no relationship was
found with Qp/Qs. 

Reproducibility: Interobserver reproducibility
was assessed on videotape recordings in 15 ran-
domly selected patients. The Bland-Altman and simp-
le linear regression analysis were used for the agre-
ement. The agreement between two different obser-
vers was good for measuring of both maximal frequ-
ency shift (for correlation r=0.97, p<0.001; for com-
paring mean difference =-0.034±0.098 kHz,
SEE=0.025 kHz, p=0.22) and acceleration time (for
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Figure 2: The relationship between pulmonary artery
stiffness and mean pulmonary artery pressure.

Figure 3: The relationship between pulmonary artery
stiffness and pulmonary vascular resistance.

Figure 1: The ratio of maximal systolic frequency shift
(MFS) to acceleration time (AcT) give us pulmonary
artery stiffness (PAS).

(kHz/sec) (kHz/sec)



correlation r=0.97, p<0.001; for comparing mean
difference =-4.1±8.3 msn, SEE=2.1 msn, p=0.08). 

Discussion 

In the present study, based on our new parame-
ter,which was used in determining aortic stiffness,
we found that PAS was correlated with mean PAP
and pulmonary vascular resistance, while no relati-

onship was found with Qp/Qs ratio. As compared to
invasive methods, this method (20) allows PAS to be
determined by echocardiographic parameters and
makes easier its clinical use. Moreover, pulmonary ar-
tery flow can be readily obtained by pulse wave
Doppler in almost all patients. 

Both invasive and noninvasive studies have repor-
ted an association among PAS, mean PAP and PVR
(12-16). Furthermore, Zuckerman et al. (13) demonst-
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No Initials Diagnosis Qp/Qs PVR Mean PAP PAS

1 YB ASD 2.37 17,00 15.00 32.16

2 GA ASD 3.66 183.00 32.67 22.50

3 ZK ASD 1.16 98.00 20.00 26.17

4 EE ASD 3.27 35.00 10.67 31.03

5 AE VSD 4.81 259.00 70.00 56.43

6 FG ASD 3.45 30.00 23.33 39.76

7 SB ASD 3.00 71.00 23.00 24.46

8 BÇ VSD 3.64 22.58 14.00 41.85

9 AK AVSD 4.00 103.00 56.67 30.78

10 NA ASD 2.90 21.00 12.00 18.95

11 EC VSD 1.86 13.00 10.00 18.75

12 FK ASD 1.30 80.00 33.33 33.55

13 AK ASD 1.00 12.00 10.00 17.78

14 EG ASD 2.00 124.00 38.33 65.60

15 OA VSD 1.00 546.00 44.67 43.08

16 AC PDA 3.20 74.00 13.67 14.79

17 E‹ ASD 1.10 33.00 10.67 18.73

18 SK ASD 3.70 30.00 15.00 25.88

19 ST ASD 2.10 207.00 33.33 36.94

20 CT VSD 1.20 49.00 11.33 19.21

21 KA ASD 2.86 173.00 35.00 84.31

22 AE ASD 2.70 36.00 13.33 28.55

23 Hfi VSD 2.25 429.00 68.67 48.91

24 AT VSD 1.53 62.00 13.33 22.00

25 OC ASD 3.20 15.00 18.00 19.23

26 MTA ASD 5.40 27.00 16.67 22.89

27 AK PDA 2.90 65.00 14.00 17.33

28 EA ASD 1.90 191.00 8.00 43.75

29 DK VSD 5.50 78.00 15.33 49.89

30 AS ASD 1.80 101.00 17.33 29.05

31 HC VSD 0.9 1148.00 93.33 67.14

32 ZK ASD 1.50 35.00 9.33 24.26

33 SH VSD 2.00 90.00 17.67 27.78
Abbreviations; ASD; atrial septal defect, AVSD; atrioventricular septal defect, PAP; pulmonary artery pressure (mmHg), PAS; pulmonary artery
stiffness (kHz/sec), PDA; patent ductus arteriosus, PVR; pulmonary vascular resistance (dyn.sec.cm-5), VSD; ventricular septal defect  

Table1: Patients’ Qp/Qs ratio, PVR, mean PAP and PAS values



rated that pulmonary artery elasticity was related ma-
inly to mean PAP, and pulmonary artery wall thicke-
ning without PAP increase had no influence on PAS.
Although Graettinger et al. (6) and Pasiersky et al.
(17) failed to estimate mean PAP by using AcT as ac-
curate as they measured invasively, they observed that
the AcT/pulmonary ejection time ratio was correlated
with invasively measured mean PAP and PVR. In re-
gard to the fact that decreased pulmonary artery dis-
tensibility abbreviates the duration of right ventricular-
pulmonary artery systolic ejection time (19) and the
above mentioned relationships, we sought for the first
time to calculate pulmonary artery distensibility by me-
ans of a method, which was used in determining of
aortic stiffness (20) and to correlate its results with the
invasively measured PVR and mean PAP. Our study
showed that PAS was related to mean PAP and PVR,
and these results were also in accordance with previ-
osly reported (12-15). In other words, it seems to be
posibble to evaluate the pulmonary vascular state
using PAS obtained by Doppler echocardiography.

Chronic pulmonary hypertension is characterized
by muscularization of pulmonary arterioles and de-
position of excess matrix proteins in the walls of lar-
ge pulmonary arteries (23). This thickening in pulmo-
nary arterioles increases PVR and finally results in pul-
monary artery hypertension. In addition, excess of
collagen in hypertensive pulmonary artery may exp-
lain the reason for increased pulmonary artery stiff-
ness in pulmonary hypertension (24). From a diffe-
rent point of view, all these mean that PAS may be
related directly to the pulmonary vascular bed state
as well as may show the reduction of pulmonary vas-
cular bed via its association with PVR and mean PAP
increase as it was demonstrated in our study. 

Stiffening of large pulmonary arteries may be im-
portant in pulmonary hypertension because changes
in pulmonary artery elasticity contribute to the incre-
ase in oscillatory load which increases right ventricu-
lar systolic pressure (13). In addition, pulmonary ar-
tery stiffening increases pulsatility in the pulmonary
circulation (25) possibly contributing to vascular da-
mage at more distal sites. As it was indicated in the
present study, there is a need to apply PAS to clini-
cal use, because its relation with PVR and mean PAP.
By using the introduced stiffness parameter in clini-
cal practice, it may be possible to have an idea abo-
ut pulmonary vascular bed state. From this perspec-
tive, the stiffness parameter used in our study may
be important for other prospective studies. More im-
portant, large scale studies using our method, which
seems to be possible to use in clinical practice, are
needed to obtain cut off points for echocardiograp-
hic PAS matching with invasively measured PVR and
mean PAP.

In conclusion, calculation of pulmonary artery
stiffness by using pulmonary flow maximal frequency
shift and acceleration time obtained by means of
Doppler echocardiography may give us an idea abo-
ut the state of pulmonary vascular bed. 
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