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Introduction
Idiopathic pulmonary arterial hypertension (PAH) is a 
progressive and debilitating disease characterized by patho-
logical lesions of the pulmonary arteries leading to an increase 
in pulmonary artery pressure that may exceed systemic levels. 
The degree of rise in pulmonary artery pressure has modest 
prognostic significance in these patients as opposed to the 
ability of the right ventricle (RV) to cope with the progressive 
increase in pulmonary arterial pressure, which determines the 

patients’ functional capacity and survival.1–4 Severe PAH is 
associated with high morbidity and mortality. Hemodynam-
ics and pulmonary artery pressures are important prognostic 
indicators of pulmonary hypertension (PH), which have been 
shown to correlate well with disease progression. However, 
confirmation of high baseline RV pressures requires right 
heart catheterization (RHC) – an invasive diagnostic mea-
sure. The average time from onset of symptoms until clinical 
diagnosis of PAH may be significantly reduced using an early 
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abstract
ackground: We test the hypothesis that cardiac magnetic resonance (CMR) imaging-based indices of four-dimensional (4D) (three dimensions 
(3D)+ time) right ventricle (RV) function have predictive values in ascertaining invasive pulmonary arterial systolic pressure (PASP) measurements from 
right heart catheterization (RHC) in patients with pulmonary arterial hypertension (PAH).
Methods: We studied five patients with idiopathic PAH and two age and sex-matched controls for RV function using a novel contractility index (CI) 
for amplitude and phase to peak contraction established from analysis of regional shape variation in the RV endocardium over 20 cardiac phases, segmented 
from CMR images in multiple orientations.
esults: The amplitude of RV contractility correlated inversely with RV ejection fraction (RVEF; R2=0.64, P=0.03) and PASP (R2=0.71, P=0.02). 
Phase of peak RV contractility also correlated inversely to RVEF (R2=0.499, P=0.12) and PASP (R2=0.66, P=0.04).
onclusons: RV contractility analyzed from CMR offers promising non-invasive metrics for classification of PAH, which are congruent with inva-
sive pressure measurements.
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non-invasive confirmation of high baseline pressures long 
before a catheterization examination is warranted.

The morphology and function of the RV in PAH assume 
prognostic importance, and cardiac magnetic resonance 
(CMR) imaging is the gold standard for evaluation of RV 
structure and function. Measurements of RV volumes, RV 
ejection fraction (RVEF), and RV fractional area change are 
established parameters for the assessment of RV function.5 
However, there is paucity of a sensitive index to quantify RV 
function in the progression of PAH. Further, there is no proven 
and accurate means to directly measure right heart pressures 
analogous to the invasive RHC using non-invasive imaging. 
Therefore, in this study, we propose the quantification of a 
novel index of RV contractility, which may help in longitu-
dinal assessment of RV function in PAH, by using standard 
CMR images. More specifically, we evaluate RV morphology 
and function using time-resolved cine CMR imaging, in three 
dimensions (3D), with the goal of investigating the correlation 
between RV contractility and RHC-based pulmonary arterial 
systolic pressures (PASPs) in patients with idiopathic PAH.

Methods
The methods followed in this study have been organized 
into sections, which begin with a description of the imaging 
data and our study cohort, followed by the definition and the 
methodology for quantification of our novel index of RV con-
tractility and, finally, the metrics for statistical investigation 
against the ground-truth RHC pressure measurements.

tudy cohort. A total of five patients with idiopathic 
PAH as defined by World Health Organization (WHO) 
criteria6 and two normal controls were included in this pilot 
study to define a novel metric of RV function. Standard met-
rics of global RV function, including end systolic and end dia-
stolic volumes (ie, ESV and EDV), as well as ejection fraction 
(RVEF), were recorded. All patients had blinded RHC and 
clinical-indicated CMR imaging studies (two weeks ± five 
days apart). The study was approved by the Allegheny-Singer 
Research Institute - West Penn Allegheny Health System 
Institutional Review Board, and informed patient consent was 
obtained for CMR imaging and analysis. The research was 
conducted in accordance with the principles of the Declara-
tion of Helsinki.

V reconstruction. The RV endocardium was segmented 
on a slice-by-slice basis (ie, two dimensions (2D)) from time-
resolved cine steady-state free precession (SSFP) CMR image 
sequences, over 20 cardiac phases, using semi-automated con-
tour tracing routines written in MATLAB (The MathWorks, 
Inc.). These reconstructions were prepared by first segment-
ing 2D contours of the RV from long- and short-axis time-
series images, and then fusing these contours into 3D models 
at each cardiac phase based on the relative orientation infor-
mation computed from the DICOM header information of 
the individual image sequences. The accurately oriented and 
co-registered 2D contours were stitched into surface models 

using 3D Delaunay triangulation followed by loop subdivision- 
based smoothing using ParaView filters (Kitware, Inc.).  
A minimum of at least two long-axis cardiac image stacks 
through the RV and one short-axis image stack composed 
of slices normal to the ventricular axis were chosen for this 
reconstruction process, which is illustrated in Figure1. The 
RV is contoured in purple and the left ventricle is contoured in 
red (ie, Fig.1A, B, and C) in three slice orientations through 
the heart, viz., one short-axis stack and two long-axis stacks 
(ie, SA, and LA1 and LA2, respectively, in Fig.1). Figure1D 
and E shows the 3D reconstruction of these slices presented 
in their native orientation along with the segmented contours 
from each cardiac phase shown superimposed.

ontractility index (I). A novel CI for the RV func-
tion was quantified based on the extraction of complete 
four-dimensional (4D; ie, 3D+ time) signatures of RV shape 
variation over the cardiac cycle. These 4D signatures were 
established by first computing the regional shape difference 
of the reconstructed RV shapes at each cardiac phase with 
a virtual sphere fitting around the RV at end-diastole and 
encapsulating the RV throughout the cardiac cycle. Figure1F 
illustrates the Delaunay-triangulated surface reconstruction 
of the RV at a single cardiac phase (in yellow) along with the 
constituent point cloud (ie, white points) from the oriented 2D 
segmentation contours, which were used to create it. The red 
enclosing sphere shown in Figure1F is the aforementioned 
virtual sphere fitting around the RV, which enveloped the RV 
throughout the cardiac cycle and formed a constant reference 
for examining temporally evolving RV morphology through 
the cardiac cycle.

The CI was defined by both the amplitude of regional 
shape difference and the phase to peak contraction evidenced 
at the instant of maximum shape difference with this sur-
rounding sphere. Cumulative wall displacement of the RV 
endocardial wall was quantified indirectly by means of a 
regional Hausdorff distance (HD) metric7,8 computed using 
an in-house plug-in for ParaView (Kitware, Inc.) at each of 
the vertices of the endocardial segmentation,9,10 establish-
ing point-correspondences with the fixed enclosing sphere 
surrounding the RV. A vector was assigned to each of ver-
tex of the endocardial surface at each cardiac phase based on 
the regional distance between corresponding points identi-
fied using the HD metric between the endocardium and the 
enclosing sphere.

Next, endocardium-averaged HD characteristic curves 
were prepared for each phase of the cardiac cycle. The funda-
mental frequency component of time-varying RV endocardial 
HD from the enclosing sphere was computed using a method 
of Fourier decomposition for this HD characteristic curve over 
time for each patient, given knowledge of the time-period of 
the cardiac cycle (viz., 20 phases), the Fourier decomposi-
tion of endocardial displacement.11 The amplitude and phase 
of the fitted fundamental frequency Fourier curve, fit to the 
data, were recorded to quantify the cardiac phase of peak 
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contraction, and these two parameters (viz., CI magnitude 
and CI phase) constituted our CI for a patient-specific RV. 
The cardiac phase for peak RV mechanical contraction was 
reported in a numeric scale of 0°–360° (ie, degrees), where 360° 
represents one complete cardiac cycle.

tatistical analysis. The continuous variables analyzed 
in this study were expressed as mean± standard deviation, and 
categorical variables were expressed as a percentage. Logis-
tic regression analysis was conducted to correlate the ampli-
tude and phase of the proposed CI with the degree of PAH 
as determined from the PASP data obtained from RHC, as 
well as with RVEF. The threshold for normal PASP was con-
sidered as 25mmHg. Receiver-operating characteristics were 
studied to determine the sensitivity and specificity of the CI 
in predicting PAH automatically based on each amplitude and 
phase of peak RV contraction. Additionally, the accuracy in 
determining absolute RHC-based PASP values using a lin-
ear combination of this biomarker along with RVEF was also 
investigated by performing bivariate least-squares fitting with 
optimal linear coefficients.

A P-value of #0.05 was considered significant. Statisti-
cal analyses were conducted using SPSS v13 (SPSS Inc.).

esults
The five patients with PAH considered for this study had a 
mean age of 52±19.5 years, and there were also two males. 
The mean PASP was 86.5±21.7mmHg. The mean RVEF 
was 38.5±13.3%. The mean RV EDV was 229.5±104.2mL, 
and the mean RV ESV was 149.6± 95.7 mL. RV contrac-
tion was visualized over time as a colormap of the computed 
HD (see Fig.2) with vectors indicating the regional distance 
between corresponding vertices on the fixed enclosing sphere 
and RV endocardium, at each cardiac phase. Time-series 

animations of the HD colormaps revealed visual evidence of 
subtle mechanical dyssynchrony across the RV endocardium, 
over the cardiac cycle.

The time-varying HDs between the RV endocardium 
and its enclosing sphere for an illustrative normal patient 
and PA patient are shown in Figure3, along with the super-
imposed first-order Fourier curve fits. The CI index-based 
amplitude of mean RV contraction (averaged across the RV 
endocardium) for the patient cohort was 1.59±0.78mm, and 
the first-order Fourier fit-based phase for peak RV contraction 
was 140° ± 16.9°. The normal controls had a similar ampli-
tude of mean endocardial contraction, but the normal phase 
of peak RV contraction was 97.5°±12.0°, which was signifi-
cantly earlier than the PAH patients (P = 0.03). Therefore, 
the CI phase was effective at clustering and distinguishing 
patients and normal controls.

The amplitude of contraction evidenced by our CI metric 
was inversely proportional to both RVEF (R2=0.64, P=0.03) 
and PASP obtained from RHC (R2=0.71, P=0.02) in the 
PAH patient cohort. The phase of peak RV contractility as per 
the CI metric was also inversely proportional to both RVEF 
(R2=0.499, P=0.12) and PASP (R2=0.66, P=0.04) in the 
PAH cohort.

A study of the receiver-operating characteristics revealed 
100% sensitivity and specificity in accurately classifying PAH 
patients using a CI phase threshold of 111.5°, given a normal 
PASP threshold of 25mmHg. The RVEF was also found to 
be an effective means to classify PAH patients with 100% 
accuracy using a normal RVEF threshold of .57.2%.

Finally, we examined the accuracy of determining abso-
lute PASP values using a linear combination of our new CI 
phase biomarker with RVEF, with the goal of investigating 
the potential value of using a non-invasive imaging-based 

igure1. llustration of the methodology followed for reconstruction of the right ventricular endocardium at each cardiac phase, for a representative P 
patient dataset with elevated V pressure.
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igure2. Vectors colored by the  from the enclosing sphere (black) to the V endocardium at the end-diastole (left) and end-systole (right) for an 
illustrative P patient.

RV function metric as a predictive tool for catheterization 
pressures. Bivariate least-squares fitting for an optimal lin-
ear combination of CI phase and RVEF yielded a predicted 
PASP, which matched the true RHC-based PASP with a root 
mean square error margin of 17.54mmHg (R2=0.60) when 
an optimal linear combination of CI phase and RVEF was 
employed.

iscussion
ight ventricular morphology. The geometry of the 

normal RV is complex. It consists of an inflow (sinus) and an 
outflow (conus) portion separated by the crista supraventric-
ularis. It is crescent shaped in cross-section, formed by the 
concave RV free wall opposite to the convex interventricular 
septum. Functionally, the RV pumps the same stroke volume 
as the left ventricle (LV), but using 25% of the stroke work 
because of the low resistance of the pulmonary vasculature, 
making the RV wall thinner and more compliant than the 
LV wall. Normal RV contraction acts in a sequential peri-
staltic wave directed from inflow to infundibulum. Right 
ventricular free wall and interventricular septum contribute 
equally to RV performance. Spatially, RV wall deformation 
consists of three components (inward, longitudinal, and 
circumferential traction because of LV contraction), of which 
longitudinal shortening is the major contributor of overall RV 
performance.12 These constituent components of RV function 
were clearly discernible based on our novel multislice CMR 
segmentation and RV endocardium reconstruction approach 
demonstrated in this manuscript.

V morphological changes in P. In PAH, the first 
adaptation to increase RV afterload is RV hypertrophy fol-
lowed by progressive contractile impairment leading to overt 
RV failure. RV dilatation occurs in order to compensate for 
a reduced fractional shortening by an increase in preload, so 

that stroke volume is maintained. As contractile dysfunc-
tion progresses, RV failure occurs, and it is characterized 
by high RV filling pressures, diastolic dysfunction,13 and 
reduced cardiac output. With hypertrophy and dilatation, 
the RV progressively increases in its sphericity, its cross-
sectional area enlarges, and the interventricular septum 
flattens, causing also LV diastolic dysfunction.14 The novel 
CI presented in this manuscript reports magnitude of RV 
contraction through a distance metric (viz., HD) comparing 
the RV endocardial surface with a surrounding sphere, and, 
therefore, is analogous to a report on RV sphericity at end-
diastole and end-systole. Hypertensive RVs were observed 
to be distinctly more spherical in shape as per this defini-
tion than the normal RVs, when they were compared for 
morphology at end-diastole. In addition, our CI computa-
tion revealed insights into RV function as well since the RV 
function as well since the amplitude of the CI metric was 
inversely proportional to RVEF in the PAH patients in this 
study (R2 = 0.64, P = 0.03), which indicates that an increas-
ing CI amplitude was congruent with diminishing contrac-
tile performance of the RV.

ssessment of V function. Measurements of RV 
volumes, RVEFs and RV fractional area changes are estab-
lished parameters for the assessment of RV function. Fur-
ther, the tricuspid annular plane systolic excursion (TAPSE) 
assessment on 2D echocardiography has been validated as 
a sensitive and specific index of RV function,15 and tissue 
Doppler imaging and strain rate imaging have been used to 
quantify RV mechanical dyssynchrony.16,17 These parameters 
have established utility in RV failure, but each has their own 
limitations. The fractional area change of RV in assessing RV 
function is limited by its being highly afterload dependent, 
especially in PAH – an effect that might be compounded by 
tricuspid regurgitation, which by reducing systolic afterload 
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augments RV systolic function. TAPSE, on the other hand, 
is measured on the M-mode 2D echocardiography and is 
often subject to intercept angle bias and also carries signifi-
cant interobserver and intraobserver variabilities.18,19 In 
addition, the myocardial Tei index has an established role in 
the assessment of RV function, which is irrespective of the 
heart rate, but potential limitations exist, namely, that the 
index is not entirely load independent.12 Therefore, although 
established as accurate quantifications of RV function, the 
abovementioned indices are load dependent and observer 
angle dependent. The studied index of RV contractility in 
this study, on the other hand, viz., CI phase and magnitude, 
was found to be both sensitive and specific for the assess-
ment of progressive RV function in PAH, and is based on 
a gold standard for structural imaging of the heart – CMR. 
The RVEF – an established index of RV function – tended 
to also show a gradual decline from normal RV function 
with normal PAP in controls to RV functional decline in 
patients with severe PAH in this study cohort; however, our 
computed phase of RV contractility demonstrated improved 
separation between patients with severe PASP and controls 
with normal PASP.

There are other CMR-based indices of RV morphology 
and hemodynamics that have been shown to have significant 
correlations with pulmonary arterial flow parameters reported 
in the literature, including left ventricular septal-to-free wall 
curvature ratio,20 which correlates with RV systolic pressures, as 
well as pulmonary arterial average velocity and minimum area,21 
which both correlate with PASP. However, our metrics of RV 
contractility – CI phase and amplitude – provide biomarkers of 
RV function based on a full 4D (ie, 3D+ time) picture of RV 
function for the first time in the literature. Further, our method 

of reconstructing the RV endocardium at each cardiac phase 
based on co-registration of standard cine CMR acquisitions 
in multiple orientations is also novel. This not only guarantees 
optimal utilization of images available from clinically indicated 
CMR studies but also provides an accurate rendition of patient-
specific RV function that factors in out-of-plane motion of the 
heart, which are otherwise lost using reconstructions, form 
image stacks in any one orientation alone.

imitations
We do not have long-term follow-up data of our patients. 
Therefore, we could not establish the utility of the CI as an 
index of longitudinal assessment of PAH. We have also not 
been able to establish its role in the assessment of response to 
therapy in these patients. As the relationship of CI with PAH 
was consistent and statistically demonstrated to be significant 
across a range of PASPs, we could extrapolate that this index 
may have potential for longitudinal assessment and prognosti-
cation in patients with PAH.

Technically, with regard to the method for CI computa-
tion, our approach of employing first-order Fourier curve fits 
for extracting the magnitude and phase of peak RV contrac-
tion was highly accurate in terms of identifying the instant 
of peak contraction but was limited in terms of its accuracy 
in assessing the magnitude of RV contraction because it was 
imperfect in curve-fitting the peaks of the raw data, as shown 
in Figure 3, where this is made clear by the discrepancy 
between the red and blue HD curves. However, the smooth-
ness imparted by the first-order fit was desirable in the interest 
compensating for the likely effects of image-segmentation inac-
curacies affecting the temporal variation of RV endocardium- 
averaged HD metric.
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onclusions
In this pilot study, we test the hypothesis that imaging-based 
indices of 4D (3D + time) RV function may have value in 
classification of patients with PH and establish relationships 
between non-invasive imaging-based metrics and pulmonary 
arterial pressures measured from RHC. The RV CI – our 
novel index composed of a metric for both magnitude and 
phase of peak RV contraction – was found to be correlated 
inversely with increasing PASP and decreasing RVEF in our 
study cohort, therefore, establishing it as a promising index for 
non-invasively classifying PAH based on CMR image data. 
The CI phase and amplitude metrics may further reveal quan-
titative signs of RV dysfunction in severe PAH. Further study 
with a larger patient cohort is required in order to investigate 
the potential value of extrapolating these metrics for clini-
cal prognostication in the longitudinal assessment of patients 
with PAH.
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