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and CI (r = 0.369, P = 0.002). According to receiver oper-
ating characteristic curves, the optimal cut-off values of 
RVLSglobal (–15.0%) and RVLSFW (–15.3%) for prognosis 
detection with good sensitivity and specificity. Evidence 
has shown that RVLS measurement can provide the much-
needed and reliable information on RV function and hemo-
dynamics. Therefore, this qualifies as a patient-friendly 
approach for the clinical management of PH patients.

Keywords  Speckle tracking imaging · Pulmonary 
hypertension · Ventricular function · Hemodynamics

Introduction

Pulmonary hypertension (PH) is a life-threatening disease 
associated with poor outcomes. It is a pathophysiologi-
cal disorder that involves multiple clinical conditions, and 
may worsen co-occurring cardiovascular and respiratory 
diseases [1]. Standard parameters for diagnosis involve the 
assessment of pulmonary hemodynamics, that is, mean pul-
monary arterial pressure (mPAP) or pulmonary vascular 
resistance (PVR) [2]. Furthermore, this necessitates inva-
sive right heart catheterization (RHC), which may give sig-
nificant economic burden to patients [3]. Therefore, there is 
a need for a noninvasive approach that can reliably reflect 
the changes in pulmonary hemodynamics.

Transthoracic echocardiography has been a widely used 
noninvasive method for the evaluation of PH [4]. First, it 
helps in determining pulmonary arterial pressure (PAP) 
by measuring the tricuspid valve regurgitation velocity. 
Second, echocardiography is a widely used approach for 
evaluating right ventricular (RV) function. RV function 
in PH patients is influenced by increased afterload, and 
is associated with adverse outcomes. In patients with PH, 

Abstract  The right ventricular longitudinal strain 
(RVLS) of pulmonary hypertension (PH) patients and its 
relationship with RV function parameters measured by 
echocardiography and hemodynamic parameters measured 
by right heart catheterization was investigated. According 
to the WHO functional class (FC), 66 PH patients were 
divided into FC I/II (group 1) and III/IV (group 2). RV 
function parameters were measured by echocardiographic 
examinations. Hemodynamic parameters were obtained by 
right heart catheterization. Patients in group 2 had higher 
systolic pulmonary artery pressure (sPAP; P < 0.05) than 
patients in group (1) significant between-group differences 
were observed in global RVLS (RVLSglobal), free wall 
RVLS (RVLSFW; P < 0.01), and RV conventional func-
tion parameters (all P < 0.05). Moreover, mPAP and PVR 
increased remarkably and CI decreased significantly in 
group (2) RVLSglobal had a positive correlation with 6-min 
walking distance (6MWD; r = 0.492, P < 0.001) and N-ter-
minal pro-brain natriuretic peptide (NT-proBNP; r = 0.632, 
P < 0.001), while RVLSFW had a positive correlation with 
6MWD (r = 0.483, P < 0.001) and NT-proBNP (r = 0.627, 
P < 0.001). Hemodynamics analysis revealed that 
RVLSglobal had a positive correlation with mPAP (r = 0.594, 
P < 0.001), PVR (r = 0.573, P < 0.001) and CI (r = 0.366, 
P = 0.003), while RVLSFW had a positive correlation with 
mPAP (r = 0.597, P < 0.001), PVR (r = 0.577, P < 0.001) 
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progressive right heart failure has been the main cause of 
death. Conventional parameters for evaluating RV function 
include the RV index of myocardial performance (RIMP), 
tricuspid annular plane systolic excursion (TAPSE), RV 
fractional area change (RVFAC), and tricuspid annular 
systolic velocity (s′) [5]. Recently, the measurement of RV 
longitudinal strain (RVLS) by two-dimensional speckle 
tracking imaging (2D-STI) has gained attention for estimat-
ing global and regional systolic RV function [5, 6]. It helps 
quantify complex cardiac motions based on the frame-to-
frame tracking of ultrasonic speckles in gray-scale images. 

Moreover, angle-independent imaging makes 2D-STI a 
better choice compared to diffusion tensor imaging in the 
clinical setting [6]. The term RVLS usually refers to either 
the average of RV free wall and septal segments or RV free 
wall segments alone.

In this study, we determined RVLS using 2D-STI, and 
analyzed its correlations with hemodynamic parameters 
measured through RHC and RV function parameters by 
echocardiography. Furthermore, this study proposes its 
clinical application for evaluating RV function and hemo-
dynamics in PH patients.

Fig. 1   Measurement of the RVLS by two-dimensional speckle track-
ing echocardiography. Global RVLS (RVLSglobal) was obtained from 
RV free wall and septal segments. Free wall RVLS (RVLSFW) was 
obtained from three segments of the free wall. a Measurement of 

RVLSglobal in WHO FC II patients. b Measurement of RVLSFW in 
WHO FC II patients. c Measurement of RVLSglobal in WHO FC IV 
patients. d Measurement of RVLSFW in WHO FC IV patients



1739Int J Cardiovasc Imaging (2017) 33:1737–1748	

1 3

Materials and methods

Patient enrolment

Consecutive adult patients with definite PH verified by 
RHC between April 2015 and January 2016 at Beijing 
Chaoyang Hospital were retrospectively studied. Mean 
patient age was 47.1 ± 13.7  years. Among these patients, 
41 patients had chronic thromboembolic PH, 23 patients 
had pulmonary arterial hypertension, and two patients had 
hypoxic PH. These patients were evaluated according to 
standard guidelines. Exclusion criteria were: (1) pregnant 
and lactating patients, (2) patients with left-sided heart 
failure, coronary artery disease, moderate to severe aortic 
and/or mitral valval disease, and atrial fibrillation/flutter, 
and (3) patients (four) whose endocardium was not vis-
ible. Patients were divided into two groups according to the 
WHO PH Functional Class: group 1 (WHO FC I/II) and 

group 2 (WHO FC III/IV). This study was conducted in 
accordance with the guidelines of the Declaration of Hel-
sinki and was approved by the ethics committee of Beijing 
Chaoyang Hospital. Written informed consent was obtained 
from all participants.

Echocardiographic examination

Echocardiographic examinations were performed on 
all patients to assess right heart function. Images were 
obtained with the patient at left lateral decubitus position 
using a Philips EPIQ 7C (Philips Healthcare, MA, USA). 
The evaluation of RV function was based on the recom-
mendations of the guidelines for the echocardiographic 
assessment of the right heart in adults [7]. Images of the 
RV-focused apical four-chamber view were obtained for 
further analysis, and TAPSE was acquired in M-mode. 
Systolic displacement was measured from end-diastole to 

Table 1   Patient characteristics

6MWD 6-min walking distance, BSA body surface area, CRP C-reactive protein, DLPA inner diameter of 
the left arterial branch, DMPA inner diameter of the main pulmonary artery, DRPA inner diameter of the right 
pulmonary arterial branch, EI eccentricity index, HR heart rate, LogNT-proBNP B-type natriuretic polypeptide 
concentration expressed as a logarithm of its value, LVD LV diameter, LVD left ventricular diameter, LVEF 
LV ejection fraction, NT-proBNP N-terminal pro-brain natriuretic peptide, PH pulmonary hypertension, RV 
EDA RV right ventricular end-diastolic area, RV ESA RV end-systolic area, RVD RV diameter, SpO2 pulse 
oxygen saturation

Parameters Group 1 (n = 43) Group 2 (n = 23) P

Age (years) 47.3 ± 13.4 47.1 ± 14.5 0.983
Clinical
 Female 30 19 0.261
 BSA (m2) 1.75 ± 0.18 1.64 ± 0.18 0.554
 HR (bpm) 83.37 ± 11.80 83.48 ± 13.07 0.973
 Systolic pressure (mmHg) 122.35 ± 20.52 117.61 ± 16.72 0.345
 Diastolic pressure (mmHg) 77.30 ± 11.65 75.09 ± 11.35 0.460
 SpO2 (%) 91.58 ± 4.25 91.36 ± 5.94 0.865
 6MWD (m) 394.44 ± 12.61 278.00 ± 62.75 <0.001

Laboratory
 NT-proBNP plasma level (ng/l) 906.43 ± 958.04 1995.32 ± 1455.08 <0.001
 LogNT-proBNP 2.63 ± 0.64 3.16 ± 0.39 0.003
 CRP (mg/dl) 0.41 ± 0.23 0.56 ± 0.33 0.049

Echocardiographic parameters
 LVEF (%) 69.93 ± 6.12 67.91 ± 5.95 0.203
 DMPA (mm) 32.44 ± 5.10 34.96 ± 6.33 0.085
 DRPA (mm) 22.85 ± 2.56 24.08 ± 3.76 0.122
 DLPA (mm) 20.84 ± 2.63 22.54 ± 2.73 0.017
 EI 1.46 ± 0.38 1.70 ± 0.26 0.021
 RV EDA indexed to BSA (cm2/m2) 16.28 ± 1.80 20.09 ± 4.47 0.004
 RV ESA indexed to BSA (cm2/m2) 10.67 ± 4.03 14.57 ± 3.55 <0.001
 RV basal diameter (mm) 42.78 ± 3.52 51.67 ± 2.90 <0.001
 RV mid-diameter (mm) 36.81 ± 4.26 45.97 ± 4.88 <0.001
 RV longitudinal diameter (mm) 67.86 ± 5.85 69.60 ± 5.50 0.244
 RVD/LVD 1.39 ± 0.33 1.80 ± 0.37 <0.001
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end-systole. Furthermore, RV end-diastolic area (RV EDA) 
and RV end-systolic area (RV ESA) were obtained by two-
dimensional echocardiography. The RVFAC was calcu-
lated as: (RV diastolic area−RV systolic area)/RV diastolic 
area × 100%. The tricuspid s′ was measured by tissue Dop-
pler imaging in the apical four-chamber view. RIMP was 
calculated as the ratio of isovolumic time to ejecting time, 
which was measured during pulsed tissue Doppler imag-
ing. According to the 2015 American Society of Echocar-
diography guidelines and standards for cardiac chamber 
quantification by echocardiography in adults, the criteria 
for RV dysfunction were TAPSE < 17  mm, RIMP > 0.54, 
FAC < 35%, and s′ < 9.5 cm/s [5].

2D‑STI analysis

Apical four-chamber views were specifically optimized to 
visualize the right ventricle and obtain echocardiographic 
cine loops by recording three consecutive heart cycles (>61 
frames per second). Data were stored in a mobile device in 
DICOM format, and offline analyses were performed using 
QLAB 10.3 software (Philips Healthcare). After entering 
the aCMQ interface to determine the apical four-chamber 
view and choosing the AP4 option, a region of interest was 

traced with a point-and-click approach on the endocardium 
at end-diastole in the right ventricle from the RV-focused 
view. Then, a larger region of interest was generated and 
manually adjusted near the epicardium. Special care was 
taken to fine-tune the region of interest using visual assess-
ment during cine loop playback, in order to ensure that the 
segments were tracked appropriately. After computational 
analysis, global RVLS (RVLSglobal) and free wall RVLS 
(RVLSFW) were obtained (Fig. 1).

Right heart catheterization

All patients underwent RHC for hemodynamic measure-
ments. Venous access was obtained by inserting an intro-
ducer into the internal jugular vein. Swan–Ganz standard 
thermodilution pulmonary artery catheters were placed at 
the right inferior pulmonary artery. The measured indices 
were mPAP, pulmonary capillary wedge pressure (PCWP), 
PVR and central venous pressure (CVP). Cardiac out-
put was determined using the Fick method, and PVR was 
reported in Wood units. A 6MWD was performed accord-
ing to the American Thoracic Society protocol [8]. The 
time interval between echocardiography and right heart 
catheterization was 0–21 days (median: 3.5 days).

Statistical analyses

Continuous variables are expressed as mean ± standard 
deviation. Normality was evaluated using the one-sample 
Kolmogorov–Smirnov test. Independent sample t-test was 
performed to compare the results of group 1 and group 2. 
Linear regression analysis was used to study the relation-
ships between two variables. The optimal cut-off values 
and the ability of RVLS (RVLSglobal and RVLSFW) to pre-
dict ominous prognosis was assessed using the area under 
the curve (AUC) of receiver operating characteristic (ROC) 
curves. The optimal cut-off value was defined as clos-
est to 1 in the top left corner. The ROC curves of RVLS 
(RVLSglobal and RVLSFW) were statistically compared 
against those of the conventional echo markers (s′ and 
TAPSE) using the method of DeLong. Interobserver and 

Table 2   Comparison of RV function between groups 1 and 2

RIMP right ventricular index of myocardial performance, RVFAC RV 
fractional area change, RVLSFW free wall right ventricular longitudi-
nal strain, RVLSglobal global RVLS, s′ tissue Doppler-derived tricuspid 
lateral annular systolic velocity, TAPSE tricuspid annular plane sys-
tolic excursion

Parameters Group 1 (n = 43) Group 2 (n = 23) P

Strain parameters
 RVLSglobal (%) −16.91 ± 4.09 −12.53 ± 3.16 <0.001
 RVLSFW (%) −17.22 ± 4.18 −12.64 ± 3.23 <0.001

Conventional parameters
 TAPSE (mm) 15.94 ± 4.09 12.34 ± 3.26 <0.001
 RIMP 0.73 ± 0.28 0.94 ± 0.35 0.010
 RVFAC (%) 33.51 ± 7.83 27.22 ± 7.21 0.002
 s′ (cm/s) 11.33 ± 3.43 9.01 ± 2.35 0.005

Fig. 2   Comparison of right 
ventricular longitudinal strain 
(RVLS) between the two 
groups. RVLSglobal and RVLSFW 
were significantly decreased 
in patients in group 2 com-
pared with patients in group 1 
(P < 0.01)
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intraobserver intraclass correlation coefficients (ICCs) of 
RVLSglobal and RVLSFW were calculated using a two-way 
mixed model with 95% CIs. The agreement between inter-
observer and intraobserver reproducibility was tested using 
the Bland–Altman method. P < 0.05 was considered statis-
tically significant. SPSS (version 17.0 for Windows; SPSS 
Inc., Chicago, IL, USA) was used for statistical analysis 
and graphical presentation.

Results

Patient characteristics

A total of 66 consecutive patients with definite PH were 
enrolled into this study. As shown in Table  1, the study 
population included 17 male and 49 female subjects with 
an average age of 47.1 ± 13.7 years. This cohort consisted 

of 41 patients with chronic thromboembolic PH, 23 patients 
with pulmonary arterial hypertension, and two patients 
with hypoxic PH. Forty-three patients were assigned to 
group 1 and 23 patients were assigned to group 2. Both 
groups revealed no significant differences in age, gender 

Fig. 3   Correlation between RVLS (RVLSglobal and RVLSFW) and 6MWD and B-type natriuretic polypeptide concentration expressed as a loga-
rithm of its value (LogNT-proBNP) is positive (P < 0.01)

Table 3   Comparison of right heart catheterization parameters 
between groups 1 and 2

CI cardiac index, CVP central venous pressure, mPAP mean pulmo-
nary artery pressure, PCWP pulmonary capillary wedge pressure, 
PVR pulmonary vascular resistance, WU Wood units

Parameters Group1 (n = 43) Group 2 (n = 23) P

mPAP (mmHg) 44.86 ± 12.99 54.57 ± 12.49 0.005
PVR (WU) 11.47 ± 7.76 16.00 ± 4.80 0.013
PCWP (mmHg) 6.67 ± 4.06 7.78 ± 2.70 0.244
CI (l/min/m2) 2.27 ± 0.61 1.93 ± 0.47 0.024
CVP (mmHg) 4.37 ± 3.48 7.43 ± 6.49 0.044
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Fig. 4   Correlation between RVLS (RVLSglobal and RVLSFW) and mean pulmonary arterial pressure (mPAP), cardiac index (CI) and PVR is 
positive (P < 0.01)



1743Int J Cardiovasc Imaging (2017) 33:1737–1748	

1 3

and body surface area. The enlargement of the right ven-
tricle was more obvious in group 2 than in group 1, which 
manifested as larger RV EDA and RV ESA indexed to BSA 
and a significantly higher eccentricity index and RVD/LVD 
(P < 0.05).

RV function

sPAP was more significantly elevated in group 2 than in 
group 1 (P < 0.05). Furthermore, RVLSglobal and RVLSFW 
remarkably differed between these two groups (P < 0.01, 
Table 2), with group 2 demonstrating significantly reduced 
RVLSglobal and RVLSFW (Fig. 2).

With regard to the traditional parameters of RV func-
tion, significant differences were observed in TAPSE, 
RIMP, RVFAC and s′ between these two groups (P < 0.05, 
Table 2). These indices revealed a significant reduction in 
patients in group 2, with a worse heart function (WHO FC 
III/IV).

RVLSglobal had a positive correlation with 6MWD 
(r = 0.492, P < 0.001) and LogNT-proBNP (r = 0.632, 
P < 0.001), while RVLSFW had a positive correlation with 
6MWD (r = 0.483, P < 0.001) and LogNT-proBNP (r = 0.627, 
P < 0.001; Fig. 3a–d).

Right heart catheterization

Patients in group 2 manifested higher mPAP, PVR and cen-
tral venous pressure (CVP) than patients in group 1, which 
coincided with a remarkable decline in CI (P < 0.05). How-
ever, pulmonary capillary wedge pressure (PCWP) did not 
show a significant statistical difference (P > 0.05, Table 3).

RV strain and RHC parameters

RVLSglobal was positively correlated with mPAP (r = 0.594, 
P < 0.001), CI (r = 0.366, P = 0.003) and PVR (r = 0.573, 
P < 0.001). The same was observed in RVLSFW with mPAP 
(r = 0.597, P < 0.001), CI (r = 0.369, P = 0.002) and PVR 
(r = 0.577, P < 0.001) (Fig. 4a–f).

Predictive value of RV strain (RVLSglobal and RVLSFW) 
for ominous prognosis in patients with PH

Areas under the curve (AUCs; Table  4; Fig.  5a–c) show 
the ability of RVLS (RVLSglobal and RVLSFW) and tradi-
tional echocardiographic parameters (s′ and TAPSE) to 
predict RV dysfunction based on NT-proBNP, 6MWD and 
CI. The AUCs of ROC curves indicated that RVLSglobal 
and RVLSFW are useful predictive parameters of RV dys-
function based on NT-proBNP, CI and 6MWD. From 
the ROC curves, the optimal cut-off values of RVLSglobal 

and RVLSFW for prognosis detection with sensitivity 
and specificity were as follows: NT-proBNP > 1400  ng/l, 
CI < 2.0 l min/m2 and 6MWD < 440 m (Tables 5, 6).

Reproducibility

The interobserver reliability of RVLS was assessed using 
measurements from ten patients by different observers 
and by examiners blinded to the patient types (Table  7; 
Fig.  6a–d). One of the two observers is an expert in 
echocardiography.

Discussion

Despite recent advances in the treatment of PH, its long-
term prognosis remains poor as PH has been often associ-
ated with serious complications and mortality. In fact, the 
long-term survival rates of WHO FC I/II PH patients were 
better than that of PH patients in higher functional classes 
[3]. Not all clinical hemodynamic parameters can be 
applied to PH patients in the assessment of disease severity. 
Since the level of PAP is influenced not only by an increase 
in PVR but also by changes in RV function, the correla-
tion between PAP and prognosis in late severe pulmonary 

Table 4   AUCs indicating the ability of RVLS (RVLSglobal and 
RVLSFW) and traditional echocardiographic parameters (s′ and 
TAPSE) to predict RV dysfunction based on NT-proBNP, 6MWD 
and CI

All P > 0.05
6MWD 6-min walking distance, AUC area under the curve, CI confi-
dence interval, NT-proBNP N-terminal pro-brain natriuretic peptide, 
RVLSFW free wall right ventricular longitudinal strain, RVLSglobal 
global RVLS, s′ peak tricuspid annular systolic velocity, TAPSE tri-
cuspid annular plane systolic excursion

Variables AUC Standard error 95% CI

NT-proBNP
 s′ 0.787 0.057 0.668−0.878
 TAPSE 0.865 0.044 0.759−0.937
 RVLSglobal 0.908 0.038 0.811−0.965
 RVLSFW 0.906 0.037 0.809−0.964

6MWD
 s′ 0.855 0.071 0.746−0.929
 TAPSE 0.903 0.038 0.805−0.962
 RVLSglobal 0.738 0.072 0.615−0.839
 RVLSFW 0.736 0.076 0.613−0.837

Cardiac index
 s′ 0.689 0.068 0.562−0.798
 TAPSE 0.739 0.064 0.615−0.840
 RVLSglobal 0.659 0.069 0.530−0.772
 RVLSFW 0.657 0.069 0.529−0.770
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Fig. 5   Receiver operating characteristic curves demonstrating the ability of s′, TAPSE, RVLSglobal and RVLSFW to predict RV dysfunction: a 
NT-proBNP > 1400 ng/l, b CI < 2.0 l /min/m2, and c 6MWD < 440 m

Table 5   AUC indicating the 
ability of optimal cut-off value 
of RVLSglobal below −15.0% 
to predict RV dysfunction in 
patients with PH

6MWD 6-min walking distance, AUC area under the curve, CI cardiac index, NT-proBNP N-terminal pro-
brain natriuretic peptide

NT-proBNP > 1400 ng/l CI < 2.0 l/min/m2 6MWD < 440 m

AUC 0.908 0.654 0.738
Standard error 0.037 0.068 0.070
P <0.001 0.032 0.008
95% CI 0.835−0.981 0.520−0.788 0.600−0.876
Sensitivity (%) 95.7 56.3 58.5
Specificity (%) 76.7 58.8 92.3
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arterial hypertension patients is very poor. Therefore, deci-
sion making with regard to treatment shall not depend 
solely on the level of PAP. An objective evaluation of the 
severity, stability and prognosis of the disease should be 
performed on the basis of various parameters. Humbert 
et al. demonstrated that PH screening for systemic sclerosis 
patients can help identify patients with milder forms of PH, 
leading to earlier therapeutic interventions and better sur-
vival [9]. By comparing the RHC parameters in this study, 
mPAP, PVR and CVP were higher in group 2 than in group 
1, and CI was significantly reduced; indicating that RV 
function declined more significantly in patients in group 2. 
According to two-dimensional speckle tracking parameters, 
changes in RV function were more obvious in patients in 
group 2, suggesting that RVLS measured by 2D-STI is 
more sensitive than traditional RV function parameters in 
evaluating the disease severity among PH patients.

In our study, both RVLSglobal and RVLSFW positively 
correlated with 6MWD and NT-proBNP, suggesting that 
RVLS has the power to predict the prognosis of RV func-
tion in PH patients. A fatal increase in RV afterload may 
inhibit RV contractility, leading to hemodynamic instabil-
ity in PH patients. The interaction between the right ven-
tricle and PA or the correlation between RV contractil-
ity and afterload determines the performance of the right 
heart constriction [10]. More attention should be given 
to changes in right heart function and hemodynamics in 

patients with PH. Vascular constriction, vascular remod-
eling, and in situ thrombosis, at the onset and development 
of PH, together lead to an increase in PVR [11]. Our corre-
lation analysis indicated that both RVLSglobal and RVLSFW 
positively correlated with mPAP, PVR and CI, which were 
measured by RHC. Thus, the measurement of RVLS can 
indirectly reflect hemodynamic changes and hence is a 
noninvasive approach for evaluating myocardial longitudi-
nal RV function. Under normal contractions, the shorten-
ing of the longitudinal direction of the RV myocardium 
would contribute greatly to the RV stroke volume, than 
the shortening of the circumferential direction [12, 13]. A 
study [14] has found that inherent mechanical characteris-
tics and microstructures of myocardial cells change due to 
the accumulation of extra tissues [14]. Differences in levels 
of myocardial coupling in longitudinal and circumferential 
directions may indicate that an heterogeneous reaction is 
obvious across different stages of PH [14].

Compared to TAPSE and DTI-derived s′, the angle inde-
pendency of STE-derived RVLS is an advantage. TAPSE 
and s′ assume that a single segment represents the func-
tion of a complex 3D structure. RVLS is a useful parameter 
for estimating RV global and regional systolic function. It 
depends on RV loading conditions as well as RV size and 
shape and is less confounded by the overall heart motion.

ESC/ERS guidelines recommend the regular assess-
ment of PH patients [1]. A comprehensive assessment 
of RV function and prognostic information are useful in 
the management of patients. In clinical practice, although 
6MWD can be influenced by several factors, NT-proBNP 
appears to be a stronger predictor of prognosis [15]. Fol-
lowing clinical guidelines, we analyzed the predictive 
value of the RVLS for ominous prognosis in patients with 
PH. In our study, RVLSglobal below −15.0% and RVLSFW 
below −15.3% indicated poor long-term prognosis in PH 
patients.

Some scholars argue that the division of ventricu-
lar septum into left and right components cannot reli-
ably be differentiated by echocardiography. Therefore, 
the inclusion of the septum will necessarily include left 

Table 6   AUC indicating the 
ability of optimal cut-off value 
of RVLSFW below −15.3% 
to predict RV dysfunction in 
patients with PH

6MWD 6-min walking distance, AUC area under the curve, CI cardiac index, NT-proBNP N-terminal pro-
brain natriuretic peptide

NT-proBNP > 1400 ng/l CI < 2.0 l/ min/m2 6MWD < 440 m

AUC 0.906 0.653 0.736
Standard error 0.036 0.068 0.074
P value <0.001 0.033 0.009
95% CI 0.834−0.977 0.519−0.781 0.591−0.881
Sensitivity (%) 95.7 56.3 58.5
Specificity (%) 76.7 58.8 92.3

Table 7   Inter- and intraobserver variability in measurements

Parameters Absolute mean 
difference 
(mean ± SD)

Interclass 
correla-
tion

95% CI P

Lower Upper

VLSglobal

 Interobserver 0.01 ± 0.42 0.997 0.989 0.999 <0.001
 Intraobserver 0.03 ± 0.83 0.997 0.987 0.999 <0.001

RVLSFW

 Interobserver 0.12 ± 0.40 0.998 0.990 0.999 <0.001
 Intraobserver 0.10 ± 0.45 0.998 0.987 0.999 <0.001
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ventricular strain values that may not directly affect the 
right ventricle [16]. In our cohort, there were no obvi-
ous differences between using either RVLS global or free 
wall. Dahhan et  al. reported that both global and free 
wall RVLS are associated with outcomes on multivari-
able analyses after accounting for age, gender and sys-
tolic blood pressure in acute pulmonary embolism [17]. 
Park et al. revealed that the global longitudinal strain of 
RV demonstrates a significant correlation with PVR cal-
culated using right heart catheterization and echocardio-
graphic parameters [18]. RV free wall strain also revealed 
similar results. Wright et  al. reported that both RV free 
wall strain and FAC are helpful in detecting the acuity 
of RV pressure overload [19]. Meanwhile, the inclusion 
of RV free wall strain provided an incremental value to 
clinical and traditional echocardiographic variables.

Study limitations

We acknowledge a few potential limitations in our study. 
First, despite the retrospective and observational nature of 
this study, the relatively small number of PH patients was 
a major limitation. Second, possible bias in subject identi-
fication could have influenced the outcomes of this study. 
Third, it was not possible to simultaneously perform echo-
cardiographic studies and RHC. Fourth, we included differ-
ent types of PH, thereby making the study more heteroge-
neous rather than homogenous. Future studies with a larger 
sample size and a more comprehensive analysis between 
subgroups are needed; meanwhile, attention must also be 
paid to the reproducibility of RVLS.

Given the complex nature of the right ventricle, the 
measurement of strain by 3D speckle tracking, compared 
to 2D speckle training, may better reflect the true nature of 

Fig. 6   Reproducibility of RVLSglobal and RVLSFW. Inter- and intraobserver reliability of RVLSglobal and RVLSFW were assessed with ten sub-
jects
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contraction, because it includes a larger portion of the right 
ventricle and more strain vectors [16]. Previously, several 
studies have used the 3D strain to evaluate the RV dysfunc-
tion and clinical outcomes in sheep as well as in humans 
with PH [16, 20–22]. Kind et  al. found that, compared to 
longitudinal motion, transverse motion at mid-RV reveals 
a significantly stronger relationship with RVEF and hence 
might be a better predictor of RV function [23].

Conclusions

RVLS can indirectly and sensitively reflect RV function 
and hemodynamic changes in PH patients, and provide 
a diagnosis for patients with adverse prognosis. Further-
more, it can help in the clinical evaluation of the status 
and severity of the disease, as well as provide more valu-
able information for treatment decisions for PH patients.
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