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ABSTRACT: Pulmonary arterial hypertension (PAH) is a disease of the small vessels in which

there is a substantial increase in pulmonary vascular resistance leading to right ventricle failure

and death. Invasive haemodynamic evaluation is mandatory not only for diagnosis confirmation

but also to address prognosis and eligibility for the use of calcium-channel blockers through an

acute vasodilator challenge. Noninvasive surrogate response markers to the acute vasodilator

test have been sought.

In the present study, the relationship between pulmonary artery distensibility, assessed using

magnetic resonance imaging (MRI), and response to acute vasodilator tests was investigated. In

total, 19 patients diagnosed with idiopathic PAH without any specific treatment were evaluated.

Within a 48-h window after pulmonary artery catheterisation, patients underwent cardiac MRI.

Cardiac index, calculated after the determination (invasively and noninvasively) of cardiac

output, showed excellent correlation, as did right atrial pressure and right ventricle ejection

fraction. Pulmonary artery distensibility was significantly higher in responders. A receiver

operating characteristic curve analysis has shown that 10% distensibility was able to differentiate

responders from nonresponders with 100% sensitivity and 56% specificity.

The present findings suggest that magnetic resonance imaging and pulmonary artery

distensibility may be useful noninvasive tools for the evaluation of patients with pulmonary

hypertension.

KEYWORDS: Acute vasodilator response, haemodynamic evaluation, magnetic resonance

imaging, pulmonary artery distensibility, pulmonary hypertension

S
ince the beginning of the 20th century,
there have been substantial contributions to
the understanding of pulmonary circula-

tion [1]. The development of right heart catheter-
isation (RHC) has allowed the recognition of
pulmonary circulation as a low-resistance and
high-compliance system [2]. Pulmonary hyperten-
sion is defined by a mean pulmonary artery
pressure (P̄pa) .25 mmHg at rest or .30 mmHg
in exercise [3, 4]. There is a multitude of conditions
in which pulmonary hypertension develops and
great efforts have been dedicated to the adequate
classification of these diseases [5]. When no
associated condition can be identified, the diag-
nosis of idiopathic pulmonary arterial hyperten-
sion (IPAH) is established. IPAH is a rare condition
with high mortality rates even after the develop-
ment of different treatment strategies in recent
years, including the use of prostanoids, endothelin
receptor antagonists, calcium-channel blockers
(CCBs) and phosphodiesterase inhibitors [6].

A small proportion of IPAH patients present
sustained response to CCBs. For the identification

of these patients, it is necessary to evaluate acute
vasodilator response [7, 8]. During RHC, patients
are challenged with vasodilators and, if a near-
normalisation of P̄pa and pulmonary vascular
resistance (PVR) occurs, the patient is classified
as an acute responder. The importance of asses-
sing responsiveness is based primarily on elig-
ibility for CCB therapy [9, 10]. However, response
to acute vasodilator testing may also correlate
with better preserved cardiac function, thus
making it a possible surrogate for vascular
remodelling [11].

Great efforts have been dedicated to the search of
noninvasive markers that reflect not only hae-
modynamic parameters but also acute respon-
siveness to vasodilators [12]. Imaging techniques,
such as echocardiography, computed tomogra-
phy (CT) and magnetic resonance imaging (MRI),
may also help in the assessment of IPAH patients
not only with anatomical but also with functional
data [13]. It is known that echocardiography is
useful for the estimation of systolic pulmonary
artery pressure and P̄pa but it lacks reliability for
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the measurement of right atrial pressure (RAP) and is unable
to accurately estimate the cardiac index (CI) [14]. Chest CT,
especially if performed with intravenous contrast, may provide
data on right ventricular performance and predict early death
in acute pulmonary embolism [15]. Moreover, MRI may be
used to estimate P̄pa, PVR, ventricular volumes and cardiac
output, thus allowing calculation of CI [16–18].

In other studies, mean pulmonary artery distensibility (mPAD)
evaluated using MRI has been addressed in order to assess
pulmonary haemodynamics and diagnose pulmonary vascular
disease in specific settings [19, 20]. It is believed that the mPAD
may reflect the degree of vascular remodelling, thus making it
a very interesting marker for evaluation of IPAH patients [21].
However, one aspect of mPAD that has not been evaluated to
date is its relationship with the acute vasodilator test response.

The main objective of the present study was to investigate
whether mPAD, assessed using MRI, is a noninvasive marker
of acute vasodilator responsiveness in IPAH patients. The
present authors also evaluated whether MRI could reflect or
substitute for some of the haemodynamic parameters obtained
through RHC.

MATERIAL AND METHODS
Study subjects
The present authors prospectively evaluated haemodynamic
measurements and MRI data from 20 consecutive patients
diagnosed with IPAH between January and December 2004. The
present sample size was based on an expected prevalence of
responders of ,15% [8] and on an SD and effect size for mPAD
of 4 and 7%, respectively [21]. Pulmonary arterial hypertension
(PAH) was defined by P̄pa .25 mmHg and a normal pulmon-
ary artery occlusion pressure (Ppao) ,15 mmHg at rest. Second-
ary causes were excluded on the basis of clinical examination,
laboratory studies, chest radiography, CT, echocardiography
and pulmonary angiography, where necessary [5]. All patients
gave written informed consent and the study was approved by
the local ethics committee. One patient was excluded from the
study owing to inadequate image quality at MRI.

Haemodynamic measurements
All patients underwent RHC with a triple-lumen balloon-
tipped catheter through the internal jugular vein (Swan-Ganz,
model 131F7; Baxter Edwards Critical Care Division, Irvine,
CA, USA). Haemodynamic data were collected at baseline and
after administration of inhaled nitric oxide (NO; 20 ppm for
10 min) [10].

The following haemodynamic variables were recorded: RAP,
cardiac output, Ppao, P̄pa and PVR. CI and indexed PVR (PVRi)
were obtained after adjustment to body surface area (BSA).

Patients were classified as responders or nonresponders accord-
ing to a decrease in P̄pa ofo10 mmHg to a level ,40 mmHg with
a maintained or increased CI [8].

MRI analysis
MRI was performed within 48 h after RHC, without any change
in clinical status or treatment. All patients underwent an MRI
study in a 1.5 T Signa Horizon EchoSpeed (GE Healthcare,
Milwaukee, WI, USA). The protocol included cine-MRI images
using an ECG-gated steady-state free precession gradient-echo

pulse sequence (SSFP) that allowed for dynamic evaluation
of cardiovascular morphology and function. The parameters
of this sequence were as follows: repetition time 3.6 ms; echo
time 1.6 ms; 45u flip angle; receiver bandwidth of ¡125 kHz;
34–36-cm field of view; 2566160 matrix; 20–30 cardiac
phases and 8–14 views per segment, depending on cardiac
frequency in order to allow temporal resolution of 40 ms.
This sequence provided images with intense bright blood
and high definition of vascular and cardiac structures. Short-
axis images (8.0-mm slice thickness, 2.0-mm gap) from the
apex to the base of the heart and a set of parallel four-
chamber long-axis views (6.0-mm slice thickness, no gap)
from the right ventricle (RV) inferior wall to the RV outflow
tract (RVOT) were also acquired. Additionally, a long-axis
RVOT view and left ventricle outflow tract views were also
acquired. From those two planes, a set of 2–3 transverse
short-axis views (perpendicular to the long axis) of the aortic
root and main pulmonary artery were imaged using SSFP. A
gradient echo with phase-contrast reconstruction was also
performed in order to assess blood flow velocities. The SSFP
images were used to measure the maximal and minimal
sectional areas during the cardiac cycle, from which the
mPAD was calculated as follows:

mPAD5(systolic area-diastolic area)/systolic area (1)

and expressed in % variation (fig. 1).

Measurements of left and right ventricular volumes, ejection
fraction (EF) and mass were performed using the cine-MRI
short-axis views and MASS plus software analysis package
(MEDIS, Leiden, the Netherlands). The calculations used by
this software are based on the true Simpson’s rule for volume
measurements. Measurements of the flow velocities through
the aorta were performed using CV-Flow (MEDIS). Both
software packages were part of the Advantage Windows
Workstation 4.0 (GE Healthcare). MRI was performed without
supplemental NO as the intention was to assess patients in
their basal condition.

Two independent observers blinded to the results of the
haemodynamic measurements performed all image analyses.
CI was obtained after adjustment of cardiac output to BSA.

Statistical analysis
Variables are presented as mean¡SD. Comparison of the
continuous variables between groups was conducted using
Mann–Whitney U-tests. The Bland–Altman method was used
to evaluate interobserver agreement, as well as the comparison
between the CI assessed using MRI (CIMRI) and the CI assessed
using RHC (CIRHC). The correlation of the haemodynamic
variables and the MRI measurements was assessed through
Pearson’s correlation coefficient. In order to evaluate the
capability of mPAD for differentiating responders and
nonresponders, a receiver operating characteristic (ROC) curve
was used, which was generated by plotting sensitivity against
1-specificity for all possible cut-off values.

RESULTS
Baseline haemodynamic and clinical characteristics of the 19
IPAH patients enrolled in the study are listed in table 1. The
haemodynamic variation during NO inhalation is summarised
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in table 2. Four patients (21%) were identified as responders
after acute challenge with NO inhalation.

Functional and haemodynamic data obtained using MRI image
analyses are shown in table 3. The present data are consistent
with previous reports of patients with chronic cor pulmonale,
concerning diminished RV function and elevated RV mass
and end diastolic volume with normal left ventricular function
[22, 23].

The interobserver agreement for the CI estimation, assessed
according to the Bland–Altman method, showed an error of

0.004¡0.03 L?min-1?m-2. For mPAD, the error was 1.33¡5.70%.
The Bland–Altman analysis for agreement between the two
techniques for CI measurements (RHC versus MRI) showed an
error of 0.33¡0.69 L?min-1?m-2 (fig. 2).

The mPAD differed significantly in responders and non-
responders, as shown in figure 3 (p50.01). Based on the ROC
curve, a cut-off value of 10% mPAD was chosen arbitrarily in
order to differentiate between responders and nonresponders
with 100% sensitivity (95% confidence interval of 61–100%)
and 56% specificity (33–77%). A positive predictive value of
36% (15–65%) and a negative predictive value of 100% (77–
100%) were also found.

No significant relationship has been found between mPAD
and P̄pa (r5-0.25, p50.28), and PVRi (r50.02, p50.91) and CI
(r5-0.14, p50.54). In two patients, the image quality obtained
was not sufficient to allow a proper estimation of ventricular
volumes and masses. However, a significant correlation
between RAP and right ventricle ejection fraction (RVEF)
was found (n517, r5-0.60, 95% confidence interval 0.17–0.84;
p,0.01), as well as between Ppao and left ventricle ejection
fraction (LVEF) (n517, r5-0.59, 95% confidence interval 0.18–
0.83; p50.01).

EF from LV and RV, assessed using MRI, have also shown
significant correlation (n517, r50.51, 95% confidence interval
0.03–0.80; p,0.05). Correlation between RV mass/LV mass
ratio and P̄pa was significant as well (n517, r5-0.62, 95%
confidence interval 0.20–0.85; p,0.05).

No statistically significant correlation was observed between
the variation of P̄pa (P̄pa before/P̄pa after NO) and mPAD
(n519, r50.37; p5nonsignificant), and between mPAD and P̄pa

at rest (n519, r5-0.25; p5nonsignificant).

FIGURE 1. Cross-sectional image of pulmonary artery used for determination of mean pulmonary artery distensibility (mPAD) according to the following formula:

mPAD5(systolic area (SA)-diastolic area (DA))/SA. a) The marked area represents SA. b) The marked area represents DA.

TABLE 1 Baseline clinical and haemodynamic
characteristics

Subjects n 19

Age yrs 38¡11

Sex male/female n 6/13

NYHA functional class I–II/III–IV 5/14

P̄pa mmHg 69¡21

PVRi dyn?s?cm-5?m-2 2312¡1635

CI L?min-1?m-2 2.39¡1.06

Ppao mmHg 9¡5

RAP mmHg 12¡6

BSA m2 1.80¡0.17

Cardiac frequency beats?min-1 84¡9

Data are presented as mean¡SD, unless otherwise stated. NYHA: New York

Heart Association; P̄pa: mean pulmonary artery pressure; PVRi: indexed

pulmonary vascular resistance; CI: cardiac index; Ppao: pulmonary artery

occlusion pressure; RAP: right atrial pressure; BSA: body surface area.
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DISCUSSION
The present results show that there is a significant difference in
the mPAD of responders and nonresponders. Consequently,
this parameter could be used as a tool to differentiate these two
groups of patients through a baseline MRI.

Distensibility measurements between the two observers
showed excellent agreement. Previous MRI studies for
anatomical investigation have found similar results [21]. The
mPAD was significantly higher in acute NO responders in
comparison with nonresponders (27.3¡18.4 and 11.0¡6.8%,
respectively; p,0.05). Interesting data are available on the
literature regarding right pulmonary artery distensibility
(PAD) and its relation to pulmonary artery pressure [13].
However, to the best of the present authors’ knowledge, no
other study has evaluated this parameter as a noninvasive
predictor of acute NO response. There are known differences
in mPAD in PAH patients when compared with normal
individuals, as stated by BOGREN et al. [19] (mPAD was 8% in
PAH patients) and CASALINO et al. [21] (mPAD in HIV-
associated pulmonary hypertension patients was 18% versus
26% in the control group; p,0.05). In normal individuals the
average mPAD was reported to be ,25% [24]. The fact that
mPAD in responders is similar to mPAD in normal individuals
of other studies suggests that elevation in P̄pa is not the main
factor involved in mPAD reduction.

This hypothesis was addressed in the present study and no
correlation was found between P̄pa and mPAD. The correlation
between variation in P̄pa (P̄pa before/P̄pa during NO) and
mPAD has also been tested to see whether pressure variation
brings a variation in distensibility. Again, no significant
correlation was found. Pulmonary circulation assessment
through analysis of proximal vessels may have limitations
and is a matter of debate. It is known that there is an inverse
correlation between pulmonary artery compliance and pres-
sure levels [25]. However, when P̄pa reaches 40 mmHg, this
relationship tends to flatten and become stable [26] and thus
the proximal part of the system would better reflect the
behaviour of the distal arteries, particularly in PAH where
changes in elastic arteries lead to a diminished compliance of

the whole vascular system [26, 27]. Taking these factors and the
present findings into consideration, the mPAD may be a
marker of pulmonary vascular remodelling processes and not
a consequence of the haemodynamic pattern. Although
interesting, this hypothesis would require the analysis of
pathology lung specimens to be confirmed.

In order to further address mPAD use in the clinical setting,
determination of the value that would differentiate acute NO
responders from nonresponders according to ROC curve
analysis was undertaken. The area under the curve was found
to be 0.83 (p,0.05) and a value of 10% mPAD was arbitrarily
chosen as a cut-off point. The decision to select this cut-off
value, which determines high sensitivity and low specificity,
was based on the fact that recognising the larger population of
patients who should not be treated with CCBs is more
important than accurately recognising the small proportion
of responders. Thus, the use of a cut-off value with high
sensitivity will avoid the need for a significant number of acute

TABLE 2 Haemodynamic data according to acute nitric
oxide (NO) testing

Responders#," Nonresponders#,+

Baseline NO Baseline NO

P̄pa mmHg 60¡6 31¡8 72¡23 63¡21

PVRi dyn?s?cm-5?m-2 2314¡919 1219¡1172 2311¡1793 1840¡1126

CI L?min-1?m-2 2.04¡0.66 2.88¡0.68 2.47¡1.14 2.45¡1.08

Ppao mmHg 10¡2 9¡1 8¡2 9¡1

RAP mmHg 7¡6 5¡4 13¡6 12¡6

Data are presented as mean¡SD. P̄pa: mean pulmonary artery pressure; PVRi:

indexed pulmonary vascular resistance; CI: cardiac index; Ppao: pulmonary

artery occlusion pressure; RAP: right atrial pressure. #: no statistically

significant differences were observed in baseline haemodynamics between

responders and nonresponders; ": n54; +: n515.

TABLE 3 Functional data

Subjects n 19

CI L?min-1?m-2 1.98¡0.71

LVEF# % 58¡13

RVEF# % 32¡16

Left ventricular mass# g 75¡25

Right ventricular mass# g 42¡19

LV end diastolic volume mL 69¡24

RV end diastolic volume mL 108¡41

Pulmonary artery SA mm2 1407¡600

Pulmonary artery DA mm2 1259¡605

mPAD % 14¡11

Data presented as mean¡SD, unless otherwise stated. CI: cardiac index; LVEF: left

ventricle ejection fraction; RVEF: right ventricle ejection fraction; SA: systolic area;

DA: diastolic area; mPAD: mean pulmonary artery distensibility. #: n517, as in two

patients the estimation of ventricular volumes and masses was not performed.

FIGURE 2. Bland–Altman analysis of cardiac index (CI) estimated using

magnetic resonance imaging (CIMRI) and right heart catheterisation (CIRHC). ???????:

mean; – – – – –: mean¡1.96SD.
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vasodilator tests at baseline. This could be particularly
important when considering patients who have already
undergone RHC prior to being referred to a pulmonary
hypertension centre.

The high negative predictive value of mPAD, considering this
cut-off value for the differentiation between responders and
nonresponders, brings up the prospect of using of mPAD as a
noninvasive marker of acute response. This might be of interest
not only for ruling out the use of CCBs in nonresponders but
also as a follow-up tool in the evaluation of the cardiovascular
system in the setting of the available therapies for PAH
treatment. With the development of the 64 CT detector, gated-
CT images might also enable the estimation of PAD at the
screening for thromboembolic disease during PAH investiga-
tion. However, this hypothesis should be addressed in
prospective studies comparing MRI and CT images.

The present results, however, should be scrutinised consider-
ing the small number of patients enrolled in the current pilot
study. Even though the clinical and haemodynamic character-
istics of these patients were similar to the previously described
data from IPAH patients [28] and baseline haemodynamic
data did not differ significantly between responders and non-
responders, the proportion of responders is higher than
previously described for the defined response criteria [8].

Although not the primary objective of the present study, the
use of MRI also allowed the noninvasive estimation of
haemodynamic data, such as the CI. The interobserver
agreement for the estimation of CI was excellent, probably
due to the fact that the CI was calculated from aorta flow
measurements and, since the aorta is an extremely regular
vessel, there is little room for involuntary measurement
misjudgement at the semi-automatic contour detection used
for the flow analysis [19, 21, 24].

The mean error found when analysing the agreement between
CI measured using MRI and RHC shows that, although MRI
seems to be an interesting noninvasive method for haemody-
namic assessment [16], CIMRI cannot be used as a substitute for
CIRHC at the present time. Nevertheless, the potential use of
CIMRI as a follow-up tool in order to demonstrate the trend

towards improvement or deterioration in CI during treatment
remains to be addressed.

The limited number of patients studied did certainly
influence the magnitude of the mean error between the two
methods. Moreover, RHC using thermodilution for CI deter-
mination may not be the ideal gold standard, as many factors,
including tricuspid regurgitation, affect the accuracy of CI
measurements [7]. Future studies should compare cardiac
output measurements using thermodilution, MRI and the Fick
method.

Other data obtained using MRI image analysis also set
interesting perspectives for its use. Significant correlations
between RAP and RVEF, as well as Ppao and LVEF, show the
relationships between ventricular pumps and upstream pres-
sures, emphasising the potential ability of a noninvasive
technique, such as MRI, in reflecting important prognostic
markers in PAH patients, such as RAP.

Another interesting finding was the significant correlation
between RVEF and LVEF. Previous studies in PAH patients
have shown relationships between RV and LV volumes [18]
and interventricular interdependence [29]. The present find-
ings regarding right and left ventricular function relationships
are believed to reinforce the pathophysiological findings
previously reported.

In conclusion, the present pilot prospective monocentre study
indicates that noninvasive assessment of pulmonary artery
distensibility using magnetic resonance imaging reflects the
acute response pattern in idiopathic pulmonary arterial
hypertension patients. These encouraging results, together
with the prospect of using magnetic resonance imaging for
haemodynamic measurements, should be confirmed in a larger
prospective multicentre study.
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