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ABSTRACT: Large artery wall viscosity reduces the efficiency of heart/vessel
coupling. The aim of the present study was to assess pulmonary artery wall viscosity
through comparison of the static (Dst) and dynamic distensibility (Ddyn) of the vessel
wall.

Right pulmonary artery pressure and diameter was measured in 13 patients and
eight healthy volunteers. Ddyn was calculated as the relative change in end-diastolic
diameter induced by the pressure pulse, and Dst as the relative change in mean
diameter induced by the change in mean pressure during steady-state exercise.

Dst did not differ significantly from Ddyn (mean�SD 22.8�19.2 versus 21.0�18.3 10-3

mmHg-1), as tested by paired t-test and analysis of covariance, with age as covariant.
End-diastolic diameter increased, whereas Dst and Ddyn decreased as a function of age
(r=-0.69 and -0.67, respectively; p<0.01 for both). Ddyn did not change from rest to
exercise in spite of a 23�16-beats.min-1 increase in cardiac frequency.

Pulmonary artery wall viscosity was negligible and no increase in wall viscosity
occurred during cardioacceleration.
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The arterial wall responds to stress through both elastic
and viscous behaviour, the former being related to the
elastin and the latter to the collagen and smooth muscle
content of the vessel wall [1, 2]. During systole, the elastic
behaviour of the arterial wall allows its diameter to
increase proportionally to pressure; in the case of a purely
elastic arterial wall, the total amount of energy stored
would be released during diastole. In reality, however,
part of the energy that corresponds to viscous deforma-
tion is dissipated within the arterial wall. Wall viscosity
reduces the efficiency of heart/vessel coupling, and may
place extra load on the ventricle [3].

Wall viscosity is responsible for the difference that exists
between the static (Dst) and dynamic distensibility (Ddyn)
of a given vessel [1, 2, 4, 5]. Under static conditions, the
change in diameter in response to a given change in
distending pressure is determined only by the elastic
properties of the vessel wall. Under dynamic conditions,
however, when changes in pressure are pulsatile and the
time available for distension is limited, wall viscosity
impedes distension, resulting in less change in diameter
for the same change in pressure [6]. The greater the wall
viscosity, the greater the difference between Dst and Ddyn.
Dst has been found to be considerably higher than Ddyn

in systemic arteries, the difference being accounted for
by wall viscosity [1, 2, 4, 5].

Information on pulmonary artery wall viscosity is
limited and controversial. In the perfused dog lungs, the
slope of the static curve relating volume to pressure (i.e.
lung compliance) was found to be 1.5 times steeper than
that of the dynamic curve [7], indicating considerable
vessel wall viscosity. In humans, no direct comparison of
Dst and Ddyn of the pulmonary artery has been made, but

the close similarity of pressure and diameter curves
recorded from the pulmonary artery has been taken as a
sign of low vessel wall viscosity [8]. The age dependence
of pulmonary arterial wall distensibility is another con-
troversial issue. Although in vitro studies have shown that
the pulmonary arterial wall stiffens with age [9, 10], in
vivo studies have produced equivocal results; a negative
correlation between pulmonary compliance and age was
reported in one study [11] but no such relation was found
in another [12].

In view of the above uncertainties, the relationship
between Dst and Ddyn of the right main pulmonary artery
and its age dependence was studied. Ddyn was determined
from the pressure/diameter relationship during the cardiac
cycle, whereas static (or, rather, quasistatic) distensibility
was determined using changes in mean pulmonary artery
pressure (MPAP) and diameter during physical exercise.

Material and methods

The study population consisted of 21 subjects, 13
patients and eight healthy volunteers, selected from a
larger population of 50 subjects. Originally these 50
subjects had volunteered to participate in a study designed
to investigate the effect of nitric oxide inhalation on
pulmonary arterial pressure. This protocol included the
use of Millar catheter for pressure recording. The oppor-
tunity to use noninvasive wall-tracking echo equipment
after the Millar catheter was introduced but before NO
inhalation started was given. Subjects for the present
project were selected on the basis that right pulmonary
artery diameter and distension could be measured using the
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vessel wall-tracking method, as discussed later. Six
females and seven males (34±82 yrs) were recruited from
among patients undergoing electrophysiological investiga-
tion at the Department of Cardiology of the National
KoraÂnyi Institute of Pulmonology. All of them were free of
clinical symptoms of pulmonary hypertension or lung
disease. Their cardiac diagnoses were as follows: cardio-
myopathy (five patients), aortic stenosis and insufficiency
(four), mitral insufficiency (four), tricuspid insufficiency
(three) and status after myocardial infarct (four). The mean
time interval between myocardial infarction and the
present study was six yrs. All patients were in sinus
rhythm and breathing spontaneously during the study.
Eight healthy volunteers (four females and four males; 21±
25 yrs) were also examined using the same protocol. They
were recruited from among the staff of the Semmelweis
Medical University and medical students. These subjects
were free of clinical evidence of pulmonary hypertension
or coronary artery, valvular heart or lung diseases. All
subjects gave written informed consent to participate in the
study, which was approved by the Ethical Committee of
the Scientific Health Council, Budapest, Hungary.

Right heart catheterization and pulmonary artery pres-
sure measurement

All subjects underwent right heart catheterization
without premedication in the supine position. A catheter
tip micromanometer (Millar SPC-340; size 4 F, Houston,
TX, USA) was introduced into the right main branch of
the pulmonary artery under fluoroscopic guidance, using
standard procedures. Measurements were referred to as
zero level at 5 cm below the sternal angle. All cathe-
terization was carried out by the same operator, and no
complications were observed during the procedure.

Ultrasonographic measurements

Pulmonary artery diameter and distensions were
measured by means of ultrasonography. Measurement of
pulmonary artery dimensions was made $15 min after
catheterization. The ultrasound device consisted of a ves-
sel wall-tracking system (WTS) combined with a conven-
tional ultrasound scanner (Scanner 200; Pie Medical,
Maastricht, the Netherlands), which has previously been
described in detail [13, 14]. In brief, the pulmonary artery
was visualized, at first in two-dimensional mode, and
then the ultrasound system was switched to M mode and
ultrasound was emitted and received along a selected M
line visable on the echo-screen. The WTS is a data
acquisition system capable of capturing the received and
amplified radio frequency (RF) signals. After completion
of data acquisition, the data were transferred to a personal
computer. The first line acquired was then presented
graphically on a display, allowing manual identification
of the anterior and posterior boundaries by placing two
markers that represent the sample windows for data
processing. In order to extract the change in position of
either the anterior or the posterior wall, the approach
based on the cross-correlation model for corresponding
segments of subsequent RF lines was applied. In order to
ensure that the signals returned by the same structure

were always considered, the position of the sample
windows was adjusted according to the observed dis-
placements (tracking window). The difference between
the displacements of signals of the anterior and posterior
walls yielded the change in diameter as a function of
time, i.e. the distension waveform. The minimum dis-
tance between the wall signals was defined as the
diastolic diameter. Imaging of the right main branch of
the pulmonary artery was performed from the supras-
ternal notch, using a 3.5-MHz mechanical sector trans-
ducer, with the subjects in the supine position. A standard
limb lead electrocardiogram (ECG) was recorded to
obtain R-waves that served as a trigger for activation of
the WTS algorithm. Respiration was monitored using
inductive plethysmography (Respitrace; Ambulatory
Monitoring, Inc, Ardsley, NY, USA).

Construction of pressure/diameter loops was carried out
using computer software that plots the diameter signal
against the pressure signal during the cardiac cycle. Prior to
plotting, the two signals need to be synchronized because
the hysteresis loop area varies depending on the phase lag
between the diameter and pressure signals. Synchroniza-
tion was performed by aligning the upshoot of the diameter
and pressure pulses according to their steepest slopes. In
most cases, not much alignment was necessary because
pressure and diameter was measured at almost the same
site along the right pulmonary artery.

Reproducibility of measurements of dimensions

At least 10±15 successful recordings were obtained
during each recording session; repeated measurements
were used to assess intrasession intraobserver variability.
Two complete series of recordings were obtained in eight
subjects by two different observers in order to assess
interobserver variability. Measurements were repeated in
the same eight subjects within 2 weeks by the same
observers, to assess intersession variability. In order to
assess the reproducibility of measurements, the coefficient
of variation was calculated. The intrasession, interobserver
and intersession reproducibility of the measurements of
diameter and distension are given in table 1. By com-
parison, KOOL et al. [15] measured pulsatile distension
of the common carotid artery, using the WTS with a 7.5-
MHz transducer, and reported 7.9�1.6, 9.2�0.9 and
11.3�2.6% (mean�SEM) for intraobserver intrasession,

Table 1. ± Coefficient of variation (reproducibility) of
dimension measurements

Intrasession
intraobserver

Intrasession
interobserver

Intersession
intraobserver

Control
Subjects n 16 8 8
d 4.3�1.9 4.8�1.6 6.4�3.1
Dd 9.6�3.9 8.5�3.8 15.0�4.3

Exercise
Subjects n 19 8 8
d 4.8�2.1 6.2�2.3 7.0�2.7
Dd 13.8�4.8 14.7�4.6 17.7�5.4

Data are presented as mean�SD. d: end-diastolic diameter of
right main pulmonary artery; Dd: change in diameter of right
main pulmonary artery from end diastole to peak systole.
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intraobserver intersession and interobserver intrasession
variabilities.

Protocol

Subjects were instrumented (electrodes mounted, cathe-
ter introduced), rested for 15 min in the supine position
and then a 5-min recording of pulmonary artery diameter
and pressure, together with ECG and respiration, made.
The subjects then performed exercise in the supine posi-
tion. They had their legs elevated and feet positioned on a
bicycle ergometer (Jaeger ER-900L, WuÈrzberg, Germany).
The load was increased until exercise induced an increase
in MPAP of 5±15 mmHg, depending upon age and
pulmonary distensibility. The applied load ranged 75±200
W, and resulted in an increase in MPAP of 8�5 mmHg and
in cardiac frequency of 23�16 beats.min-1 (mean�SD).
Steady state was verified by stable cardiac frequency and
pulmonary arterial pressure. The load was maintained at
the steady-state level for 5 min, during which time the
above variables were continuously recorded. The ultra-
sound transducer was kept in the same position throughout
the recording period.

Data analysis

The Ddyn of the pulmonary artery was calculated as
2Dd/dDP, where d is end-diastolic diameter, Dd change in
diameter from end diastole to peak systole and DP pulse
pressure. d, DD and DP were measured and Ddyn cal-
culated on a beat-by-beat basis and averaged. Dst was
defined as 2Dd/(d DMPAP), where d mean diameter
averaged for the pulse, and Dd is change. In each subject,
10±15 end-expiratory cardiac cycles were used for analysis
both at rest and during steady exercise.

Statistical analysis

Data are presented as mean�SD. Differences between Dst

and Ddyn were tested by paired t-test and analysis of
covariance, using age as covariant. Relationships between
distensibility parameters and other variables (age, MPAP
and cardiac frequency) were evaluated by simple and
multiple linear regression analyses. Statistical analyses
were performed using the StatSoft (Tulsa, OK, USA),
STATISTICA for Windows, Release 5.0, package.

Results

Representative pressure and diameter curves for one
cardiac cycle recorded from the right main branch of the
pulmonary artery in a young healthy subject are presented
in figure 1. Figure 1c shows the pressure/diameter hyste-
resis loop for this cycle. The pressure/diameter relation-
ship appears to be linear in the diastolic/systolic pressure
range. The hysteresis loop is narrow, with a small area,
indicating low wall viscosity. Diastolic/systolic pulmon-
ary arterial pressure/diameter relations for a younger
and an older subject are compared in figure 2. In the
younger subject, end-diastolic diameter was smaller at

rest and dilated more in response to a smaller pulse
pressure than in the older subject. In response to the rise
in pressure induced by exercise, the pressure/diameter
relations shifted to the right, approximately along the
axes of the control relations. The slope of the diastolic/
systolic pressure/diameter relation reflects Ddyn, whereas
the slopes of the lines connecting mean pressure and
diameter indicate Dst. Ddyn and Dst did not seem to differ
considerably in either subject. In systemic arteries, the
pressure/diameter relation was found to shift markedly
upwards during pressure responses, indicating signifi-
cantly higher Dst than Ddyn [1, 2, 5]. The clinical
characteristics of all the subjects are given in table 2.

In all the present subjects, physical exercise produced a
significant increase in MPAP (8�5 mmHg), but did not
lead to an upward shift of the pressure/diameter relation,
i.e. Dst did not differ significantly from Ddyn (22.8�19.2
versus 21.0�18.3 10-3 mmHg-1). Also, Ddyn did not change
significantly between rest and exercise (21.0�18.3 versus
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Fig. 1. ± Representative a) pressure; and b) diameter recordings from
the right main branch of the pulmonary artery in a young healthy subject.
c) Pressure/diameter hysteresis loop (constructed from a and b). PAP:
pulmonary artery pressure.
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17.7�11.9 10-3 mmHg-1). The difference between Dst and
Ddyn did not exhibit any trend when plotted against mean
distensibility, and the limit of agreement calculated accor-
ding to the method of BLAND and ALTMAN [16] amounted
to 1.9�11.6 10-3 mmHg-1 (mean difference�2SD). Dst was
proportional to Ddyn across subjects, as shown by linear
regression analysis (r=0.95, p<0.001) (fig. 3), with the
regression line falling almost on the line of identity.

The end-diastolic diameter of the right pulmonary artery
increased (r=0.77, p<0.005), whereas distension with the
pressure pulse tended to decrease, with age (r=-0.4, NS),
resulting in a significant reduction in Ddyn with increasing
age (r=-0.67, p<0.01). Dst exhibited similar reduction with
age (r=-0.69, p<0.01), and the age relations of Dst and Ddyn

did not differ significantly when tested by analysis of
covariance, using age as covariant (fig. 4).

Resting MPAP ranged 11±42 mmHg, and was >20
mmHg in six subjects (table 2). It is of note that none of
these subjects had any complaints or symptoms that were
related to lung function or pulmonary circulation prior to
the study. In accordance with earlier findings [17, 18],
pulmonary artery distensibility was lower in hypertensive
subjects as compared to the remaining subjects with
normal pulmonary pressure (8.5�5.5 versus 28.5�19.8
10-3 mmHg-1 for Dst and 7.4�3.5 versus 26.5�19.1 10-3

mmHg-1 for Ddyn). When pulmonary artery distensibility
was related using forward stepwise multiple regression to
both age and MPAP, the contribution of MPAP appro-
ached significance (table 3). Conversely neither Dst, nor
Ddyn was related to resting cardiac frequency.

Discussion

The present study is the first in which the issue of
pulmonary artery wall viscosity has been directly ad-
dressed. It was found that Dst and Ddyn did not differ to
any significant extent in humans, regardless of age. This
finding implies that pulmonary artery wall viscosity,
determined mainly by collagen and smooth muscle con-
tent, is relatively unimportant and that elastic elements in
the vessel wall are predominantly responsible for its

physical behaviour. The elastic pulmonary arterial tree
stores the potential energy generated by the heart during
systole and restores it during diastole, maintaining ade-
quately high driving pressure at the periphery [6]. The
difference between the stored and restored quantities of
energy is dissipated, mainly due to wall viscosity, and
arterial wall viscosity is considered the main source of
pressure-wave attenuation along the arterial tree [19]. The
very low wall viscosity of proximal pulmonary arteries,
suggested by the present data, results in efficient heart/
vessel coupling both at rest and during cardioacceleration.

Measurement of pulmonary artery dimensions with the
ultrasound wall-tracking system

In earlier studies, this ultrasound technique was used to
investigate superficial arteries [13, 14]. The short distance
between ultrasound source and target object allowed the
use of high-frequency transducers (7.5±10 MHz), yield-
ing high spatial resolution (5±200 mm). Since the right
pulmonary artery is situated 5±8 cm below the supra-
sternal notch, a 3.5-MHz transducer with a spatial
resolution of ~0.5 mm had to be used in the present
study. In this way, the pulmonary artery diameter was
determined to within ~1 mm. The conditions for mea-
suring distension with the WTS, however, are far more
favourable. Once the vessel wall has been identified, and
a sample window positioned within the RF signal, the
WTS algorithm tracks wall displacements with great
accuracy. HOEKS et al. [13] demonstrated in vitro that,
with a 7.5-MHz transducer, this technique can resolve
diameter changes of <1 mm. In the present study, a 3.5-
MHz transducer was used in vivo. KAWASAKI et al. [20]
and LANNE et al. [21], using wall-tracking echo systems in
vivo with 3.5-MHz transducers, reported 5 and 8 mm as
the smallest detectable movement.

Because the present study is the first in which the
WTS has been used on the pulmonary artery, the technique
needs validation in this new setting. PAZ et al. [22] used
magnetic resonance imaging to study right pulmonary
artery wall distensibility in nine healthy volunteers with a
mean age of 42.9 yrs (range 28±49 yrs), and reported a
mean�SD pulsatile change in cross-sectional area of
21.5�11.2%. In a subgroup of nine of the present subjects
of similar age (mean 42.1 yrs; range 23±44 yrs), the
corresponding value was 20.0�9.8%. BOGREN et al. [17]
studied the main pulmonary artery using MRI and repor-
ted a pulsatile change in cross-sectional area of 23%
(range 17±30%). In earlier work on the aortic arch, in
which the wall-tracking technique was used with a 3.5-
MHz transducer, the recorded data were in agreement
with data in the literature obtained by various techni-
ques (angiology, mechanical and ultrasonic calliper, and
magnetic resonance imaging) [23].

The WTS technique has been used previously to
measure aortic arch diameter and distension, failing in only
10% of the subjects studied [23]. In the present study, the
success rate for measuring pulmonary artery dimensions
was much lower (<50%). Two types of difficulty were
encountered. In some cases, mainly in older subjects, the
quality of the M-mode image was simply not satisfac-
tory for WTS analysis. In other cases, movement of
the lower wall of the right pulmonary artery produced
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Fig. 2. ± Representative diastolic/systolic pulmonary artery pressure
(PAP) and diameter data for a 21-yr-old (square symbols) and a 44-yr-
old (round symbols) subject. (*, & : rest; s, h : exercise; - - - :
connecting mean pressure and diameter). Data are presented as mean�SD
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Table 2. ± Clinical characteristics of subjects at rest (control) and during exercise

Control Exercise

Age

yrs

fR

beats.min-1

MPAP

mmHg

DP

mmHg

d

cm

Dd

cm

Ddyn

10-3 mmHg
-1

fR

beats.min-1

MPAP

mmHg

DP

mmHg

d

cm

Dd

cm

Ddyn

10-3 mmHg-1

Dst

10-3 mmHg-1

21 60 11�1.0 10�0.9 0.80�0.04 0.17�0.021 44.3�4.3 65 15�1.0 11�1.0 0.88�0.03 0.15�0.023 33.8�4.5 40.7�4.3

21 75 20�1.3 7�1.0 0.91�0.04 0.12�0.013 38.6�5.2 99 28�1.3 10�1.2 1.04�0.05 0.21�0.024 41.7�4.4 42.1�4.6

21 65 13�0.6 5�0.5 1.06�0.04 0.06�0.008 27.9�3.3 75 15�0.5 5�0.4 1.09�0.05 0.06�0.007 23.0�2.4 27.8�3.5

21 58 18�0.6 6�0.6 1.00�0.06 0.05�0.008 19.6�2.4 62 22�0.6 9�0.9 1.01�0.04 0.08�0.008 20.3�3.1 14.9�1.5

23 80 17�1.0 5�0.8 0.78�0.04 0.13�0.012 66.7�6.2 100 28�1.2 10�1.0 1.05�0.06 0.19�0.011 36.3�2.6 64.0�8.1

23 70 16�0.5 13�0.6 0.98�0.04 0.15�0.016 23.6�3.4 85 20�1.2 13�1.1 1.04�0.05 0.16�0.023 23.7�1.4 29.1�3.1

24 80 18�1.1 8�1.0 0.88�0.04 0.08�0.009 25.1�1.4 92 24�0.6 8�0.7 0.96�0.01 0.13�0.016 36.6�4.0 37.0�4.0

25 85 18�1.1 8�1.0 0.80�0.03 0.19�0.014 62.5�5.8 112 27�1.3 11�1.1 1.09�0.04 0.13�0.015 32.2�3.7 69.8�8.4

34 80 39�1.2 26�1.1 1.03�0.05 0.04�0.004 3.2�0.4 110 50�2.6 27�1.5 1.11�0.02 0.04�0.007 2.3�0.2 13.9�1.6

44 64 15�1.0 17�1.1 1.28�0.04 0.11�0.008 10.2�2.1 78 20�1.0 23�1.0 1.34�0.05 0.10�0.014 6.3�0.3 15.2�1.4

45 105 28�1.3 12�0.9 0.99�0.01 0.06�0.008 10.3�2.6 128 37�1.3 16�1.0 1.02�0.06 0.13�0.016 16.5�2.5 11.0�1.9

45 70 36�1.3 9�0.8 1.30�0.04 0.07�0.005 11.9�2.0 96 48�1.5 10�1.1 1.35�0.06 0.08�0.012 11.9�4.4 7.6�1.1

46 60 16�0.9 7�0.9 1.18�0.03 0.07�0.014 18.0�1.7 68 18�1.0 8�1.0 1.20�0.04 0.09�0.010 20.4�5.4 25.0�2.8

47 75 42�2.2 35�1.9 1.43�0.05 0.19�0.013 7.6�1.1 118 58�2.3 56�2.3 1.44�0.07 0.22�0.021 5.6�0.3 1.7�0.2

52 75 19�1.1 6�0.6 1.56�0.08 0.11�0.009 25.3�3.2 90 24�0.9 8�0.9 1.65�0.08 0.14�0.019 20.6�2.7 25.0�3.1

54 70 14�1.0 12�1.0 1.35�0.04 0.09�0.010 11.5�1.2 81 17�1.0 10�0.9 1.38�0.06 0.10�0.015 6.6�0.7 14.5�1.9

56 70 19�1.0 7�0.8 1.27�0.03 0.06�0.008 14.2�1.3 104 40�2.5 8�0.7 1.54�0.08 0.06�0.008 10.3�1.1 19.9�2.1

69 63 42�2.5 22�1.7 1.43�0.06 0.12�0.013 7.6�0.8 88 53�2.9 21�2.8 1.46�0.05 0.10�0.011 6.9�0.9 2.5�0.3

73 78 27�1.3 22�1.5 1.38�0.04 0.05�0.006 3.5�0.4 89 36�1.4 25�1.2 1.46�0.07 0.09�0.014 4.6�2.8 14.3�1.5

79 80 17�1.0 7�0.6 1.57�0.07 0.02�0.004 4.9�0.5 96 26�1.1 7�0.5 1.58�0.09 0.04�0.007 7.6�0.6 1.4�0.3

82 55 18�1.1 16�1.0 1.14�0.06 0.04�0.003 4.9�0.7 68 29�0.9 20�1.0 1.14�0.04 0.06�0.007 5.6�0.5 1.6�0.2

Data are presented as mean�SD. fR: cardiac frequency; MPAP: mean pulmonary artery pressure; DP: pulmonary pulse pressure; d: end-diastolic diameter of the right main pulmonary artery;
Dd: change in diameter from end diastole to peak systole; Ddyn: dynamic distensibility; Dst: static distensibility. (1 mmHg=0.133 kPa.)
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bizarre patterns. The authors suspect that the proximity
of contracting cardiac chambers might have caused pul-
monary artery wall movements not related to intravas-
cular pressure. Owing to this high failure rate, the WTS
method cannot be recommended for routine clinical use
for the measurement of pulmonary artery distension and
elastic variables.

Pulmonary artery pressure and diameter have previously
been measured in one study [8]. These measurement were
performed, however, during open chest surgery with the
pulmonary artery exposed. It is known that surgical
manipulations alter the distensibility of exposed arteries
[24], and it is an open question as to what extent wall
viscosity is affected during surgical procedures.

Static and dynamic distensibility of the pulmonary
artery

The present data suggest that Dst and Ddyn of the
pulmonary artery are not significantly different. This
finding is at variance with animal data reported by LINEHAM

et al. [7], who found the slope of the static pressure/
volume curve of the perfused lung to be 1.5 times greater
than that of the dynamic curve. The reason for this

discrepancy is not clear, but methodological differences
might be responsible. In the study of LINEHAM et al. [7],
the pulmonary veins were occluded at constant arterial
inflow rate and the dynamic and static elastic behaviour
of the whole pulmonary circulatory system was derived
from analysis of arterial and venous pressure response
curves. It is not clear which segments of the pulmonary
vasculature, and to what extent, were responsible for the
observed changes. In the present study, physiological
forcings were used and the elastic behaviour of an iden-
tified segment of the right pulmonary artery determined.
The present results are in line with data obtained from
patients undergoing open-heart surgery, in whom the
pressure and diameter of the main pulmonary artery was
measured locally by invasive means [8]. The shape of the
pressure and diameter curves were strikingly similar,
indicating no phase differences between the two signals,
i.e. no significant effect of vessel wall viscosity. In the
ascending aorta, the similarity between the contours of
pressure and diameter curves obtained using the same
technique was considerably less [25]. The relationship
between instantaneous distending pressure and the dia-
meter of the pulmonary artery was also studied in the
thoracotomized dog [26]. The pressure/diameter hyster-
esis loop was found to be narrow, and its area remained
small after noradrenalin administration, indicating neg-
ligible viscous resistance of the vessel wall, even after
smooth muscle activation.

Effect of cardiac frequency

The distensibility of systemic arteries is a frequency-
dependent phenomenon due to viscoelasticity of the
arterial wall [1, 2, 6]. Pulmonary artery elastic parameters
were shown to be independent of pulsatile frequency, i.e.
of cardiac frequency in in vivo studies or of the frequ-
ency of applied pressure forcings in in vitro experiments
[18, 27]. The present results corroborate these earlier
findings. The cardiac frequency of the present subjects
during exercise increased by ~25%, but this increase in
cardiac frequency was not accompanied by a significant
reduction in Ddyn. In addition, cardiac frequency did not
appear to be a significant predictor of either Ddyn or Dst

of the pulmonary artery when studied in a multiple
regression design. The independence of distensibility of
the rate of distension indicates low wall viscosity.
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Fig. 3. ± Relationship between the static (Dst) and dynamic disten-
sibility (Ddyn) of the pulmonary artery across subjects. Dst=0.99
Ddyn+1.82, r=0.95, p<0.001.
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Fig. 4. ± Linear regression of static (Dst; s ; - - -) and dynamic
distensibility (Ddyn; *; Ð) of the pulmonary artery against age. Dst=-
0.64 age+50.72, r=0.69, p<0.01; Ddyn=-0.60 age+46.00, r=0.67, p<0.01.

Table 3. ± Forward stepwise regression of factors
influencing pulmonary artery distensibility

Dependent
variable

Independent
variable

B DR2 F p-value*

Ddyn Age yrs -0.59 0.44 15.45 0.003
MPAP mmHg -0.28 0.07 2.79 0.11

Dst Age yrs -0.56 0.47 17.03 0.005
MPAP mmHg -0.35 0.08 3.55 0.07

*: for obtaining an F value greater than the given F; F to
entry=1. B: standardized regression coefficient; DR2: amount of
additional variability explained by the given variable; F: F-
statistic for testing R=0; Fall: F-statistic for testing all R=0; Ddyn:
dynamic distensibility; Dst: static distensibility; MPAP: mean
pulmonary artery pressure. Ddyn: R2=0.52, Fall=9.85, p<0.001;
Dst: R2=0.59, Fall=8.17, p<0.001.
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Effect of exercise

Smooth muscle tone in the pulmonary artery is likely
to be affected by exercise, which might result in altered
wall elasticity and viscosity. Exercise is associated with
sympathoadrenergic activation and increased plasma cate-
cholamine levels. Catecholamines evoke smooth muscle
contraction in the pulmonary arterial wall in vitro, and
affect wall elasticity [28]. During exercise, however, when
blood pressure is elevated, the change in diameter reflects
the net effect of passive dilatatory forces and active
smooth muscle contraction. How the balance is set in the
pulmonary artery during exercise is not known. Data
available from humans for the also elastic-type carotid
artery suggest the dominance of passive dilatatory forces
during pressor responses induced by vasoactive drugs
[14] or physical exercise [29]. Similarly, it has been
concluded that carotid artery diameter is determined pre-
dominantly by passive mechanisms, since no differences
were observed in pressure/diameter relations during pres-
sor responses produced by different vasoconstrictor drugs
in the rat [1]. Were smooth muscle activation during
pressor responses to tend to reduce Dst, then it would also
reduce the difference between Dst and Ddyn, i.e. wall
viscosity. Recently, however, it was shown that sustained
changes in smooth muscle tone did not influence aortic
wall viscosity [30].

Influence of age

Systemic arteries are known to become stiffer with
increasing age [31]. A similar age-related decline in
pulmonary artery distensibility was demonstrated in the
present study. The predictive power of the age relation
may appear to be low (r2=0.5), due to the great variation
in distensibility at younger ages. However, r2=0.5 means
that 50% of the difference in distensibility was accounted
for by age. The present data are in line with a number of
earlier observations, obtained both in vitro and in vivo
[9, 10]. PASIERSKI et al. [12], however, employing the
conventional ultrasound M-mode technique for measur-
ing vessel diameter, found that the elastic modulus (the
ratio of pulmonary arterial pressure to vessel wall strain)
was independent of age, and was related only to pul-
monary arterial pressure. It is a common finding that
pulmonary artery distensibility is reduced in patients
with pulmonary hypertension [17, 18]. In the study of
PASIERSKI et al. [12] MPAP ranged 15±56 mmHg, with
most of the patients being hypertensive, suggesting that
the effect of age on pulmonary artery stiffness was
overwhelmed by the dominating influence of pulmonary
artery pressure.

Effect of cardiac pathology

All of the present patients had cardiac conditions, and
none suffered from pulmonary hypertension or lung
disease. Nevertheless, in cardiac patients with myocardial
infarction or cardiac failure, the plasma catecholamine
level is elevated and the renin/angiotensin system activa-
ted. In vitro studies show that catecholamines evoke
smooth muscle contraction in the pulmonary arterial wall

[28] and angiotensin II induces hypertrophy of pulmonary
artery myocytes [32]. It has been suggested that active
contraction of vascular smooth muscle may change the
viscosity as well as the elasticity of the arterial wall [33].
More recently, however, BAUER et al. [28] reported that,
in contrast with the static modulus, the dynamic elastic
modulus and the coefficient of wall viscosity were
virtually uninfluenced by smooth muscle tone, when
various arterial segments were studied in vitro under the
condition of activation induced by noradrenalin and
relaxation induced by papaverine. BOUTOUYRIE et al. [30]
confirmed in vivo that wall viscosity was not influenced
by smooth muscle tone. The above observations were
made on systemic arteries, and it remains to be estab-
lished whether pulmonary arteries behave in a similar
fashion. The present data suggest that this may be the
case, since dynamic and static distensibilities were similar
in different subjects, irrespective of their clinical diag-
nosis, i.e. of possible differences in plasma catecholamine
and angiotensin II level.
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