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Abstract
Early detection of mild pulmonary arterial hypertension (PAH) based on clinical evaluation and echocardiography remains 
quite challenging. In addition to enhanced right ventricular (RV) assessment, cardiac magnetic resonance (CMR) imaging 
may accurately reflect deleterious remodeling and increased stiffness of the central pulmonary arteries based on pulsatil-
ity, or percent change of the PA during the cardiac cycle. The purpose of this study is to assess the utility of measuring PA 
pulsatility by CMR as a potential early maker in PAH. We hypothesize that pulsatility may help discriminate mild PAH 
from normal control subjects. Consecutive patients with PAH (n = 51) were prospectively enrolled to receive same day CMR 
and right heart catheterization (RHC). PA stiffness indices including pulsatility, distensibility, compliance, and capacitance 
were calculated. Comparisons were made between patients with varying severities of PAH and normal controls (n = 18). 
Of the 51 subjects, 20 had mild PAH, and 31 moderate-severe based on hemodynamic criteria. PA pulsatility demonstrated 
a progressive decline from normal controls (53%), mild PAH (22%), to moderate-severe PAH (17%; p < 0.001). There was 
no difference in RV size, function or mass between mild PAH and normal controls. PA pulsatility below 40% had an excel-
lent ability to discriminate between mild PAH and normal controls with a sensitivity of 95% and specificity of 94%. CMR 
assessment of PA stiffness may noninvasively detect adverse pulmonary vascular remodeling and mild PAH, and thus be a 
valuable tool for early detection of PAH. Trial Registration: ClinicalTrials.gov Identifier: NCT01451255; https​://clini​caltr​
ials.gov/ct2/show/NCT01​45125​5.
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Abbreviations
6MWT	� 6 min walk test
AUC​	� Area under the curve
BMI	� Body mass index

BNP	� Brain natriuretic peptide
BSA	� Body surface area
CO	� Cardiac output
CMR	� Cardiac magnetic resonance
EDV	� End diastolic volume
EF	� Ejection fraction
EIPH	� Exercise induced pulmonary hypertension
ESV	� End systolic volume
FAC	� Fractional area of change
LVEDP	� Left ventricular end diastolic pressure
maxA	� Maximum pulmonary artery area
MLWHFQ	� Minnesota living with heart failure 

questionnaire
minA	� Minimum pulmonary artery area
mPAP	� Mean pulmonary artery pressure
NPV	� Negative predictive value
PA	� Pulmonary artery

 *	 Brian Shapiro 
	 shapiro.brian@mayo.edu

1	 Department of Cardiovascular Disease, Mayo Clinic, 4500 
San Pablo Road, Jacksonville, FL 32224, USA

2	 Department of Pulmonology, Mayo Clinic, Jacksonville, FL, 
USA

3	 Department of Radiology, Mayo Clinic, Jacksonville, FL, 
USA

4	 Division of Biomedical Statistics and Informatics, Mayo 
Clinic, Jacksonville, FL, USA

5	 Clinical Studies Unit, Mayo Clinic, Jacksonville, FL, USA

https://clinicaltrials.gov/ct2/show/NCT01451255
https://clinicaltrials.gov/ct2/show/NCT01451255
http://crossmark.crossref.org/dialog/?doi=10.1007/s10554-018-1397-y&domain=pdf


1882	 The International Journal of Cardiovascular Imaging (2019) 35:1881–1892

1 3

PAH	� Pulmonary arterial hypertension
PCWP	� Pulmonary capillary wedge pressure
PH	� Pulmonary hypertension
PP	� Pulse pressure
PPV	� Positive predictive value
PVH	� Pulmonary venous hypertension
PVR	� Pulmonary vascular resistance
RHC	� Right heart catheterization
ROC	� Receiver operating characteristic
RV	� Right ventricle
RVEDV	� Right ventricle end diastolic volume
RVEF	� Right ventricle ejection fraction
RVESV	� Right ventricle end systolic volume
RVSP	� Right ventricle systolic pressure
SD	� Standard deviation
SV	� Stroke volume
TAPSE	� Tricuspid annular plane systolic excursion
VA	� Ventricular-arterial
WU	� Wood’s units

Introduction

The normal pulmonary circulation is a low pressure, low 
resistance system with highly compliant and elastic vessels 
[1]. Pulmonary arterial hypertension (PAH) is a devastat-
ing disease of the pulmonary vasculature characterized by 
increased stiffness secondary to deleterious remodeling. 
Higher resistance and worsened compliance causes ele-
vated pulmonary pressures leading to excessive afterload 
and right ventricular (RV) dysfunction. Although pharma-
cologic therapy is effective in PAH, it is unfortunately often 
detected late in the disease with advanced vascular stiffness 
and RV dysfunction. It has been suggested that central loss 
of PA compliance can be implicated as a manifestation of 
progressing PAH [2–5]. While the pathophysiology remains 
complex, the predominant mechanisms include endothelial 
dysfunction and loss of pulmonary vasculature elasticity 
with replacement by hypertrophy and fibrosis [6, 7].

Early recognition of PAH is essential, as evidence-based 
therapeutic interventions are known to improve survival 
and functional capacity [8, 9]. Unfortunately, early diagno-
sis remains challenging. Doppler echocardiography (echo) 
has a fundamental role in screening for PAH by estimating 
pulmonary pressures and assessment of RV size and sys-
tolic function [8]. However, detection of RV enlargement or 
dysfunction and tricuspid regurgitant velocity by echo are 
insensitive in mild PAH [10, 11]. We evaluated pulmonary 
artery pulsatility by cardiac magnetic resonance imaging as 
an indicator of mild PAH.

Recorded as a percentage, pulsatility reflects the cross-
sectional area change of the main PA and is a useful sur-
rogate marker for central PA stiffness [2, 12–14]. Due to 

its high resolution, CMR is an ideal imaging modality to 
detect PA pulsatility [15, 16]. The ability of pulsatility to 
discriminate patients with high pressure, more severe, or 
advanced pulmonary hypertension (PH) from those without 
PH has been previously demonstrated [2, 12–14]. However, 
minimal data on the ability of pulsatility to discriminate mild 
or lower pressure PAH is currently available. Accordingly, 
the primary aim of this study was to determine if pulsatility 
could adequately discriminate patients with mild PAH from 
normal controls.

Methods

Study participants and clinical data

The study was approved by the Mayo Clinic Institutional 
Review Board and all patients provided written informed 
consent. Seventy-two consecutive subjects with known or 
suspected PAH were prospectively enrolled at an accredited 
PAH center. Eighteen control subjects without symptoms, 
history of cardiovascular disease, or PAH risk factors were 
also recruited. All control subjects had a normal examina-
tion and limited bedside echo to exclude structural heart 
disease or elevated right-sided pressures. In the study group, 
echo was performed for estimation of systolic and mean PA 
pressure, right atrial pressure, and markers of RV size and 
function (e.g. RV transverse diameter, fractional area change 
(FAC), tricuspid annular plane systolic excursion (TAPSE), 
and qualitative visual assessment of RV systolic function) 
as previously described [17, 18]. Patients with a calculated 
mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg or 
RV systolic pressure (RVSP) ≥ 35 mmHg on echo and clini-
cal suspicion for PAH underwent same day CMR and right 
heart catheterization (RHC). Group I PAH was defined and 
classified by expert consensus from the 5th world health 
symposium on PH [19]. Participants with other causes of 
PH were excluded. Participants were still included if PCWP 
exceeded 15 mmHg provided that they were still deemed to 
have predominant PAH based on an elevated transpulmonary 
gradient, PVR, and clinical designation.

Right heart hemodynamic catheterization

Hemodynamic data were collected at end-expiration with 
the patient in the supine position and averaged in tripli-
cate. Standard measurements including right atrial pres-
sure, systolic and diastolic RV and PA pressures, and left 
heart filling pressure (pulmonary capillary wedge pressure 
(PCWP) or left ventricular end-diastolic pressure (LVEDP)) 
were obtained. Cardiac output (CO) was calculated using 
the Fick method and indexed to body surface area (BSA). 
Pulse pressure (PP; PA systolic-PA diastolic pressure), 
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mPAP ((systolic + 2*Diastolic)/3), and pulmonary vascular 
resistance (PVR; (mPAP-PCWP or LVEDP)/CO) were cal-
culated. Patients were characterized as having PAH if their 
mPAP ≥ 25 mmHg, PCWP < 15 mmHg, and PVR ≥ 3 Wood 
units (WU). Patients with mixed group 1 and group 2 PH 
were included only if the elevation of mPAP was determined 
to be primarily elevated secondary to pulmonary vascular 
resistance (PVR) out of proportion to the wedge pressure. 
Subjects were arbitrarily classified as mild PAH if their 
mPAP was between 25 and 40 mmHg and moderate-severe 
PAH if their mPAP was ≥ 40 mmHg; any patient who’s echo 
was concerning for PAH by tricuspid regurigitation but was 
found to have an mPAP less than 25 mmHg was labeled in 
a group as echo positive, catheterization negative (Echo+/
Cath-).

Cardiac magnetic resonance imaging

CMR was performed on a 1.5T Siemens scanner (Erlanger, 
Germany) using a phased-array surface coil with patients 
lying supine and images obtained at end-expiration. Stand-
ard long- and short-axis cine images were acquired using 
steady-state with free precession imaging sequence, as previ-
ously described [20]. A stack of short-axis slices covering 
the heart was acquired using a slice thickness and slice gap 
of 8 and 2 mm, respectively, to measure systolic and dias-
tolic ventricular volumes. To obtain cross-sectional imaging 
of the main PA, a plane parallel to the PA on axial imaging 

was performed. An orthogonal view was prescribed, fol-
lowed by a cross-sectional image approximately 1–2 cm 
beyond the pulmonary valve (Fig. 1). Phase-contrast imag-
ing was performed perpendicular to the main PA using a 
gradient echo sequence (TR 57.9 ms, TE 2.77 ms, flip angle 
30°, slice thickness 5.5 mm, field of view 400; 20 recon-
structed phases), with velocity encoding at 150 cm/s (which 
was increased as necessary to avoid velocity aliasing).

The endocardium and epicardium from short- and long-
axis cine images were manually traced for left and right 
ventricular volumes in systole and diastole to measure 
end-diastolic volume (EDV), end-systolic volume (ESV), 
ejection fraction (EF), and mass using dedicated software 
(Circle 42; Circle Cardiovascular Imaging Inc., Calgary, 
Alberta, Canada). The observer was blinded to all clinical 
data. Phase-contrast images were manually traced for meas-
urement of maximal (maxA) and minimal (minA) PA area 
for the calculation of multiple parameters of PA stiffness, as 
shown in Table 1. Three patients (2 mild PAH, 1 moderate-
severe) with PAH were excluded from analysis due to unin-
terpretable image quality from gating artifacts.

Statistical analysis

Continuous variables were represented by the sample 
median and range and categorical variables were expressed 
as number and percentage of patients. Baseline patient 
characteristics, medications, laboratory test results, echo 

Fig. 1   CMR cross-sectional 
image of the main pulmonary 
artery. From the axial image, 
prescribing a plane parallel to 
the main PA (dashed line; a) 
results in image (b). From this 
view (b), an orthogonal image 
is prescribed which results in 
image (c). By prescribing a 
perpendicular sequence 1–2 cm 
above the pulmonary valve, 
a circular main PA (arrow) 
is obtained for calculation of 
pulsatility (d)
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measures, and invasive hemodynamics were compared 
between the four patient groups using Fisher’s exact test 
or a Kruskal–Wallis rank sum test. For the ability of CMR 
measures to predict severity of PAH, the two comparisons 
were of interest: (1) normal versus the combined group of 
mild PAH and moderate-severe PAH patients, (2) normal 
versus mild PAH patients. Comparisons of PA pulsatility as 
well as other measures between these three sets of patient 
groups were made using a Wilcoxon rank sum test and also 
by estimating area under the receiver operating characteristic 
(ROC) curve (AUC). Sensitivity, specificity, positive predic-
tive value (PPV), and negative predictive value (NPV) were 
also calculated. All statistical analysis was performed using 
SAS (version 9.2; SAS Institute, Inc., Cary, North Carolina) 
and R Statistical Software (version 2.14.0; R Foundation for 
Statistical Computing, Vienna, Austria).

Results

The mean time from echo to CMR was 36 ± 49 SD days, 
and that of CMR and RHC was 3.5 ± 0.2 SD hours. Ninety 
(including controls) participants were prospectively enrolled. 
Despite careful clinical and Doppler echo assessment, 14 
subjects were excluded as hemodynamic assessment on 
RHC did not meet criteria for PH and subsequently labeled 
in the Echo+/Cath- group. Four patients were reclassified 
as having predominant pulmonary venous hypertension and 
thus excluded. In total, 18 normal controls, 20 mild PAH, 
and 31 moderate-severe PAH and 14 Echo+/Cath- subjects 
were grouped for comparison (Fig. 2).

Baseline patient characteristics for each of the patient 
groups are displayed in Table 2. There was a difference in 
age between the three groups (P < 0.001), with a younger 
age observed in normal controls (median = 43 years) com-
pared to mild PAH (median = 63 years), and moderate-severe 
PAH (median = 56  years) patients. Most subjects were 
female which was consistent between groups (P = 0.34). As 
expected, there was a marked difference between groups in 
WHO (P = 0.014) and 6MWT (P = 0.004) with the moder-
ate-severe PAH group having shorter 6MWT and a higher 

proportion of WHO III and IV symptomatology. There was 
no significant difference between PH groups with respect 
to PAH therapy. Brain natriuretic peptide differed signifi-
cantly across groups (P < 0.001) and were highest in the 
moderate-severe group and lowest in normal control sub-
jects. With respect to RV function, CMR found no differ-
ence between the mild PAH group and the normal controls 
(RVEF 48% in normals, 52% in mild). Specifically, no dif-
ference was observed in RVEDV, RVEF, or RV mass (All 
P > 0.29; Fig. 3). However, comparisons between the mild 
PAH group and moderate-severe group noted significant dif-
ferences between these variables, as expected.

All of the stiffness indices were significantly correlated 
with mPAP (all P < 0.001). Pulsatility was associated with 
a Spearman’s r of − 0.62 (Fig. 4A). The strongest correla-
tion with mPAP was observed for distensibility r = − 0.83 
(Fig. 4B). Correlations between PA stiffness indices and 
PVR were noted as well (all P < 0.001). Specifically, PVR 
was significantly correlated with PA pulsatility (r = − 0.57), 
distensibility (r = − 0.76), compliance (r = − 0.76) and 
capacitance (r = − 0.78). While these correlations were sig-
nificant and in some cases strongly correlated, each stiffness 
index had a curvilinear relationship with mPAP, whereby 
beyond a certain pulmonary pressure there was no signifi-
cant change in PA stiffness.

The evaluation of our primary CMR measure of PA 
pulsatility noted significant differences among the various 
groups (Table 3). Pulsatility values were highest for nor-
mal patients (53%, Range = 34–91%), followed by a sharp 
decline in mild PAH patients (22%, Range = 7–43%), and 
moderate-severe PAH participants (17%, Range = 2–27%; 
P < 0.001). Despite no difference in RV function between 
the normal controls and mild PAH, there were significant 
differences in PA pulsatility (Figs. 3, 5).

The sensitivity and specificity estimates for pulsatility in 
detecting PAH are shown in Table 4. In comparing patients 
without PAH to those with mild PAH, a PA pulsatility of 
≤ 40% resulted in a sensitivity of 95.0% and a specificity of 
94.4% for detection of PAH. The utility of CMR measures 
for distinguishing between patients with varying degrees of 
PAH is shown in Table 3. Specifically, pulsatility success-
fully discriminated patients with confirmed PAH (the com-
bined group of mild and moderate-severe PAH patients) and 
those without PAH an AUC of 0.99 and P < 0.001. When 
excluding the moderate-severe PAH patients and compar-
ing the combined group of normal subjects to mild PAH 
patients, the diagnostic utility of pulsatility remained highly 
evident with a maintained AUC of 0.99, P < 0.001 (Fig. 6).

There was a difference in age between the three study 
groups. Thus, additional comparisons of PA pulsatility were 
performed stratifying by median age in the study cohort 
(≤ 56 years and > 56 years). With age-stratified analyses, 
there remained excellent ability for pulsatility to discriminate 

Table 1   Pulmonary artery stiffness indices

maxA maximum pulmonary artery area; minA minimum pulmonary 
artery area; PP pulse pressure; SV stroke volume

Index Formula

Pulsatility (%) [(maxA–minA)/minA]
Compliance (cm2/mmHg) [(maxA–minA)/PP]
Capacitance (ml/mmHg) SV/PP
Distensibility (%/mmHg) [(maxA − minA)/

PP * minA] * 100
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between patients with and without confirmed PAH (≤ 56 
years: AUC = 0.99; >56 years: AUC = 0.91). Further age-
stratified analysis between the mild PAH and the normal 
patients remained consistent (≤ 56 years: AUC = 0.97).

For the primary analysis, participants in the Echo+/Cath- 
group were excluded. Although their mPAP did not exceed 
25 mmHg, these participants had multiple co-morbidities 
and in some cases well-treated PAH and thus would be 
inappropriate to classify in the normal control group. How-
ever, when the Echo+/Cath- group was included with the 
control group and compared to all those with PAH or in 
those with only mild PAH, the AUC fell slightly to 0.96 and 
0.93, respectively (P < 0.001 for both). Thus, a PA pulsa-
tility < 40% was highly associated with PAH regardless of 
whether the Echo+/Cath- group was included.

Discussion

In contrast to right ventricular dysfunction and enlargement, 
which occurred in advanced PAH, we found abnormal PA 
stiffness in patients with mild PAH, and it was significantly 

reduced when compared to normal controls. A pulsatility 
index ≤ 40% demonstrated excellent ability to predict low 
pressure, mild PAH with a sensitivity of 95.0%, and a speci-
ficity of 94.4%. With a NPV of 94.4%, a pulsatility > 40% 
would appear to be an acceptable marker to exclude mild 
PAH. This finding suggests that this measurement could be 
utilized in the noninvasive detection of mild PAH.

Although abnormal measurements of PA pulsatility 
have previously been described in PAH, only minimal data 
regarding PA stiffness in patients with mild, low pressure 
PAH have been published, as prior studies predominantly 
included more advanced PH [2, 12–14, 21–31]. Sanz et al. 
retrospectively analyzed 42 PAH patients comparing those 
without PH (n = 17) to PAH patients with an average mPAP 
of 49 mmHg. Patients with PAH were shown to have mark-
edly reduced pulsatility (17.4 vs 49.1%) [24]. A subgroup of 
patients with exercise-induced PH (EIPH; n = 6) in the afore-
mentioned study by Sanz et al. demonstrated that despite 
normal invasive hemodynamics at rest, those patients had 
lower PA compliance (8.4 vs. 15 mm2/mmHg) and capac-
itance (3.7 vs. 5.2 mm3/mm Hg) but not pulsatility (38.8 
vs. 55.2%) [13]. In a well-designed study from Swift and 

Fig. 2   Flow diagram. A breakdown of the various groups including normal controls, mild PAH, and moderate-severe PAH (PH pulmonary 
hypertension; RHC right heart catheterization; CMR cardiac magnetic resonance; PAH pulmonary arterial hypertension)
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Table 2   Patient characteristics

The sample median (minimum, maximum) is given for continuous variables. * Represents statistical signif-
icance between groups. P-values result from a Kruskal–Wallis rank sum test or Fisher’s exact test and test 
for overall differences between groups. WHO World Health Organization; PAH pulmonary arterial hyper-
tension; BMI body mass index; MLWHF Minnesota living with heart failure; BNP brain natriuretic pep-
tide; RVSP right ventricular systolic pressure; PA pulmonary artery; TAPSE tricuspid annular plane systolic 
excursion; FAC fractional area change; BP blood pressure; RA right atrial; mPAP mean pulmonary arterial 
pressure; PCWP pulmonary capillary wedge pressure; LVEDP left ventricular end-diastolic pressure; PVR 
pulmonary vascular resistance; RVEDV right ventricular end diastolic volume; RVESV right ventricular end 
systolic volume; RVEF right ventricular ejection fraction; RV right ventricular

Variable Normal (N = 18) Mild PAH (N = 20) Mod-Sev PAH (N = 31) P-value

Patient characteristics
Age (years) 43 (35, 57)* 63 (38, 81) 56 (32, 79) < 0.001
Gender (% male) 5 (27.8%) 5 (25.0%) 10 (32.3%) 0.52
WHO class < 0.001
 I 2 (10.0%)* 2 (6.5%)
 II 5 (25.0%)* 4 (12.9%)
 III 11 (55.0%) 20 (64.5%)*
 IV 2 (10.0%) 5 (16.1%)*

Associated PAH 0 (0.0%) 11 (55.0%)* 4 (12.9%) 0.001
Congenital 0 (0.0%) 0 (0.0%) 1 (3.2%) 1.00
Systemic hypertension 0 (0.0%) 10 (50.0%) 16 (51.6%) < 0.001
BMI (kg/m2) 26.3 (18.4, 46.8) 29.2 (17.2, 52.3) 28.0 (18.1, 47.0) 0.26
MLWHF questionnaire 50 (4, 94) 49 (2, 95) 0.86
6-min walk distance (m) 352 (107, 541) 293 (138, 480)* 0.03
PAH therapy 6 (20.0%) 14 (45.2%) 0.29
Dual PAH therapy 3 (15.0%) 10 (32.3%) 0.13
Laboratory
 Creatinine (mg/dl) 0.8 (0.6, 1.1) 0.8 (0.6, 2.2) 0.9 (0.5, 4.9)* 0.02
 BNP (pg/ml) 25 (5, 56)* 71 (13, 761)* 223 (9, 903)* < 0.001

Echocardiogram
 RVSP (mmHg) 41 (24, 61) 73 (39, 128)* < 0.001
 PA mean (mmHg) 32 (19, 43) 52 (34, 86)* < 0.001
 TAPSE (mm) 22 (9, 28) 17 (10, 28)* < 0.001
 RV area diastole (cm2) 18 (12.0, 29.0) 30.0 (11.6, 77.0)* < 0.001
 FAC (%) 37.3 (7.9, 61.8) 34.6 (15.6, 69.8) 0.38

RHC
 Heart rate (bpm) 77 (49, 117) 78 (51, 116) 0.19
 Systolic BP (mmHg) 130 (88, 193) 122 (87, 160) 0.06
 RA pressure (mmHg) 6 (0, 12) 9 (1, 29)* 0.018
 PAsystolic pressure (mmHg) 52 (40, 63) 89 (61, 130)* < 0.001
 PAdiastolic pressure (mmHg) 23 (15, 30) 37 (23, 57)* < 0.001
 mPAP (mmHg) 32 (25, 40) 55 (37, 78)* < 0.001
 PCWP or LVEDP (mmHg) 12 (3, 16) 14 (5, 36) 0.06
 PVR (dynes-sec-cm− 5) 285 (130, 455) 736 (176, 1840)* < 0.001
 PA pulse pressure (mmHg) 30 (14, 43) 55 (34, 88)* < 0.001
 Cardiac output (L/min) 4.94 (2.44, 9.21) 4.25 (1.70, 9.89) 0.13
 Cardiac index (L/min/m2) 2.81 (1.45, 4.63) 2.34 (1.03, 4.32) 0.12

CMR
 PA pulsatility (%) 53 (34, 91)* 22 (7, 43)* 17 (2, 27)* < 0.001
 RVEDV (ml) 113 (55, 218) 123 (53, 163) 146 (70, 356)* < 0.001
 RVEDV Index (ml/m2) 63.2 (34.4, 109) 62.6 (27.9, 116) 81.4 (35.5, 155)* < 0.001
 RVESV (ml) 60 (31, 115) 56 (31, 132) 90 (33, 266)* < 0.001
 RVESV Indexed (ml/m2) 33 (16, 58) 31 (16, 67) 51 (15 118)* < 0.001
 RVEF (%) 48 (34, 67) 52 (7, 71) 42 (15, 75)* < 0.001
 RV Mass (grams) 25 (11, 43) 29 (16, 56) 47 (16, 90)* < 0.001
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colleagues, subjects with PAH and a PVR < 4 Wood units 
(n = 37; average mPAP 31 mmHg) had reduced PA pulsa-
tility of 13.0% [23]. The current study compliments these 
previous findings while designed to focus on low pressure 
mild PAH. The current data seems to reinforce and confirm 
the fact that PA pulsatility even in lower pressure disease 
states is an early marker of disease. The similar ranges of 
values of normal and abnormal from prior studies and the 
current investigation also suggests that the measurement is 
likely generalizable between centers.

Whether the changes in main PA stiffness represent 
a marker of disease or independently contribute to the 
pathogenesis of RV dysfunction remains an area of active 
investigation [32]. Strong evidence implicates distal small 
pulmonary vasculature in the pathogenesis of PAH due to 
smooth muscle hypertrophy, medial thickening, endothe-
lial proliferation, and vasoconstriction, ultimately leading 

to increased resistance [8, 33, 34]. These changes are cou-
pled to alterations in the more central pulmonary vascu-
lature which includes loss of elastin and a transition to 
stiffer collagen fibers [35]. Thus, as demonstrated in our 
study, the main PA becomes larger and more rigid. These 
changes of the central PA have two major consequences. 
First, adverse ventriculo-arterial coupling precludes RV 
systolic elastance to match the increasing arterial resist-
ance (e.g. arterial elastance), initially largely contributed 
to by decreased central arterial compliance and pulsatile 
load [4]. Second, the lack of a compliant, pulsatile PA 
causes more rapid transmission of the pressure pulse to the 
distal vasculature, thereby worsening small vessel injury. 
Some investigators have postulated that changes to the 
main PA are directly related to alterations in PVR while 
others have shown independent changes [2, 36–38].

Fig. 3   PA pulsatility and RV parameters. Column graphs represent-
ing the median values between groups. a PA pulsatility was signifi-
cantly reduced in the mild and moderate-severe patients compared 
to controls. Right ventricular size (right ventricular end-systolic vol-
ume, RVESV; (b), RV ejection fraction (c), and RV mass (d) were 

all worse in the moderate-severe group compared to normal controls. 
There was no difference in those parameters between the mild PAH 
subjects and normal controls. P < 0.05 for normal controls versus 
mild PAH (*) and normal controls versus moderate-severe PAH (**)
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This study included a large cohort of mild, low pressure 
PAH patients prospectively enrolled in the evaluation of PA 
stiffness. Although stringent methods for recruitment of mild 

PAH patients were applied, there was still a large subset with 
normal hemodynamics on RHC despite suggestion of PH 
on echocardiography (who incidentally had PA pulsatility 

Fig. 4   Correlations of PA stiffness with pressure. Pulsatility (a), 
distensibility (b), capacitance (c), and compliance (d) demonstrated 
good correlation to mPAP based on RHC. Note the curvilinear rela-
tionship to all measurements, with sharp decline at lower pressures, 

but beyond a certain mPAP (≈ 40  mmHg), the curve becomes flat-
tened. This suggests that beyond a particular PA pressure, there is 
minimal additional change in PA stiffness

Table 3   Utility of CMR for 
distinguishing between varying 
degrees of PAH

The sample median (minimum, maximum) is given. P-values result from a Wilcoxon rank sum test. AUC​ 
area under the receiver operating characteristic (ROC) curve; RVEDV right ventricular end-diastolic vol-
ume; RVEF right ventricular ejection fraction; RVESV right ventricular end systolic volume

Variable Normal 
(Group 1)
(N = 18)

Mild PAH 
(Group 2)
(N = 20)

Mod-Sev PAH 
(Group 3)
(N = 31)

Groups 1 vs. 
Groups 2

Groups 1 vs. 
Group 2–3

AUC​ P-value AUC​ P-value

PA pulsatility (%) 53 (34, 91) 22 (7, 43) 17 (2, 27) 0.99 < 0.001 0.99 < 0.001
RVEDV (ml) 113 (55, 218) 123 (53, 163) 146 (70, 356) 0.63 0.052 0.47 0.71
RVESV (ml) 60 (31, 115) 56 (31, 132) 90 (33, 266) 0.69 0.005 0.56 0.50
RVEF (%) 48 (34, 67) 52 (7, 71) 42 (15, 75) 0.68 0.007 0.56 0.46
RV Mass (grams) 25 (11, 43) 29 (16, 56) 47 (16, 90) 0.78 < 0.001 0.66 0.048
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values which were intermediate between normal and mild 
PAH). This underscores the difficulty of detecting mild PAH 
based on clinical evaluation and Doppler echo alone. It is 
possible that some patients with mild PAH were not ade-
quately captured due to inadequate Doppler assessment. The 
echocardiogram in this study was used as a screening tool for 
the control group to rule out evidence of pulmonary hyper-
tension. Due to technical limitations and funding constraints, 

this group did not receive a formal echocardiogram assess-
ment which could limit our comparison of the groups. That 
said, each normal control participant had a comprehensive 
history and physical examination as well as hand-held bed-
side echocardiographic screening from a board-certified 
echocardiographer. Further, CMR has become a standard in 
volume function analysis and was used for our final compari-
sons and thus is complementary to echo. Another limitation 

Fig. 5   CMR images of the main 
pulmonary artery and right 
ventricle. Selected CMR images 
from representative subjects 
in the various groups. Cross-
sectional systolic and diastolic 
still-frames demonstrating PA 
pulsatility. Diastolic and systolic 
4-chamber images reflecting 
right ventricular (arrow) size 
and function with measure-
ments below. While pulsatility 
was lower in mild PAH, RV 
size and function were not 
different compared to normal 
controls. However, in those with 
moderate-severe PAH compared 
to mild PAH, pulsatility was 
lower and severity of RV size 
and function were worse
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of the study is that CMR and RHC were not performed 
simultaneously as this was not possible at our institution. 
However, all studies were performed on the same day (mean 
3.5 h apart). While all subjects were diagnosed with PAH, 
some were on PH-specific therapies while others were not, 
thus potentially affecting the degree of PA stiffness. Lastly, 
age differences may have also substantially impacted the 
data. Normal controls were younger than those with PAH, 
and certainly our data seem to suggest some impact on aging 
and central PA stiffness although others have demonstrated 
no association between age or gender and PA stiffness [13].

Specific pharmacological therapy for PAH has greatly 
enhanced functional capacity, delayed disease progression, 
and perhaps improved survival (compared to historical con-
trols), but patients enrolled in these trials are symptomatic 
and have at least moderately elevated pressures, and often 
some degree of RV dysfunction [8, 39–44]. Our results 
demonstrate that pulsatility may aid in the detection of mild 

PAH, particularly in those patients who are at ‘high risk’ or 
display worrisome clinical features but in whom conven-
tional testing is insufficient or inconclusive. In these cases, 
pulsatility may offer an alternative means to establish a diag-
nosis and perhaps allow therapy to be instituted in patients 
with mild disease before irreversible changes in the RV and 
distal pulmonary vasculature occur.

In conclusion, the examination of RV function, PA hemo-
dynamics, and vascular wall stiffness using CMR may allow 
for enhanced diagnostic characterization. Noninvasive meas-
urement of PA pulsatility could be a potential marker for 
detection of patients with mild PAH, thus potentially allow-
ing for early intervention before the development of cardiac 
dysfunction and RV failure.
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Table 4   Sensitivity, specificity, 
positive predictive value, and 
negative predictive value of 
PA pulsatility between varying 
degrees of PAH

NPV negative predictive value; PPV positive predictive value

PA pulsatility Fraction (%) of patients

Sensitivity Specificity PPV NPV

Comparison of the normal and mild PAH patient groups
 ≤ 0.75 20/20 (100.0%) 3/18 (16.7%) 20/35 (57.1%) 3/3 (100.0%)
 ≤ 0.55 20/20 (100.0%) 8/18 (44.4%) 20/30 (66.7%) 8/8 (100.0%)
 ≤ 0.40 19/20 (95.0%) 17/18 (94.4%) 19/20 (94.4%) 17/18 (94.4%)
 ≤ 0.35 18/20 (90.0%) 17/18 (94.4%) 18/19 (94.4%) 17/19 (89.5%)
 ≤ 0.25 13/20 (65.0%) 18/18 (100.0%) 13/13 (100.0%) 18/25 (72.0%)

Comparison of the normal and combined group of mild PAH and moderate-severe PAH patients
 ≤ 0.75 51/51 (100.0%) 3/18 (16.7%) 51/66 (77.3%) 3/3 (100.0%)
 ≤ 0.55 51/51 (100.0%) 8/18 (44.4%) 51/61 (83.6%) 8/8 (100.0%)
 ≤ 0.40 50/51 (98.0%) 17/18 (94.4%) 50/51 (98.0%) 17/18 (94.4%)
 ≤ 0.35 49/51 (96.1%) 17/18 (94.4%) 49/50 (98.0%) 17/19 (89.5%)
 ≤ 0.25 41/51 (80.4%) 18/18 (100.0%) 41/41 (100.0%) 18/28 (64.3%)

Fig. 6   ROC curve for pulsatility. PA pulsatility < 40% was highly pre-
dictive of PAH when normal controls were compared to participants 
with mild PAH (AUC 99%, P < 0.001)
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