
Right ventricular longitudinal strain is
diminished in systemic sclerosis
compared with idiopathic pulmonary
arterial hypertension

To the Editor:

Pulmonary arterial hypertension (PAH) is characterised by severe progressive remodelling of pulmonary
arterioles resulting in chronic right ventricular (RV) overload [1]. Regardless of aetiology, RV adaptation
to increased pressure load is the main determinant of outcome in PAH [2–4]; however, mortality because
of RV failure is significantly higher in systemic sclerosis-related PAH (SSc-PAH) than in idiopathic PAH
(IPAH) [5]. Using invasive pressure–volume assessments, we have previously shown that SSc-PAH patients
have depressed RV contractility compared with IPAH at similar afterloads [6]. However, the invasive
nature of pressure–volume haemodynamics along with the significant expense and technical expertise
makes this technique less feasible for routine clinical practice. Although two-dimensional echocardiogram
(2DE) is a useful screening tool in PH, RV dysfunction may be often undetected or underestimated, partly
because of the complex geometric configuration of the RV chamber and misalignment of the Doppler
beam for noninvasive haemodynamic assessment. Speckle-tracking echocardiography (STE), an
echo-based imaging modality used in conjunction with 2DE, allows offline calculation of myocardial
velocities and deformation parameters in the assessment of regional myocardial contractility [7]. Our
group recently demonstrated a heterogeneous pattern of RV longitudinal systolic strain (RVLSS) utilising
STE in SSc patients with variable afterloads, which was not appreciable by 2DE alone [8]. Our findings,
however, were shown in a cross-sectional analysis of asymptomatic SSc patients without symptomatic RV
failure, right heart catheterisation (RHC)-confirmed PAH or with echocardiographic evidence of RV
dilatation. In the current study, we applied this STE-based technique to PAH patients with baseline RV
dysfunction to determine whether there were global and regional differences in RVLSS that might
distinguish SSc-PAH from IPAH at similar afterload. Our findings have been previously presented in
abstract form [9].

We prospectively enrolled prevalent and incident IPAH and SSc-PAH patients from September 2007 to
November 2015 who underwent 2DE within 5 h of RHC. The study protocol was approved by the Johns
Hopkins Institutional Review Board, and informed consent was obtained from all patients. PAH was
defined by a mean pulmonary artery pressure (mPAP) ⩾25 mmHg and pulmonary vascular resistance
(PVR) >3 WU (Wood units) with pulmonary artery wedge pressure ⩽15 mmHg at RHC [10]. SSc patients
met the American College of Rheumatology/European League Against Rheumatism diagnostic criteria for [11].
Patients with significant chronic obstructive or interstitial lung disease, portal hypertension, severe obstructive
sleep apnoea, left-sided heart failure or chronic thromboembolic disease were excluded. Echocardiograms were
performed using Phillips ie33 ultrasound (Phillips Healthcare, Andover, MA, USA) according with American
Society of Echocardiography guidelines [12]. Two echocardiographers blinded to patient information and
clinical variables performed 2DE analysis using FUJIFILM Medical Systems Synapse Cardiovascular Software
(V4.0.8.), and commercially available vendor-independent strain software (Epsilon, EchoInsight, Milwaukee,
WI, USA) for STE [7, 13].

Data are expressed as mean±standard error, absolute numbers or percentages. Comparisons between
groups were performed with unpaired sample t-test and Wilcoxon–Mann–Whitney test for nonparametric
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TABLE 1 Demographic information, comorbidities, clinical characteristics, haemodynamics and echocardiographic findings
between idiopathic pulmonary arterial hypertension (IPAH) and systemic sclerosis-related pulmonary arterial hypertension
(SSc-PAH) patients

All PAH (n=55) IPAH (n=23) SSc-PAH (n=32) p-value (IPAH
versus SSc-PAH)

Normal value

Demographics
Sex female n (%) 47 (85.5) 17 (73.9) 30 (93.8) 0.039 NA
Race n (%) NS NA
White 50 (90.9) 20 (87) 30 (93.7)
Black 4 (7.3) 2 (8.7) 2 (6.3)
Other 1 (1.8) 1 (4.30.04) 0 (0)

Age years 56.8±0.21 51.2±0.52 60.5±0.33 0.008 NA
Comorbidities
Ever smoker n (%) 25 (45.4) 10 (43.5) 15 (46.9) NS NA
Systemic hypertension n (%) 19 (34.5) 7 (30.4) 12 (37.5) NS NA
Diabetes n (%) 7 (12.7) 3 (13.4) 4 (12.5) NS NA
Coronary artery disease n (%) 3 (5.4) 1 (4.3) 2 (6.25) NS NA
Atrial fibrillation n (%) 8 (14.5) 5 (21.7) 3 (9.4) NS NA

Clinical characteristics
BSA m2 1.55±0.01 1.40±0.04 1.66±0.38 NS NA
Heart rate bpm 75.9±0.22 75.3±0.58 76.2±0.36 NS NA
SBP mmHg 123.7±0.32 120.0±0.58 126.2±0.62 NS NA
DBP mmHg 71.0±0.18 72.3±0.43 70.2±0.32 NS NA

FVC % pred 90.7±0.30 89.7±0.84 91.2±0.47 NS NA
Diffusing capacity % pred 49.8±0.34 58.4±0.89 46.1±0.54 NS NA
WHO functional class n (%) NA
1 0 (0) 0 (0) 0 (0) NS NA
2 27 (49) 12 (52.2) 15 (46.9) NS NA
3 24 (43.6) 9 (39.1) 15 (46.9) NS NA
4 4 (7.3) 2 (8.7) 2 (6.2) NS NA

NT-proBNP pg·mL–1 1557±44.24 992±106 1794±76 NS NA
6-min walking distance m 294.0±3.35 320.7±9.70 275.6±4.80 NS NA
Time since PAH diagnosis 2.94±4.06 6±4.73 0.94±1.66 0.0001 NA
PAH-targeted medications
Prostanoid n (%) 10 (43.5) 8 (25) NS NA
ERA n (%) 13 (56.5) 15 (46.9) NS NA
PDE5I n (%) 14 (60.9) 21 (65.6) NS NA
Calcium channel blocker n (%) 8 (34.8) 13 (40.6) NS NA
Combination therapy n (%) NS NA
Mono 3 (13) 4 (12.5)
Dual 5 (2.2) 11 (34.4)
Triple 8 (34.7) 6 (18.7)

Right heart catheterisation data
Right atrial pressure mmHg 7.7±0.08 7.6±0.18 7.7±0.13 NS 4#

Mean PAP mmHg 43.5±0.26 47.3±0.68 40.9±0.42 NS 10–20#

PAWP mmHg 9.5±0.05 10.1±0.14 9.1±0.08 NS <15#

Cardiac output L·min–1 4.94±0.03 5.4±0.07 4.6±0.05 NS 4–8#

Pulmonary arterial O2 saturation % 66.4±0.12 67.6±0.30 65.6±0.22 NS 65–80#

PVR Wood unit 8.4±0.11 8.1±0.23 8.6±0.21 NS 0.25–1.5#

Stroke volume mL 65.0±0.45 70.3±1.16 61.2±0.72 NS NA
Pulmonary pulse pressure mmHg 44.6±0.34 46.3±0.78 43.5±0.60 NS NA
SV/PP pressure 1.80±0.02 1.89±0.05 1.74±0.04 NS NA

Conventional 2D echocardiography
LV ejection fraction % 61.8±0.15 61.5±0.43 62.0±0.21 NS ⩾65¶
Left atrial area cm2 18.6±0.17 20.6±0.52 16±0.12 NS ⩽21¶
Mitral E/A 0.93±0.01 0.95±0.02 0.92±0.01 NS NA
LV septal E/e′ 11.9±0.1 10.4±0.1 13.1±0.2 NS
Right atrial area cm2 22.8±0.14 23.5±0.31 22.2±0.26 NS ⩽18¶
Right ventricular systolic pressure mmHg 52.0±0.47 54.9±1.03 49.7±0.87 NS ⩽37¶
Right ventricular basal diameter mm 44.8±0.15 45.1±0.37 44.4±0.26 NS ⩽42¶
Right ventricular end-diastolic area cm2 24.8±0.15 25.7±0.41 24.1±0.24 NS ⩽25¶
Right ventricular end-systolic area cm2 17.9±0.15 18.6±0.39 17.5±0.24 NS ⩽14¶

Continued
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data and Chi-squared for dichotomous data. Pearson correlation was performed to evaluate for
cross-sectional correlation between echocardiographic measurements and haemodynamics. Survival
analysis is demonstrated with Kaplan–Meier curves. Statistical analysis was performed using SPSS (Version
22.0, IBM Corp, Armonk, NY, USA).

Our cohort consisted of 55 PAH patients, 23 IPAH and 32 SSc-PAH (31 limited SSc, one diffuse SSc).
IPAH patients had longer PAH disease duration in comparison to SSc-PAH. Further clinical and
demographics details are described in table 1. Both PAH groups had similar elevation of right atrial
pressure, mPAP and PVR. Stroke volume and pulmonary arterial pulse pressure did not differ between
groups. Both PAH groups had normal left ventricular systolic function and, despite the SSc-PAH patients
being older, had similar left atrial areas and degrees of diastolic dysfunction. Both groups had similar
evidence of right-sided chamber enlargement and diminished 2D derived measures of RV contractility.
Global RVLSS (GRVLSS) was markedly diminished in both PAH groups compared with normative values [15],
but was significantly worse in SSc-PAH (p=0.03). Both PAH groups demonstrated a heterogeneous
pattern of RV contractility with increased basal RVLSS compared with midventricular and apical
segments. However, in SSc-PAH there was diminished basal RVLSS compared with IPAH, which was
unchanged after adjusting for age, gender, mPAP and PVR. Intra- and inter-reader agreement of RVLSS
was excellent. After a mean follow-up period of 88±1.2 months, we observed 18 deaths, with a survival
rate of 67% at 5 years. We dichotomised PAH patients according to a GRVLSS less than the average, or
more than or equal to the average value of our PAH cohort of −13.7%. Patients with GRVLSS <−13.7%
had reduced long-term survival in comparison to patients with GRVLSS ⩾−13.7% (figure 1), and these
findings were consistent after adjustment for age and gender. Our study was not powered to demonstrate
the predictive value of speckle-derived measures versus conventional measures of RV contractility in PAH;
however, it does demonstrate the prognostic value of diminished GRVLSS across PAH subtypes.

To our knowledge, we are the first to reveal significant regional differences in RV function between
SSc-PAH and IPAH at similar afterloads. We previously demonstrated a heterogeneous pattern of RVLSS
in a large cohort of SSc patients in which there was increased contractility of the basal RV free wall and
diminished contractility of the midventricular and apical segments [8]. Here, we similarly demonstrated
regional heterogeneity in which midventricular and apical segments had decreased RVLSS compared with
the basal RV segment. However, in our current cohort of PAH patients with RV dysfunction, there was
diminished GRVLSS in SSc-PAH that was largely driven by decreased basal RVLSS. Importantly, regional
abnormalities in contractility detected by RVLSS were not evident by conventional 2DE parameters of RV
function such as tricuspid annular plane systolic excursion and fractional area change. We further
demonstrated that reduction in GRVLSS of less than −13.7% was strongly predictive of long-term survival.
However, there were no differences in the predictive value of GRVLSS between IPAH and SSc-PAH
potentially signalling a similar mortality outcome once strain derangements reach a certain threshold of
abnormality. GRVLSS is not only an important predictor of outcome as we have also demonstrated that
RVLSS may improve after initial upfront specific therapy with ambrisentan and tadalafil in SSc-PAH [16].

TABLE 1 Continued

All PAH (n=55) IPAH (n=23) SSc-PAH (n=32) p-value (IPAH
versus SSc-PAH)

Normal value

Fractional area change % 17.6±0.28 17.4±0.71 17.7±0.46 NS ⩾35¶
TAPSE mm 15.8±0.1 15.3±0.3 16.1±0.2 NS ⩾17¶
Pericardial effusion n (%) NS NA
Mild 14 (25.4) 7 (30.4) 7 (21.9)
Moderate–severe 4 (7.3) 0 (0) 4 (12.5)

Speckle-tracking derived parameters
Basal RVLSS % −19.2±0.18 −23.0±0.37 −16.4±0.30 0.02 −25±6+

Midventricular RVLSS % −13.8±0.12 −13.8±0.28 −13.8±0.22 NS −27±5+

Apical RVLSS % −8.4±0.10 −9.8±0.26 −7.4±0.14 NS −24±6+

Global RVLSS % −13.7±0.09 −15.6±0.19 −12.6±0.16 0.03 −26±4+

Data are expressed as mean±standard error. PAH: pulmonary arterial hypertension; NA: not applicable or not available; NS: nonsignificant;
BSA: body surface area; SBP: systolic blood pressure; DBP: diastolic blood pressure; FVC: forced vital capacity; WHO: World Health Organization;
NT-proBNP: N-terminal pro B-type natriuretic peptide; ERA: endothelin receptor antagonist; PDE5I: phosphodiesterase 5 inhibitor; PAP:
pulmonary artery pressure; PAWP: pulmonary artery wedge pressure; PVR: pulmonary vascular resistance; SV: stroke volume; PP: pulmonary
pulse; LV: left ventricular; TAPSE: tricuspid annular plane systolic excursion; RVLSS: right ventricular longitudinal systolic strain. #: normal values
taken from [14]; ¶: normal values taken from [12]; +: normal values taken from [15] (data expressed as mean±standard deviation).
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In summary, we demonstrate significant global and regional differences in RV function between IPAH and
SSc-PAH, which were independent of afterload, driven by diminished systolic strain of the basal RV free
wall segment in SSc-PAH. Importantly, RV contractile abnormalities as detected by RVLSS were present
despite shorter PAH disease duration in SSc-PAH patients. Our findings however suggest differential RV
myocardial disease that distinguishes PAH subtypes that may be detected noninvasively, and may be
attributable to myocardial fibrosis and/or microvascular disease unique to SSc. The potential prognostic
value of RV strain changes over time in response to therapy will require further assessment through
carefully designed longitudinal studies.
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FIGURE 1 Global right ventricular longitudinal systolic strain as a predictor of survival in our cohort of
pulmonary arterial hypertension (PAH) patients. Kaplan–Meier curves of survival (all-cause mortality) in PAH
patients according to global right ventricular longitudinal systolic strain (GRVLSS) <−13.7% or ⩾−13.7%.
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