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INTRODUCTION

Pulmonary hypertension (PH) is defined by increased 
pulmonary vascular resistance and elevated pulmonary 
arterial pressure. Research focused on the vascular biology 
of PH has identified several therapeutic targets and 
progress has been made in treating the disease. Despite 
these significant advances, PH continues to have a high 
mortality and morbidity.[1]

Morbidity and mortality in PH are strongly related to right 
ventricular (RV) failure.[2] Characterization of the structure 
and function of the RV in a clinical population is limited by 
its complex shape, which poses an inherent challenge to 
traditional two-dimensional imaging modalities.[3] With the 
growing availability of three-dimensional (3D) techniques such 
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ABSTRACT

Right ventricular (RV) failure is a key determinant of morbidity and mortality in pulmonary hypertension (PH). The present study 
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slices from apex to tricuspid centroid were measured to characterize regional shape: apical angle, basal bulge, eccentricity, and 
area. Transverse shortening was assessed by fractional area change (FAC) in each short-axis slice, longitudinal contraction was 
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analysis was used to compare the association of RV parameters with New York Heart Association (NYHA) class. Compared to 
normal, RV function in PH is characterized by decreased stroke volume index (SVi), fractional area change and ejection fraction. 
Increased eccentricity, apical rounding and bulging at the base characterize the shape of the RV in PH. Increased SVi, ejection 
fraction and mid-ventricular FAC were associated with less severe NYHA class in adjusted analyses. The RV in idiopathic PH (iPAH) 
was observed to have a larger end-diastolic volume and decreased function compared with connective tissue disease associated 
PH (ctd-PH). This work describes increased eccentricity and decreased systolic function in subjects with PH. Functional parameters 
were associated with NYHA class and heterogeneity in the phenotype was noted between subjects with iPAH and ctd-PH.
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as magnetic-resonance imaging and 3D echocardiography, 
assessment of structural and functional changes in the stressed 
RV is now becoming feasible.[4-8] Three-dimensional modalities 
offer superior accuracy and reproducibility in the assessment 
of RV shape and function.[3,9,10] 

With more accessible and reliable summary measures, including 
RV end-diastolic volume and ejection fraction, determinants 
of RV function are being investigated in large cohorts.[11- 13] 
Comprehensive shape analyses are typically smaller in 
scale; however, they add granularity to the interpretation of 
summary measures in large cohort studies[14] and can suggest 
mechanistic paradigms.[15] To date, a comprehensive shape 
analysis of the RV in PH using 3D echocardiography has not 
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been performed, although individual shape parameters have 
been associated with prognosis.[6]

In this analysis we perform a comprehensive shape analysis. 
We hypothesize that the RV in PH has a unique phenotype 
compared to the RV in normal subjects; furthermore, 
we suspect that parameters of function instead of shape 
will associate with symptom severity. Secondarily, we 
hypothesize that heterogeneity in RV phenotype exists 
between iPAH and ctd-PH.

MATERIALS AND METHODS

Patient population
This study includes 72 subjects: 58 with PH and 19 
normal; 5 PH subjects were excluded for uninterpretable 
echocardiograms for a final study sample of 53 PH subjects. 
PH subjects were a convenience sample of volunteers at 
the 8th and 9th International Pulmonary Hypertension 
Conferences. PH subjects provided basic survey data with 
additional survey elements including NYHA class collected 
only during the second enrollment. Normal subjects were 
healthy volunteers with no history of heart or lung disease, 
abnormal electrocardiogram or echocardiogram. The 
Human Subjects Review Committee of the University of 
Washington (#27609) and Washington State Institutional 
Review Board (#20081178) approved the study and all 
subjects provided informed consent.

Image acquisition
Imaging was performed using standard echocardiography 
equipment (Terason 3000, Teratech, Burlington, MA, 
or Acuson Sequoia, Oceanside, Calif.). A magnetic field 
tracking system (Flock of Birds, Ascension Technology 
Corp., Burlington, Vt.) continuously registered the spatial 
position and orientation of the echo probe. Each subject 
was imaged in the left lateral decubitus position at held end 
expiration on a nonferrous bed with a deep apical cutout. 
The RV, LV, and all four cardiac valves were imaged from 
standard echocardiographic windows (left parasternal, 
apical, subcostal). Further images were taken from the 
suprasternal, high left parasternal, and right parasternal 
windows when necessary to obtain optimal visualization 
of the pulmonic valve, infundibulum, and RV free wall.

Image analysis for 3D RV reconstruction
Each two-dimensional echo cine loop was visually 
examined to assess end-diastole and end-systole. End-
diastole was identified as the onset of the QRS complex. 
If QRS onset was ambiguous, the frame with the larger 
ventricular area was identified as end-diastole. The end-
systolic frame was identified as the frame with smallest RV 
area immediately prior to pulmonic valve or aortic valve 
closure for each clip.

Using custom software, the borders of the ventricles, valve 
orifices, and other anatomic landmarks were manually traced. 
Endocardial borders were fit to spline curves and landmarks 
were converted to 3D coordinates using the magnetic 
tracking system. Papillary muscles and trabeculae were 
included in chamber volumes to obtain smooth endocardial 
contours suitable for shape analysis. The tricuspid and mitral 
annuli were reconstructed as Fourier series approximations 
to traced points. Circles fit to traced points approximated the 
semilunar valves. The RV and LV were reconstructed using 
the piecewise smooth subdivision surface method (Fig. 1). 
This provides anatomically accurate representations of the 
3D contours of the ventricle.[16] RV volume was computed as 
the sum of signed tetrahedral volumes formed by connecting 
a point in space with each triangular surface face. RV volume 
measurements were normalized to the body surface area.

All tracing was performed blinded to patient characteristics. 
Clinical characteristics were only available during the 
analysis portion of the study at which point no changes 
were made to 3D cardiac reconstructions.

Interobserver variability
Using the methods described above, two observers traced 
the RV endocardial surface in 10 subjects (5 normal and 5 
with PH) for measurement of volume and EF. Variability of 
assessment used the intraclass correlation coefficient (ICC).

Shape and regional function analysis
RV shape was analyzed at end-diastole to assess 
remodeling since end-systolic shape also reflects 
contractile function. [15,17] The LV long axis was drawn 
from the mitral centroid to the apex, defined as the most 
distant point on the LV. Twenty equidistant short-axis 
slices were constructed from the RV apex to the level 

Figure 1: 3D reconstruction and regional shape analysis methods: Manual 
tracing of the endocardial borders and valve points on 2D echocardiogram (A), 
use of magnetic tracking to assign each trace a position in 3D space with mesh 
fit (B) and construction of 20 short axis slices from apex to base to analyze 
regional shape and function (C, D).

A B

C D
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of the tricuspid annulus centroid. For each short-axis 
slice, we measured area and perimeter, and calculated 
eccentricity as 4parea/perimeter2, ranging from 1 (circle) 
to 0 (a line). Fractional area change was defined as the 
percentage decrease in area from end-diastole to end-
systole. Short-axis area measurements were normalized 
by long-axis length.

Basal bulge (bulging of the free wall lateral to the tricuspid 
valve) was calculated as the distance along the RV-long 
axis between the tricuspid centroid and the most basal 
point on the RV free wall in the four-chamber plane. The 
apical angle was measured with divergent lines along the 
septum and RV free wall on an apical four-chamber image 
and averaged on two images.[18] TAPSE was measured as 
distance in the four-chamber plane between the lateral 
aspect of the tricuspid annulus at end-diastole and end-
systole.[19]

Statistical analysis
Student’s t-test was used for comparisons of global 
parameters of RV size, shape, and function. RV regional 
parameters measured at multiple slices within a single 
subject (short-axis normalized area, fractional area change, 
and eccentricity) were compared individually with a 
Student’s t-test and between groups, incorporating the 
trend in all slices, with analysis of variance for repeated 
measures (ANOVA). Multivariate logistic regression of 
the odds of NYHA class III/IV versus I/II by parameters 
of RV structure and function adjusted for available survey 
elements hypothesized to confound the relationship (age, 
gender, race, and time since diagnosis of PH) was performed.

RESULTS

Patient population
Subjects with PH were older, more likely to be female and 
had a lower LV ejection fraction than normal subjects  
(Table 1). PH etiology was predominantly iPAH and ctd-PH. 
In the 39 PH patients collected during the second enrollment, 
the majority was white with a self-reported NYHA class II. 
Functional class was similar in the two major etiologies of 
PH represented (iPAH class II: 65%, ctd-PH class II: 70%); 
however, time since diagnosis was qualitatively though not 
statistically different (iPAH, 96 months vs. ctd-PH, 68 months; 
P=0.4). Over half of the patients were on two vasodilators 
and nearly a quarter were on three vasodilators. Six patients 
were on a single vasodilator and three patients were on no 
therapy for PH.

RV shape and function in normal versus PH 
hearts
In PH, the RV had diminished global and regional function 
compared to normal. The RV in PH was noted to have 

decreased RVEF, TAPSE, stroke volume, and fractional 
area change in the basal and mid-ventricular segments 
(Table 2). The RV also had a unique shape in PH compared 
to normal characterized by increased eccentricity 
(roundness) in all ventricular segments and increased 
normalized area in the apex and mid-ventricular segments 
(Fig. 2). There was a significant basal bulge lateral to the 
tricuspid annulus and apical bulge (measured by apical 
angle) in PH hearts.

Table 1: Clinical characteristics and diagnoses of the 
cohort
Clinical characteristic Normal  

subjects n=19
PH subjects 

n=53

Age, years (sd) 31 (7) 48 (12)
BSA, m2 (sd) 1.8 (0.2) 1.9 (0.5)
LV ejection fraction, %(sd) 54 (9) 39 (9)
White, n (%)* 32 (82)
NYHA class III, n (%)* 11 (28)
NYHA class II, n (%)* 24 (62)
NYHA class I, n (%)* 4 (10)
Diagnoses, n (%)

iPAH 26 (49)
CTD-PH 15 (28)
Chronic thromboembolic disease 3 (6)
Anorexigen use 2 (4)
HIV 1 (2)
Familial-PAH 1 (2)
LV dysfunction 1 (2)
Sleep apnea 1 (2)
Radiation injury 1 (2)
Not specified 2 (4)

Treatment, n (%)*
Phosphodiesterase-5 inhibitor 21 (54)
Prostacyclin analogue 14 (36)
Endothelin receptor antagonist 22 (56)
Dual agent therapy 21(54)
Triple therapy 9 (23)

sd: Standard deviation; PH: Pulmonary hypertension; BSA: Body surface 
area; NYHA: New York Heart Association; iPAH: Idiopathic pulmonary arterial 
hypertension; CTD-PAH: Connective tissue disease PAH; HIV: Human 
immunodeficiency virus; LV: Left ventricle. *Only includes the 39 patients in the 
second enrollment

Table 2: RV shape and function in normal and PH
Normal 
(n=19)

PH 
(n=53)

P value

Size
RVEDV, ml 168 (38) 195 (65) 0.08
RVEDVi, ml/m2 91 (16) 100 (32) 0.3

Function
RVEF, % 49 (8) 38 (10) <0.0001
TAPSE, mm 27 (5) 18 (5) <0.0001
Stroke volume, ml 82 (21) 70 (19) 0.02
Stroke volume index, ml/m2 45 (10) 36 (9) 0.0004

Shape (end-diastole)
Basal bulge, mm 0.07 (0.19) 1.65 (2.10) 0.002
Endocardial SA, cm2 191 (29) 181 (36) 0.3
Endocardial SA-index, cm2/m2 105 (12) 96 (21) 0.03
Apical angle 56 (11) 65 (12) 0.004

PH: Pulmonary hypertension; iPAH: Idiopathic PH; ctd-PH: Connective tissue 
disease-PH; RVEDV: RV end-diastolic volume; RVEDVi: RVEDV indexed to 
body surface area; RVEF: RV ejection fraction; TAPSE: Tricuspid annular plane 
systolic excursion; SA: Surface area; RV: right ventricle. *All measurements 
presented as mean (SD) with P value from t-test
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RV shape and function in iPAH versus ctd-PH 
hearts
The RV shape in iPAH differed from ctd-PH (Fig. 3), 
particularly at the basal segments where there were 
greater normalized areas and a tendency toward greater 
eccentricity (rounding) (Fig. 4). The RVEDV was greater 
in iPAH (218 mL vs. 178 mL, P=0.05) and there was an 
increased height of the basal bulge (2.45 mm vs. 0.70 mm, 
P=0.02). RV function in iPAH was also distinct from ctd-PH 
with decreased global and regional function as measured 
by RVEF (34% vs. 42%, P=0.01) and fractional area 
shortening at the mid-ventricular segments (Fig. 4). Stroke 
volume index was similar in the two groups (35 mL/ m2 vs. 
36 mL/ m2).

There was concern that these results were confounded by 
discrepant severity of illness and an exploratory analysis 

Figure 2: Fractional area change (A), eccentricity (B) and normalized area (C) 
in 20 short-axis slices from apex to base in normal and PH hearts. Significant 
differences by t-test for individual slices are noted on the figure (*, P<0.05).

(A)

(B)

(C)

Figure 3: Representative 3D reconstructions from a normal (A), iPAH (B) 
and ctd-PH (C) heart demonstrating apical rounding (*) and basal bulging (+), 
[LV: Left ventricle; RV: Right ventricle, pv: Pulmonary valve, av: Aortic valve; 
tv: Tricuspid valve; mv: Mitral valve].

of subjects stratified by TAPSE was performed. There were 
no significant differences between the RV in iPAH and ctd-
PH hearts in the “mild severity” group having TAPSE >18 
mm. In hearts with TAPSE <18 mm, a distinct phenotype by 
etiology was observed that mirrored the observations seen 
in the “all iPAH vs. ctd-PH” comparison (Table 3).

Interobserver variability
The ICCs were very good for volumes (0.83-0.95). The 
ICC for RVEF was good overall (0.80) though poor among 
normal subjects (0.37) (Table 4).

Correlation between echo metrics
There was modest correlation between TAPSE and 
RVEF in iPAH patients (r=0.53) and no correlation in 
normal patients or patients with ctd-PH (r=0.11 and 
0.19). Index of TAPSE to RV long axis length improved 
correlation with RVEF in all groups but with a coefficient 
that remained <0.70. The relationship between RVEF and 
TAPSE in normal subjects was concordant despite the 
low correlation; all normal hearts had an RVEF >40% and 
TAPSE >20 mm (Table 5).

Odds ratio of worsened NYHA class by RV 
parameters of interest
None of the RV parameters of interest were associated 
with NYHA class in unadjusted analyses. After adjustment 
for age, race, gender and duration of PH, functional 
parameters including increased SVi and midventricular 
FAC were significantly associated with a reduced odds 
ratio of NYHA class III/IV. Increased RVEF trended 
toward association with improved NYHA class. Shape 
parameters, including RVEDVi, basal, and apical bulge 
were not suggestive of an association with NYHA  
class (Table 6).
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Table 3: RV shape and function in iPAH compared to ctd-PH, stratified by TAPSE
TAPSE<=18 mm TAPSE>18 mm

iPAH (n=12) ctd-PH (n=6) P value iPAH (n=13) ctd-PH (n=9) P value

Size
RVEDV, ml 254 (80) 173 (50) 0.04 188 (52) 181 (26) 0.69
RVEDVi, ml/m2 131 (36) 81 (18) 0.007 93 (23) 90 (11) 0.71

Function
RVEF, % 28 (9) 39 (8) 0.02 39 (10) 44 (7) 0.16
TAPSE, mm 14 (2) 15 (3) 0.66 21 (3) 23 (3) 0.21
Stroke volume, ml 68 (21) 66 (16) 0.85 70 (15) 80 (15) 0.14
Stroke volume index, ml/m2 35 (8) 31 (7) 0.39 35 (8) 40 (7) 0.15

Shape (end-diastole)
Basal bulge, mm 3.2 (3.0) 0.8 (1.0) 0.08 1.8 (2.1) 0.7 (1.1) 0.14
Endocardial SA, cm2 209 (43) 166 (23) 0.04 179 (33) 177 (20) 0.87
Endocardial SA-index, cm2/m2 109 (6) 79 (4) 0.002 89 (15) 88 (12) 0.86
Apical angle 73 (11) 67 (14) 0.34 62 (10) 63 (8) 0.74

RVEDV: RV end-diastolic volume; RVEDVi: RVEDV indexed to BSA; RVEF: RV ejection fraction; TAPSE: Tricuspid annular plane systolic excursion; SA: Surface area. 
*All measurements presented as mean (SD) with P value from t-test

Table 4: Inter-observer variability in RV volumes and EF
Parameter Observer Mean 

bias %
Mean abs 
error %

ICC

A B

RVEDV (ml)
Normal 150±33 141±30 6 9 0.832
PH 154±38 143±36 7 7 0.948
Combined 152±34 142±31 7 8 0.888

RVEF (%)
Normal 51±3 47±5 9 9 0.374
PH 36±12 42±12 −16 16 0.823
Combined 44±12 44±9 −4 13 0.796

Abs: Absolute; R: Pearson’s correlation; ICC: Intra-class correlation coefficient; 
PH: Pulmonary hypertension; RVEDV: Right ventricular end-diastolic volume; 
RVEF: Right ventricular ejection fraction

Table 5: Correlation between echocardiographic 
measures of RV systolic function
Group Pearson’s correlation (r)

TAPSE-
RVEF

TAPSE 
index-RVEF

RVEF-Stroke 
volume index

TAPSE-Stroke 
volume index

Normal, n=19 0.11 0.17 0.68 0.54
All PH, n=53 0.41 0.53 0.39 0.20
ctd-PH, n=15 0.19 0.44 0.67 0.26
iPAH, n=26 0.53 0.68 0.37 0.14

PH: Pulmonary hypertension; ctd-PH: Connective tissue disease PH; iPAH: 
Idiopathic PH; TAPSE: Tricuspid annular plane systolic excursion; RVEF: Right 
ventricular ejection fraction

Figure 4: Fractional area change (A), eccentricity (B) and normalized area 
(C) in 20 short-axis slices from apex to base in the hearts of participants with 
iPAH or ctd-PH and TAPSE </= 18mm. Significant differences by t-test for 
individual slices are noted on the figure (*, P<0.05).

(A)

(B)

(C)

DISCUSSION

In this analysis, we identified an RV shape common to 
PH and characterized by increased eccentricity, basal, 
and apical bulging. Changes in shape did not appear to 
be associated with symptoms as assessed by NYHA class; 
however, changes in cardiac function were associated with 
subjects’ self-reported symptoms. While the RV shape was 
similar between ctd-PH and iPAH, we also demonstrated 
heterogeneity along etiologic lines.

In PH, the RV is more spherical with increased cross 
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sectional area at the mid and basal ventricular segments, 
basal bulging adjacent to the tricuspid valve and 
blunting of the apex. This description reinforces previous 
observations including blunting of the apical angle[18] and 
changes in eccentricity.[20-22] We are not aware of previous 
investigations reporting basal bulging adjacent to the 
tricuspid valve in PH.

While the RV in PH shared more similarities than 
differences between etiologies, we did observe variation 
in the phenotype between iPAH and ctd-PH. In iPAH, the 
RV had an increased volume and decreased RVEF. As 
has been previously reported, the greatest dilation was 
associated with the lowest RVEF.[6] Conversely in ctd-PH, the 
RV appeared to have a decreased surface area, unchanged 
volume and “normal” RVEF with little dilation occurring 
at low RVEF. These differences in RV shape and function 
between iPAH and ctd-PH contrasted with the similarity in 
clinical parameters suggested by equivalent stroke volume 
and functional class.

While stroke volume and NYHA class are accepted markers 
of severity in PH,[4,23] we questioned whether the observed 
differences were due to severity rather than etiology. We 
chose to stratify by TAPSE as a surrogate for severity. TAPSE 
is a validated marker of severity and prognosis in PH in 
both PH at large and scleroderma associated PH.[24,25] We 
used a “cut-off” value identified as most strongly predictive 
of mortality by Forfia et al. (18 mm).[24] In subjects with 
TAPSE >18 mm, there was little difference between the 
RV in ctd-PH and iPAH. In contrast, subjects with TAPSE 
<18 mm defined the subgroup phenotypes. Among these 
severely affected individuals, the RV in iPAH had increased 
volume, decreased function and a similar stroke volume 
index when compared to ctd-PH. Generalization of this 
finding of heterogeneity more broadly to iPAH and ctd-PH 
must be quite cautious due to the small population size, lack 

of corroborative clinical data and qualitative differences in 
duration of PH by group; however, these findings do agree 
with Chung et al. who, using a PH registry, describe less 
systolic dysfunction and a tendency toward smaller RV 
volumes despite increased mortality in ctd-PH compared 
to iPAH.[26]

Taken together, we believe these finding should raise 
concern about the tendency homogenize findings in the 
right ventricle within World Health Organization (WHO) 
PH groups.  WHO group I combines diseases with similar 
pulmonary vascular characteristics and it is not established 
that RV characteristics are likewise similar. Studies such 
as those done by Kawut et al, which demonstrate an 
association between RVEF and mortality, were performed 
in cohorts limited to familial and iPAH patients; therefore, 
further study of the RV in other etiologies of PH may be 
necessary to determine if analogous relationships exist 
and determine appropriate reference values. If validated in 
further study, the heterogeneity of RV function by etiology 
of PH may present a unique opportunity to look at a natural 
experiment of the necessary cofactors in the development 
of RV failure.

The results of our study join others suggesting correlation 
between TAPSE and RVEF is limited.[29,30] We indexed TAPSE 
to RV long axis length to account for differences in RV size in 
longitudinal shortening, which improved the RVEF to TAPSE 
correlation in all groups. Standardly used TAPSE, however, 
is a validated prognostic tool[25] and may predict outcome 
independently of surrogacy for RVEF. Future validation 
against outcome data is therefore needed to establish any 
clinical value of TAPSE normalization.

Finally, the current analysis suggests an association 
between parameters of RV function but not shape 
and severe NYHA class. The evidence supporting an 
association between functional parameters and symptoms 
is currently contradictory and this report adds to that 
understanding. [26,31] The association between shape and 
symptoms is unreported and similarly was not observed 
in our cohort.

Limitations
PH subjects were an ambulatory, cross-sectional sample 
at two national meetings. This could represent a unique 
group with mild disease and poor generalizability; however, 
inclusion of patients who were uncharacteristically healthy 
would be expected to bias the results toward the null and 
should not diminish the strength of observed associations. 
In addition, the present study is analytical and detailed 
clinical information including hemodynamic data was 
not collected a priori and is not available. This may limit 
the direct clinical applicability and generalizability of our 
findings.

Table 6: Logistic regression of the odds ratio of NYHA 
class III/IV versus I/II per unit change of selected RV 
parameters
RV parameter Crude Adjusted*

Odds 
ratio

P  
value

Odds 
ratio

P  
value

Function
RVEF (per 10% change) 0.66 0.3 0.28 0.06
TAPSE (per 1 mm change) 0.89 0.2 0.86 0.1
SV index (per 5 mL/m2 change) 0.69 0.1 0.58 0.05
Mid-ventricle FAC (per 5% change) 0.76 0.1 0.59 0.04

Shape
RVEDVi (per 5 mL/m2 change) 1.00 0.9 1.02 0.8
Basal bulge (per 1 mm change) 1.00 0.9 1.15 0.5
Apical angle (per 5° change) 0.93 0.9 0.91 0.8

*Analyses adjusted for: Age, gender, race and time since diagnosis of pulmonary 
hypertension. NYHA: New York Heart Association; RV: Right ventricle; RVEF: 
RV ejection fraction; TAPSE: Tricuspid annular plane systolic excursion; SV: 
Stroke volume; FAC: Fractional area change; RVEDVi: RV end diastolic volume 
indexed to BSA
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In summary, this work describes increased eccentricity 
and decreased function in PH. Furthermore, parameters 
of function appear to be associated with NYHA class. 
Finally, heterogeneity in RV parameters between iPAH 
and ctd-PH was observed. These results further the 
description of the stressed RV through a comprehensive 
shape analysis in PH subjects and join other reports 
that suggest caution in the homogenization of RV 
findings even among diseases of the same World Health 
Organization PH group.
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