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Abstract
Pulmonary arterial hypertension (PAH) is a serious and often fatal complication of connective tissue disease (CTD). Right 
atrial (RA) function is essential to maintaining adequate total right heart function in PAH. However, little is known about 
prognostic utility of RA function in CTD-PAH. RA longitudinal strain (LS) and strain rate (LSR) were evaluated in 53 
consecutive patients (51 female, mean age 42 ± 15 years) with CTD-PAH, including systemic lupus erythematosus (SLE) 
(33.7%), mixed connective tissue disease (MCTD) (32.1%), primary Sjögren’s syndrome (pSS) (26.4%), and systemic scle-
rosis (SSc) (3.8%). At a mean follow-up of 19.3 ± 10.9 months, 20 patients (37.7%) were clinically worse. The group with 
clinical events had worse clinical conditions and poorer RA function at baseline compared with the group that had no clinical 
events. RA LS independently reflected World Health Organization functional class (WHO FC) after adjusting for RA area 
(RAA), tricuspid regurgitation (TR) grade, right ventricular (RV) global longitudinal strain (GLS), and pulmonary vascular 
resistance (PVR) (P = 0.006). Receiver operator characteristic (ROC) curve analysis indicated that RA LS < 22.9% was pre-
dictive of clinical worsening during follow-up (sensitivity = 80%; specificity = 87.9%; area under the curve (AUC) = 0.858), 
and the Kaplan–Meier curve confirmed that RA LS ≥ 22.9% was associated with more favorable long-term outcomes com-
pared to RA LS < 22.9% (log-rank P < 0.01). On univariate Cox proportional hazards analysis, PVR, RVGLS, RAA, and RA 
LS were associated with long-term outcome, while RA LS was the only independent predictor in the multivariate analysis. 
Our findings suggest that RA LS measurements by speckle-tracking echocardiography (STE) can independently reflect the 
extent of right heart failure and predict clinical outcomes in patients with CTD-PAH. RA LS < 22.9% is associated with a 
higher risk of clinical worsening.
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Introduction

Pulmonary arterial hypertension (PAH) is a severe and often 
fatal complication of connective tissue disease (CTD) [1, 2]. 
CTD is a major cause of PAH, and CTD-associated PAH 
(CTD-PAH) comprises approximately one-fourth of the total 

PAH population [3]. PAH significantly worsens the progno-
sis of CTD and is a major cause of mortality. PAH leads to 
increased pulmonary vascular resistance (PVR), resulting in 
right ventricular (RV) dilation, dysfunction, and ultimately 
right heart failure. Mortality in PAH patients is associated 
with the extent of right-sided heart failure [4], and in the 
setting of RV failure, preserved right atrial (RA) function 
is essential for maintaining adequate total right heart func-
tion [5]. As such, accurate assessment of RA function is 
crucial in PAH. Two-dimensional speckle-tracking echo-
cardiography (2D-STE) is an easily obtained, angle-inde-
pendent technique for quantifying myocardial deformation 
that has proven to be reliable in the assessment of RV and 
RA function in PAH [6, 7]. RA longitudinal strain (LS) and 
strain rate (LSR) have been demonstrated to be predictive of 
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right-sided heart failure, clinical deterioration, and mortality 
in patients with PAH [8, 9]. However, all of these studies 
were performed in populations with heterogeneous causes 
of PAH, and CTD-PAH has not been studied independently. 
CTD-PAH has unique characteristics compared with other 
PAH subtypes, including less favorable outcome, venous 
and cardiac involvement, and response to immunosuppres-
sion [10]. Immune and inflammatory mechanisms may 
play important roles in the development and progression of 
CTD-PAH, and early-stage CTD-PAH may be curable in 
some patients [11]. All of this suggests the importance of 
performing studies focusing on CTD-PAH. In the present 
study, RA function was evaluated in a CTD-PAH cohort. 
The aims were to assess RA LS and LSR in CTD-PAH using 
2D-STE and to investigate the utility of RA strain for pre-
dicting adverse events in CTD-PAH.

Methods

Study population

We enrolled consecutive patients with CTD-PAH who were 
admitted to the Department of Rheumatology at the First 
Hospital of China Medical University (CMU) from July 1 
2015 to June 31 2018. Patients underwent a complete echo-
cardiography at the Department of Cardiovascular Ultra-
sound to assess heart structure and function and pulmonary 
artery pressure. Patients with peak tricuspid regurgitation 
velocity (TRV) on continuous-wave Doppler echocardiog-
raphy > 3.4 m/s were included, and exclusion criteria were 
total lung capacity < 60% of predicted, severe interstitial 
lung disease, and congenital heart disease or left heart dis-
ease including cardiomyopathy, moderate or severe valvular 
disease, systolic dysfunction defined as LVEF < 52% in male 
or < 54% in female [12], and grade II or higher diastolic dys-
function [13]. Patients with poor acoustic echocardiographic 
windows and inadequate images for strain measurement 
were also excluded. CTD type at the time of enrollment was 
defined according to the American College of Rheumatology 
(ACR) criteria. Clinical data were collected simultaneously, 
including duration of disease, World Health Organization 
functional class (WHO FC), 6-min walk distance (6MWD), 
and plasma brain natriuretic peptide (BNP) level. Thirty 
healthy volunteers who were matched for age, sex, and body 
surface area (BSA) with the study patients were enrolled 
as a control group. All patients were evaluated regularly 
at 6-month intervals and all adverse events were recorded, 
with adverse events defined as death, initiation of prostanoid 
therapy, or worsening of PAH, as indicated by the occur-
rence of all three of the following: a decrease in 6MWD of at 
least 15% from baseline; worsening of PAH symptoms; and 
need for new PAH drug treatment. This study was approved 

by the Medical Ethics Committee of CMU and compliant 
with Ethics Committee requirements. All patients provided 
written informed consent before enrollment.

Conventional echocardiography

Standard complete transthoracic echocardiography was 
performed using a Philips EPIQ7 echocardiography 
machine equipped with a proprietary X5-1 probe (Philips 
Healthcare). Two-dimensional, M-mode, Doppler echo-
cardiography measurements were performed according to 
the current recommendations of the American Society of 
Echocardiography (ASE) [12]. Right ventricular dimensions 
and function were evaluated as recommended by current 
guidelines [14]. RV end-diastolic area (RVEDA) and end-
systolic area (RVESA) were calculated from the RV-focused 
view. RV fractional area change (FAC) was calculated as 
(RVEDA − RVESA)/RVEDA × 100%. Tricuspid annular 
plane systolic excursion (TAPSE) and tissue Doppler sys-
tolic tricuspid lateral annular systolic velocity (TA S′) were 
obtained from the RV-focused view. To assess RV diastolic 
function, Dopper velocities of transtricuspid flow (E wave 
and A wave) and tissue Doppler-derived velocities of tricus-
pid lateral annular (early diastolic velocity [TA E′] and late 
diastolic velocity [TA A′]) were measured, and Tricuspid 
E/A and E/E′ ratios were calculated. Right atrial area (RAA) 
was traced in the apical four-chamber view at the end of ven-
tricular systole. Tricuspid regurgitation (TR) was evaluated 
qualitatively and graded according to the following scale: 
trace = 1; mild = 2; moderate = 3; severe = 4.

Hemodynamic parameters estimated by Doppler 
echocardiography

Systolic pulmonary artery pressure (PASP) was esti-
mated according to the simplified Bernoulli equation as 
PASP = 4 × V2 (with V = peak velocity of tricuspid regur-
gitation) + RA pressure (RAP). RAP was estimated accord-
ing to the diameter and respiratory variation in diameter 
of the inferior vena cava (IVC) on echocardiography. IVC 
diameter < 2.1 cm with > 50% collapse on forced inhalation 
was indicative of normal RAP (3 mmHg), and IVC diam-
eter > 2.1 cm with < 50% collapse on forced inhalation, 
or < 20% collapse on quiet inspiration, was indicative of 
elevated RAP (15 mmHg). If the IVC diameter and collapse 
did not fit these criteria, an intermediate value of 8 mmHg 
was assigned [15]. Mean pulmonary artery pressure (mPAP) 
was calculated [16] as mPAP = 0.6 × PASP + 2 mmHg, and 
pulmonary vascular resistance (PVR) was calculated [17] as 
PVR = (PASP/right ventricular outflow tract velocity time 
interval [RVOTVTI]) + 3 (if notch present in pulse Doppler 
wave of the RVOT).
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Speckle tracking echocardiography

Apical four chamber views were obtained and three con-
secutive heart cycles were stored during breath hold with 
stable ECG recording in order to achieve a better image for 
2D-STE analysis. Standard 2D cine loops were recorded 
for offline analysis using a Phillips QLAB work station 
(Philips Healthcare). Strain analysis was performed in all 
studies with adequate image quality. Inadequate image qual-
ity was defined as poor visualization or tracking of two or 
more of six segments. The endocardial border was traced 
in the right ventricle at ventricular end-diastole and in the 
right atrium at ventricular end-systole for strain analyses. 
The region of interest was manually adjusted to the thickness 
of the myocardium. The wall of the RA or RV was automati-
cally divided into six segments. The software then tracked 
speckles throughout the cardiac cycle and provided an aver-
age curve of the six segments. Peak RV global longitudinal 
strain (RV GLS) was measured with the average curve of the 
RV strain. RA LS and LSR were measured with the average 
curve of the RA strain and the strain rate. Three different 
values were derived for the LSR, as previously described [7]: 
(1) the peak LSR, which occurs at RV systole and indicates 
reservoir function; (2) the early LSR, which occurs with the 
RV E wave and indicates passive conduit function; and (3) 
the late LSR, which occurs with the RV A wave and indi-
cates active contraction. All measurements were performed 
by a single investigator who was blinded to the patients’ 
clinical status.

Reproducibility

Intra- and interobserver variabilities for RA LS were exam-
ined in 20 randomly selected patients. To assess intraob-
server variability, the same observer, blinded to the initial 
measurements, repeated the measurements after more than 
4 weeks had elapsed. In addition, a second independent 
observer repeated the measurements twice to assess inter-
observer variability. One of the two observers was an expert 
in echocardiography.

Statistical analysis

All statistical analyses were performed using SPSS version 
22.0 (SPSS Inc., Chicago, IL, USA). Continuous data are 
presented as mean ± standard deviation (SD) and categorical 
variables as frequency (percentage). Normality plots with 
tests were performed using the Shapiro–Wilk test. Independ-
ent samples Student’s t test or Mann–Whitney U test was 
used, as appropriate, to compare differences in continuous 
variables between 2 groups, and categorical variables were 
compared using Chi square or Fisher exact test, as appro-
priate. Comparisons among three or more groups were 

assessed using one-way analysis of variance, and compari-
sons between groups were performed by post hoc analysis 
of variance using Scheffe’s method. A Pearson correlation 
was used to analyze the relationship between RA LS and 
the other echocardiographic and clinical parameters asso-
ciated with cardiac function. A Spearmen correlation was 
used to analyze the relationship between the WHO FC and 
the echocardiographic and clinical parameters. Multivari-
able linear regression was used to adjust for confounding 
factors, and receiver-operator characteristic (ROC) analysis 
was performed for prediction of clinical outcomes based on 
RA strain parameters, with results expressed as areas under 
the curve (AUC). Event-free survival curves were deter-
mined by the Kaplan–Meier method with a comparison of 
cumulative event rates by log-rank test. An initial univariate 
Cox proportional hazards analysis was performed to identify 
univariate predictors of long-term events and was followed 
by a multivariate Cox proportional hazards model using 
stepwise selection, with P-values for entry from the model 
set at < 0.10. Intra- and interobserver variabilities for RA 
LS were examined in 20 randomly-selected patients using 
Bland–Altman analyses. For all tests, P < 0.05 (two-tailed) 
was considered statistically significant.

Results

Patient characteristics

A total of 63 consecutive CTD-PAH patients were enrolled. 
After exclusion of 4 patients with suboptimal images 
because of poor echocardiographic windows, 4 patients 
with concomitant left heart disease, and 2 patients with 
congenital heart disease, 53 remaining CTD-PAH patients 
were enrolled in this study. Systemic lupus erythematosus 
(SLE) was the most common underlying CTD (22, 33.7%), 
followed by mixed connective tissue disease (MCTD) (17, 
32.1%), primary Sjögren’s syndrome (pSS) (14, 26.4%), 
and systemic sclerosis (SSc) (2, 3.8%). The mean age was 
42 ± 15 years, and 51 patients (96.2%) were female. At the 
time of enrollment, 37 patients (69.9%) had been treated 
with PAH-specific drugs and 16 were newly-diagnosed. 
The majority of patients were WHO FC III (50.9%) and 
IV (26.4%). PASP and PVR were 77.1 ± 11.5 mm Hg and 
9.71 ± 3.11 WU. The baseline characteristics of the study 
population are summarized in Table 1 and the echocardio-
graphic variables are presented in Table 2.

Comparison of baseline characteristics of patients 
with and without clinical worsening

At a mean follow-up of 19.3 ± 10.9 months, 20 patients 
(37.7%) exhibited clinical deterioration, specifically: 
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worsening of PAH in 9 (17%); initiation of prostanoid 
therapy in 2 (3.8%); and death (9, 17%). Causes of death 
are summarized in Table 3. The patients were divided into 
two groups, one with and the other without clinical events, 
and these 2 groups showed different baseline clinical and 
echocardiographic characteristics. PASP, mPAP, and PVR 
were significantly higher in patients with events than in 
those without events (70.7 ± 12.3 vs. 87.5 ± 14.7, P < 0.001; 
54.5 ± 8.8 vs. 44.4 ± 7.4, P < 0.001; 11.9 ± 3.6 vs. 8.39 ± 1.8, 
P < 0.001) and WHO FC and 6MWD were significantly 
worse in patients with events than in those without (FC IV, 
45% vs. 15.2%, P = 0.025; 396.7 ± 79.4 vs. 323.0 ± 76.8, 

P = 0.019). The comparison of baseline characteristics of 
patients with and without clinical worsening is summarized 
in Table 1.

Comparison of RV remodeling in patients 
with and without worsening clinical conditions

RV remodeling was analyzed in 53 patients. Compared 
with controls, patients in both groups (with and with-
out events) showed significantly enlarged RV sizes as 
reflected by enlarged RVEDA (14.8 ± 2.9 vs. 24.8 ± 5.6 
and 33.2 ± 8.3, P < 0.001) and RVESA (7.6 ± 2.0 vs. 

Table 1  Baseline characteristics 
of CTD-PAH patients

BSA body surface area, BNP plasma brain natriuretic peptide, 6MWD 6-min walk test distance, WHO 
world health organization, CTD-PAH connective tissue disease associated pulmonary arterial hypertension, 
ERAs endothelin receptor antagonists, PDE-5 phosphodiesterase type 5, PASP pulmonary arterial systolic 
pressure, mPAP mean pulmonary artery pressure, PVR pulmonary vascular resistance, RA right atrial, TR 
tricuspid regurgitation

Variables All patients (n = 53) Patients without 
events (n = 33)

Patients with events
(n = 20)

P value

Age, years 42 ± 12 41 ± 12 43 ± 13 0.619
Sex, M/F 2/51 2/31 0/20 0.521
Heart rate, bpm 90.9 ± 14.3 92.4 ± 16.6 88.7 ± 9.5 0.304
BSA 1.60 ± 0.12 1.58 ± 0.13 1.63 ± 0.10 0.120
BNP, pg/ml 536.1 ± 641.2 322.1 ± 548.3 889.2 ± 640.1 0.001
6MWD, m 308.3 ± 110.3 338.7 ± 106.6 258.2 ± 99.6 0.009
WHO functional class, n ( %)
 II 12 (22.6) 10 (30.3) 2 (10) 0.105
 III 27 (50.9) 18 (54.5) 9 (45) 0.577
 IV 14 (26.4) 5 (15.2) 9 (45) 0.025

Etiology of CTD-PAH
 Systemic lipus erythermatosus 20 (37.7) 14 (42.4) 6 (30) 0.399
 Mixed connective tissue disease 17 (32.1) 11 (33.3) 6 (30) 1.000
 Sjögren’s syndrome 14 (26.4) 6 (18.2) 8 (40) 0.515
 Systemic sclerosis 2 (3.8) 2 (6.1) 0 (0) 0.521
 Time since onset of CTD, year 5.7 ± 6.2 5.3 ± 6.5 6.3 ± 5.9 0.556
 Time since onset of PAH, month 12.9 ± 18.3 10.0 ± 13.3 18.6 ± 24.4 0.166
 Raynaud phenomenon (%) 32 (60) 21 (63.6) 11 (55) 0.395
 Anti-U1RNP (%) 29 (54.7) 19 (57.6) 10 (50) 0.776
 Mild interstitial lung disease (%) 22 (41) 12 (36.4) 10 (50) 0.395

Baseline PAH-specific drug
 None (%) 16 (30.2) 9 (27.3) 7 (21.2) 0.758
 ERAs (%) 14 (26.4) 9 (27.3) 5 (25) 1.000
 PDE-5 inhibitiors (%) 16 (30.2) 12 (36.3) 4 (20) 0.237
 ERAs + PDE-5 inhibitiors (%) 7 (13.2) 3 (9.1) 4 (20) 0.405

Hemodynamics parameters
 PASP (mmHg) 77.1 ± 11.5 70.7 ± 12.3 87.5 ± 14.7 0.000
 mPAP (mmHg) 48.2 ± 9.3 44.4 ± 7.4 54.5 ± 8.8 0.000
 RA pressure (mmHg) 7.06 ± 4.64 5.06 ± 3.37 10.35 ± 4.62 0.000
 PVR, WU 9.71 ± 3.11 8.39 ± 1.8 11.9 ± 3.6 0.000
 Pericardial effusion, n(%) 24 (45.3) 10 (30.3) 14 (70) 0.010
 TR grade 2.15 ± 0.89 1.76 ± 0.71 2.84 ± 0.77 0.000
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18.2 ± 5.5 and 26.8 ± 8.7, P < 0.001), and significant 
RV systolic function impairment of as reflected by 
lower RVFAC (59.3 ± 5.7 vs. 27.7 ± 8.4 and 20.2 ± 9.9, 
P = 0.005), TAPSE (21.1 ± 1.2 vs. 16.7 ± 3.6 and 

14.3 ± 3.7, P = 0.026), and TA S′ (13.9 ± 2.5 vs. 10.6 ± 2.1 
and 9.3 ± 1.8, P = 0.024). Patients with clinical events 
showed more significant RV size enlargements and RV 
systolic functional impairments compared with patients 
without events at baseline. Significant RV diastolic func-
tional impairments were found in both groups (with and 
without events), as reflected by the lower tricuspid E/A 
(1.31 ± 0.31 vs. 0.74 ± 0.30 and 1.05 ± 0.65, P < 0.001). 
Compared with patients without events, patients with clin-
ical events showed more significant impairments of RV 
diastolic function, as reflected by a higher tricuspid E/A 
(0.74 ± 0.30 vs. 1.05 ± 0.65, P < 0.01) and E/E′ (5.11 ± 1.98 
vs. 6.96 ± 3.48, P < 0.01). TA A′, which represents the 
diastolic motion of tricuspid annular velocities resulted 
from active RA contraction, was higher in patients without 
events compared with that of the controls and patients with 
events (13.1 ± 3.3 vs. 10.1 ± 2.3 and 10.2 ± 3.9, P < 0.001). 
Comparisons among the echocardiographic RV parameters 
of patients with and without worsening clinical scenarios 
and healthy controls are summarized in Table 2.

Table 2  Echocardiographic data in Control Group Versus CTD-PAH patients with and without events

BSA body surface area, RV right ventricle, LV left ventricle, EDA end-diastolic area, ESA end-systolic area, FAC fractional area change, TAPSE 
tricuspid annular plane systolic excursion, TA S′ tricuspid annulus peak systolic velocity, TA E′ tricuspid annulus early diastolic velocity, TA A′ 
tricuspid annulus late diastolic velocity, GLS global longitudinal strain, WT wall thickness, RA right atrial, LS longitudinal strain, LSR longitudi-
nal strain rate
*P < 0.05 vs. controls; †P < 0.05 vs. without events group

Echocardiographic parameters Healthy controls (n = 30) Patients without events 
(n = 33)

Patients with events
(n = 20)

P value

Age, years 43.1 ± 14.6 41.0 ± 11.5 42.7 ± 13.0 0.790
Sex, M/F 2/28 2/31 0/20 0.510
Heart rate, bpm 69.4 ± 9.8 92.4 ± 16.6* 88.7 ± 9.5* 0.000
BSA 1.61 ± 0.14 1.58 ± 0.13 1.63 ± 0.10 0.215
Basal RV/LV ratio 0.74 ± 0.11 1.38 ± 0.33* 1.83 ± 0.59*,† 0.001
RV EDA,  cm2 14.8 ± 2.9 24.8 ± 5.6* 33.2 ± 8.3*,† 0.000
RV ESA,  cm2 7.6 ± 2.0 18.2 ± 5.5* 26.8 ± 8.7*,† 0.000
RV FAC, % 59.3 ± 5.7 27.7 ± 8.4* 20.2 ± 9.9*,† 0.005
TAPSE, cm 21.1 ± 1.2 16.7 ± 3.6* 14.3 ± 3.7*,† 0.026
TA S′, cm 13.9 ± 2.5 10.6 ± 2.1* 9.3 ± 1.8*,† 0.024
TA E′, cm 13.5 ± 3.3 9.9 ± 3.3* 8.8 ± 2.6* 0.003
TA A′, cm 10.1 ± 2.3 13.1 ± 3.3* 10.2 ± 3.9† 0.000
Tricuspid E/A 1.31 ± 0.31 0.74 ± 0.30* 1.05 ± 0.65†,* 0.000
Tricuspid E/E′ 5.00 ± 1.29 5.11 ± 1.98 6.96 ± 3.48†,* 0.013
RV GLS − 23.34 ± 1.98 − 15.3 ± 4.0* − 11.4 ± 4.3*,† 0.002
RA area,  cm2 11.7 ± 2.3 17.9 ± 4.2* 28.2 ± 7.3*,† 0.000
RV-WT, mm 4.0 ± 0.3 5.9 ± 0.8* 6.5 ± 0.7*,† 0.004
RA LS, % 42.41 ± 5.92 30.5 ± 8.4* 17.7 ± 6.5*,† 0.000
RA peak LSR,  s−1 3.71 ± 0.93 3.26 ± 1.0* 2.08 ± 0.64*,† 0.000
RA early LSR,  s−1 − 3.20 ± 0.89 − 1.86 ± 1.13* − 1.10 ± 0.60* 0.002
RA late LSR,  s−1 − 3.40 ± 0.95 − 4.38 ± 1.17* − 2.76 ± 1.26*,† 0.000

Table 3  Causes of deaths in CTD-PAH

MCTD mixed connective tissue disease, SLE Systemic lupus erythe-
matosus, pSS primary Sjögren’s syndrome

No Age Gender Diagnosis Follow up 
(month)

Causes of death

1 26 F MCTD 14 Right heart failure
2 27 F SLE 4 Right heart failure
3 30 F MCTD 2 Right heart failure
4 39 F MCTD 4 Respiratory failure
5 44 F SLE 5 Respiratory failure
6 50 F pSS 8 Right heart failure
7 56 F SLE 8 Right heart failure
8 69 F pSS 8 Sudden death
9 69 F pSS 12 Right heart failure
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Right atrial strain and strain rate

RA LS and LSR were analyzed in 53 patients and 30 
healthy controls. Compared with controls, patients in 
both groups (with and without events) showed signifi-
cant impairment of RA reservoir function, as reflected 
by impaired RA LS (42.41 ± 5.92 vs. 30.5 ± 8.4 and 
18.6 ± 7.6, P < 0.001); significant impairment of RA peak 
LSR (3.7 ± 0.9 vs. 3.3 ± 1.0 and 2.1 ± 0.6, P < 0.001); and 
significant impairment of RA conduit function, as reflected 
by impaired RA early LSR (− 3.2 ± 0.9 vs. − 1.9 ± 1.1 and 
− 1.1 ± 0.6, P < 0.001). RA active contraction, as reflected 
by RA late LSR, was significantly lower in patients with 
events but significantly higher in patients without events 
compared with controls (− 3.4 ± 0.95 vs. − 4.4 ± 1.2 and 
− 2.8 ± 1.3, P < 0.001). Comparisons of RA echocardio-
graphic parameters of patients with and without clini-
cal worsening and healthy controls are summarized in 
Table 2, and Figs. 1 and 2 show representative imaging 
from patients with and without adverse events.

RA LS showed a passive correlation with RAA 
(r = − 0.68, P < 0.001), tr icuspid E/A (r = − 0.34, 
P = 0.013), tricuspid E/E′ (r = − 0.39, P = 0.004), RV GLS 
(r = − 0.71, P < 0.001), PASP (r = − 0.42, P < 0.001), and 
PVR (r = − 0.66, P < 0.001). In addition, RA LS corre-
lated well with clinical parameters, including WHO FC 
(r = − 0.70, P < 0.001), 6MWD (r = 0.58, P < 0.001), and 
BNP (r = −0.61, P < 0.001). Finally, RA LS independently 
predicted WHO FC after adjusting for RAA, TR grade, 
RV GLS, and PVR (P = 0.006). Correlations between RA 
LS, WHO FC and RAA, RV size and function, hemody-
namic parameters, and clinical parameters are summarized 
in Table 4.

Association of right atrial strain and long‑term 
outcomes

The ROC curve analysis showed that RA LS < 22.9% was 
predictive of clinical worsening during follow-up, with sen-
sitivity = 80%, specificity = 87.9%, and AUC = 0.858 (95% 
confidence interval [CI] 0.750 to 0.966; P < 0.001) (Fig. 3), 
and the Kaplan–Meier curve indicated that patients with 
RA LS ≥ 22.9% had more favorable long-term outcomes 
compared to those with RA LS < 22.9% (log-rank P < 0.01) 
(Fig. 4). The univariate Cox proportional hazards analysis 
showed that PVR, RV GLS, RAA, and RA LS were associ-
ated with long-term outcome (hazard ratios and 95% CIs for 
each of these variables are shown in Table 5). Notably, RA 
LS was the only independent predictor of long-term out-
comes on the multivariate analysis.  

Reproducibility of right atrial longitudinal strain

Intra- and interobserver variability were assessed for RA 
LS in 20 patients chosen at random. The mean difference 
in intraobserver variability for RA LS was 3.4% (95% CI 
− 8.7 to 15.5%) and the mean difference in interobserver 
variability was 4.3% (95% CI − 12.1 to 20.7%).

Discussion

This prospective study evaluated RA function in patients 
with CTD-PAH by 2D-STE. The prognostic analysis dem-
onstrated that RA LS can be a predictor of adverse events 
independently of RV strain and RA size. There has been no 
previous report about RA function in a homogeneous popu-
lation of patients with CTD-PAH.

Fig. 1  Representative image from a patient with adverse events. 
A 44-year-old woman with SLE-PAH, WHO FC IV, who died in 
4 months after enrollment. a, b Baseline echocardiography shows an 

enlarged RAA, measuring 24 cm2 (RAAi 14.8 cm2/m2), with severely 
diminished RA LS and RA LSR
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Characteristics of connective tissue 
disease‑associated pulmonary arterial hypertension

CTD-PAH is the most common type of PAH. As a group, the 
survival of patients with CTD-PAH is poorer compared with 
patients with other types of PAH. However, most of the data 
are from cohort studies conducted in the United States [18] 
and Europe [19], with SSc-PAH as the most common CTD. In 
Asian cohort studies [20, 21], PAH is most commonly associ-
ated with SLE, followed by pSS and MCTD. The main CTDs 
in the present study were SLE, MCTD, and pSS. One of the 
most distinctive aspects of CTD-PAH compared to other PAH 
is its response to immunosuppression [10]. Inflammation and 
dysregulated immunity play major roles in the pathogenesis 
of CTD-PAH, and immunosuppressive therapy has resulted 
in clinical improvement in patients with CTD-PAH, except 
in SSc-PAH [22]. The CTD-PAH patients who responded to 
immunosuppressive therapy tended to have less severe disease 
at baseline [23], which suggests that these patients were at an 
earlier phase of the disease, whereas those with longstanding 
PAH had irreversible pathologic changes in their pulmonary 
vessels. PAH can also result from pulmonary vasculitis as 

part of systemic inflammation [24], and may be diagnosed at 
an early stage due to systemic manifestations. Some patients 
with CTD-PAH may be curable in the early stage [11]. In the 
present study, patients without adverse events also had less 
severe disease at baseline, presented with better WHO FC, 
and showed less right heart enlargement and lower PVR, and 
the patients with adverse events had a longer mean duration 
of PAH, although the difference did not achieve statistical 
significance. The right heart returned to near-normal size in 
some event-free patients after short-term therapy with PAH-
specific and immunosuppressive drugs, which suggested that 
CTD-PAH patients without events were at an earlier phase of 
disease, had less severe hemodynamic abnormities and impair-
ments of the right heart at baseline, and echocardiographic 
parameters that could assess disease severity and further pre-
dict prognoses.

Fig. 2  Representative image from a patient without adverse events. 
A 39 year-old man with SLE-PAH, WHO FC III, who was without 
adverse event after 28 months of follow-up. a, b Baseline echocardi-
ography shows an enlarged RAA, measuring 33 cm2 (RAAi 16.5 cm2/

m2), with mildly decreased RA LS and RA LSR. c, d Echocardio-
gram 28 months later shows significant reversal of right heart remod-
eling and increased RA LS and RA LSR
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Right atrial function in patients with connective 
tissue disease‑associated pulmonary arterial 
hypertension

Mortality in patients with PAH is associated with the extent 
of right heart failure, and preserved RA function is essen-
tial in maintaining adequate total right heart function in 
the setting of RV failure. RA function, which can be easily 
evaluated by 2D-STE, was found to be predictive of right-
sided heart failure, clinical deterioration, and mortality in 
patients with PAH [8, 9]. However, all of these studies were 
performed in populations with heterogeneous PAH causes, 
and CTD-PAH has not been studied independently. RA 

functional impairment has been found in SSc [25] and SLE 
[26] patients with normal pulmonary arterial pressure, which 
could affect the relationship between RA function and prog-
noses in patients with CTD-PAH. Our research evaluated 
RA function with 2D-STE, and further assessed the relation-
ship between RA function, cardiac functional classes, and 
prognoses in patients with CTD-PAH.

The RA has three different functions during the cardiac 
cycle: a reservoir function, assessed by RA LS and RA peak 
LSR, a passive conduit function, assessed by RA early LSR, 
and an active contractile function, assessed by RA late LSR. 
The RA reservoir function is 4 times more important than 
its contractile function because it has a distensible cham-
ber with its dilatation amplitude reflected in the potential 
energy stored in the atrium that contributes to an atrial kick 
[27]. The conduit function depends on RV relaxation prop-
erties. The contractile function depends on the intrinsic 
contractility and is affected by RA compliance. It has been 
previously reported that the reservoir function and conduit 
function were impaired in PAH patients [7, 9, 28, 29]. In 
the present study, CTD-PAH patients were divided into 
two groups based on whether or not adverse clinical events 
occurred during the follow-up period, and baseline RA func-
tions were compared. We also found that the RA reservoir 
and conduit functions were impaired in both groups, with or 
without events. We further found that the group with events 
showed more seriously impaired RA and RV functions at 
baseline and that RA functional impairments were asso-
ciated with RV diastolic and systolic dysfunctions. In the 

Table 4  Correlation between RA LS, WHO functional class and RA 
size, RV size and function, hemodynamic parameters, and clinical 
parameters associated with cardiac function

RA right atrial, LS longitudinal strain, RAP right atrial pressure, RAA  
right atrial area, mPAP mean pulmonary artery pressure, PASP pul-
monary arterial systolic pressure, PVR pulmonary vascular resistance, 
6MWD 6-min walk test distance, WHO world health organization, 
BNP plasma brain natriuretic peptide, RV right ventricle, TA E′ tri-
cuspid annulus early diastolic velocity, TA A′ tricuspid annulus late 
diastolic velocity, GLS global longitudinal strain, TAPSE tricuspid 
annular plane systolic excursion, TA S′ tricuspid annulus peak systolic 
velocity, EDA end-diastolic area, ESA end-systolic area, FAC frac-
tional area change

RA LS,
Pearson’s 
Correla-
tion

P value WHO FC,
Spearman’s 
Correlation

P value

Right atrial measures
 RAP − 0.58 0.000 0.31 0.023
 RAA − 0.68 0.000 0.57 0.000
 RA LS – – − 0.70 0.000

Hemodynamic parameters
 mPAP − 0.40 0.003 0.35 0.011
 PASP − 0.42 0.000 0.35 0.011
 PVR − 0.66 0.000 0.49 0.001

Clinical parameters associated with cardiac function
 6MWD 0.57 0.000 − 0.78 0.000
 WHO functional class − 0.70 0.000 – –
 BNP − 0.61 0.000 0.71 0.000

Right ventricular measures
 TA E′ 0.34 0.013 0.28 0.041
 TA A′ 0.52 0.001 − 0.36 0.022
 Tricuspid E/A − 0.34 0.013 − 0.31 0.030
 Tricuspid E/E′ − 0.39 0.004 0.41 0.002
 RV GLS − 0.71 0.000 0.66 0.000
 TAPSE 0.44 0.001 − 0.38 0.005
 TA S′ 0.51 0.000 − 0.42 0.002
 RV EDA − 0.63 0.000 0.49 0.000
 RV ESA − 0.64 0.000 0.54 0.000
 RV FAC 0.54 0.000 − 0.60 0.000

Fig. 3  Receiver-operating characteristic curve. The optimal cutoff 
value of RA LS for prediction of clinical worsening was ≥ 22.9% 
(sensitivity = 80%; specificity = 87.9%; area under the curve = 0.858)



1645The International Journal of Cardiovascular Imaging (2019) 35:1637–1649 

1 3

setting of PAH and RV pressure overloading, RV systolic 
function was initially preserved, but diastolic dysfunction 
occurred as a result of myocardial compensatory hyper-
trophy [30]. Elevated RV pressures and diastolic dysfunc-
tions induced RA expansion. The RA reservoir and conduit 
functions were impaired as the result of RA expansion and 
reduced RV compliance. Gaynor et al. [31] found that the 
RA can dynamically adjust its phase function and that the 
conduit-to-reservoir ratio is inversely related to cardiac out-
put. Increases in compensatory conduit functions were found 
in patients with atrial failure and without ventricular dys-
function [32]. Sato et al. [33] evaluated RA function using 
cardiac magnetic resonance (CMR) imaging in patients with 
PH and found decreased reservoir and increased conduit 
functions, in which study, conduit function was quantified as 

conduit volume. However, work by our laboratory and others 
[7, 28, 29] evaluating RA function with 2D-STE or 3DE, 
assessed conduit function by early diastolic strain rate or 
passive emptying fraction, found that both reservoir and con-
duit functions were decreased. Differences in the parameters 
for conduit functions between CMR and echocardiography 
could account for the difference in conclusions, because in 
the setting of RA enlargement, even if the conduit volume 
increases, the passive emptying fraction may be reduced.

Compared with healthy controls, RA active systolic func-
tion in CTD-PAH patients without events was enhanced, 
and tricuspid annular late-diastolic velocity was increased, 
which represented an increase in the contribution of RA 
active contractions to RV diastolic fillings. According to 
the Frank-Starling mechanism [34], an enlarged RA can 

Table 5  Univariate and 
multivariate Cox proportional 
hazards analysis

CI confidence interval, HR hazard ratio, CTD connective tissue disease, PVR pulmonary vascular resist-
ance, RV GLS right ventricular global longitudinal strain, RAA  right atrial area, RA LS right atrial longitu-
dinal strain

Covariate Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Age 1.007 0.971–1.045 0.698
CTD group 1.148 0.817–1.611 0.427
PVR 1.382 1.206–1.585 0.000
RV GLS 1.237 1.093–1.399 0.001
RAA 1.126 1.076–1.179 0.000
RA LS 0.848 0.793–0.906 0.000 0.857 0.778–0.945 0.002

Fig. 4  Kaplan-Meier curve. 
Patients with RA LS ≥ 22.9% 
had more favorable long-term 
outcomes compared to those 
with RA LS < 22.9% (log-rank 
P < 0.01)



1646 The International Journal of Cardiovascular Imaging (2019) 35:1637–1649

1 3

compensate for ventricular dysfunction and maintain cardiac 
output by augmenting active contractile function. However, 
when RV pressure-overload progresses further, and the RA 
functional reserves reach a limit, RA compensation for RV 
dysfunction is lost, leading to decreased cardiac output with 
the onset of severe RHF and rapid deterioration until death 
occurs. Preserved RA active function in patients without 
events could indicate preserved right heart function, while 
seriously impaired active RA function in patients with events 
might signal severe right heart dysfunction and an imminent 
worsening of clinical conditions.

In the three-phase functions, RA reservoir function is 
considered to have particular importance as it provides 
energy needed for atrial kick [27]. Querejeta et al. [7] found 
that RA reservoir function independently reflected RV 
failure and overload. Liu et al. [9] found that RA reservoir 
function was valuable for predicting patient functional status 
and exercise capacity. In the present study, RA reservoir 
function, as reflected by RA LS, was significantly correlated 
with RV GLS, BNP, and WHO FC. The RA LS correlated 
better with WHO FC than RV GLS, which could have been 
because the symptoms of serious right heart failure are 
associated with significantly elevated RAP, which is more 
directly reflected by decreased RA function. We found a 
better correlation between RA LS and WHO FC than RAA, 
which suggest that RA LS might be a more sensitive indica-
tor of severe heart failure than RAA. A similar result was 
reported by Liu et al. [9], who found that RA size was simi-
lar in PAH patients with WHO FC III and IV, but that RA 
LS was significantly decreased in patients with WHO FCIV. 
It should be noted that RAA might not accurately reflect the 
size of the RA. Patel et al. [35] found that there was only 
a modest correlation between RAA and three-dimensional 
(3DE)-derived RA volumes. The lack of a strong correlation 
could be due to a foreshortening of the 2DE images and the 
limitation of the single view for RA size assessment. RT-
3DE has been proven to be a reliable method for assessing 
cyclic RA volume and function [28, 35]. However, the analy-
sis process is relatively complicated, and accuracy largely 
depends on optimal full volume image quality. In contrast, 
RA LS provides a simple, fast, and reliable noninvasive 
measure of RA function. In addition, we found that RA LS 
independently reflects WHO FC after adjusting for RAA, 
TR grade, RV GLS, and PVR, which suggests that the RA 
LS could be a reliable indicator of right heart dysfunction 
severity in CTD-PAH.

Prognostic utility of right atrial function 
in connective tissue disease‑associated pulmonary 
arterial hypertension

The prognostic utility of RA function in PAH has recently 
been of interest. Sato et  al. [36] evaluated right heart 

function in patients with pre-capillary pulmonary hyper-
tension (PH) by CMR and found that RA volume and res-
ervoir function combined with RVEF are novel predictors 
of clinical worsening. Darsaklis et al. [37] demonstrated 
that decreased RAEF at CMR in PH patients is indepen-
dently associated with worse survival after adjustment 
for other risk factors. Compared with CMR, 2D-STE, 
which produces reliable measurements of RA function, is 
more economical and accessible. Brunner et al. [38] have 
reported that low active and total RAEF values measured 
were associated with mortality in patients with treatment-
naïve group 1 PAH. Bhave et al. [8] evaluated RA func-
tion in patients with group 1 PAH by 2D-STE and found 
that RA strain is predictive, but not independently predic-
tive, of clinical outcomes. D’Alto et al. [29] found that RA 
function also has prognostic value in idiopathic PAH, and 
that poor RA function, as explored by strain and strain rate 
analysis, is associated with a worse outcome. However, the 
prognostic value of RA function in CTD-PAH has not been 
reported until now. In the present study, we demonstrated 
that RA LS is predictive of clinical events in CTD-PAH, 
independent of RAA, RV GLS, WHO FC, and hemody-
namic parameters derived from Doppler echocardiography. 
The Kaplan–Meier curve showed that patients with lower 
RA LS tended to have a significantly higher incidence of 
adverse events during a relatively short follow-up time. 
The RAA is an established poor prognostic risk factor, 
but our study demonstrated that RA LS more sensitively 
reflects cardiac function statues and predicts the progno-
sis than RAA in patients with CTD-PAH. RA reservoir 
function has reportedly been associated with poor clinical 
outcomes, which was presumably due to a significant link 
between atrial reservoir function and functional capacity 
or overall cardiac function, as we have previously demon-
strated. We showed that the prognostic effect of RA func-
tion in CTD-PAH patients was similar to that in patients 
with other PAH types. Compared with the results of Bhave 
et al. [8], our research demonstrated the RA LS predicted 
poor prognoses independent of RV function in CTD-PAH 
patients, which could imply that RA function has a par-
ticularly important prognostic role in the CTD-PAH dis-
ease process. Compared with the research of PH patients 
by Fukuda et al. [39], we found a lower cutoff value for 
predicting clinical worsening in CTD-PAH patients, which 
suggests that a lower cutoff value should be used to assess 
prognoses due to the influence of CTD in RA function. RV 
function plays a key role in PAH prognoses, but we could 
not confirm an independent predictive use of RV strain in 
determining clinical outcomes, which could be because 
the majority of patients were classified into the WHO FC 
III and IV (77.3%) groups with significantly impaired RV 
function. RA function might be a more sensitive reflection 
of disease severity in regard to RV failure. In the present 



1647The International Journal of Cardiovascular Imaging (2019) 35:1637–1649 

1 3

study, the patients with adverse events had worse func-
tional status and significantly larger RA size at baseline 
and the adverse events occurred after a relatively short fol-
low-up period. In such a cohort, RA LS may have greater 
value as an independent predictor of clinical deterioration.

Clinical implications

RV strain has been suggested to be an important predictor 
of clinical worsening [40, 41]. However, previous studies 
have seldom included RA strain. Darsaklis et al. [37] demon-
strated that the CMR-determined RA emptying fraction was 
directly associated with the RVEF and inversely associated 
with death independently of RVEF and other risk factors, 
which implied that RA function could have a particularly 
important prognostic role in the disease process. D’Alto et al. 
[29] first showed that RA function has prognostic value in 
idiopathic PAH. However, no previous CTD-PAH research 
has been performed. The association of RA function in the 
prognosis of patients with CTD-PAH appears more compli-
cated because RA functional impairments have been found 
in SSc [25] and SLE [26] patients with normal pulmonary 
pressures. Our study found RA LS independently reflected 
WHO FCs, which implied that markedly reduced RA LS 
was the sign of a severe right heart functional impairment. 
We further demonstrated that markedly-reduced RA function 
independently suggested a poor prognosis in spite of RA 
functional injury due to underlying, coexisting CTD disease. 
RA function could have a particularly critical prognostic role 
in CTD-PAH. Campo et al. [42] examined the outcomes of 
hospitalized patients with right heart failure and pulmonary 
arterial hypertension and found that in-hospital mortality 
was significantly higher and the 12-month post-discharge 
clinical outcomes were significantly worse in patients with 
CTD-PAH compared with those with IPAH. Inadequate 
RV adaptation to increased afterloads could contribute to 
rapidly progressive right heart failure and death in CTD-
PAH patients. Markedly reduced RA function is a sign of 
RV maladaptations and functional decompensations that can 
predict clinical worsening and sudden death. Fukuda et al. 
[39] found that patients with an RA LS < 30.2% were more 
likely to develop clinical worsening. In contrast, we found a 
lower cutoff (RA LS < 22.9%) in CTD-PAH patients, which 
might be because RA LS is lower in CTD patients than 
healthy people, which further decreases after PAH occurs. 
This finding implies that a lower predictive value should be 
used in CTD-PAH; however, disparities among the different 
analytic software should also be considered. In conclusion, 
severe impairments of RA function are poor prognostic pre-
dictors in patients with CTD-PAH, and early detection could 
guide decisions regarding more aggressive therapies, which 
include the consideration of lung transplantations.

Limitations

The present study has several limitations. Firstly, not all 
of the patients were diagnosed by right heart catheteriza-
tion, which is the gold standard for PAH. However, accord-
ing to the guideline [15], the probability of PAH is high 
when TRV exceeds 3.4 m/s. In addition, our strict exclu-
sion criteria may have further improved the diagnostic 
accuracy for PAH. The lack of hemodynamic parameters 
derived from right heart catheterization is another limita-
tion. Hemodynamic parameters of PAH, including pulmo-
nary arterial pressure and resistance, can be estimated by 
Doppler echocardiography [15–17], but their reliability 
has not been widely recognized, and further comparative 
studies with right heart catheterization are needed. Next, 
RA function was measured using LV-specific software 
because no RA-specific software was available. However, 
previous studies have shown the validity of such software 
in the analysis of RA strain [43]. Not using 3D-speckle 
tracking echocardiography (STE) for RA assessments is 
another limitation of our study. 3D-STE merges the ben-
efits of 3D-echocardiography and STE and assesses the 
volume and strain of heart chambers concurrently from 
the same 3D echocardiographic dataset and can calculate 
global strain of all segments [44, 45]. 3D-STE can provide 
more comprehensive information, which should be used 
in future research. Finally, the sample size was relatively 
small, and the follow-up time was relatively short. Fur-
ther studies should expand the sample size and extend the 
follow-up period.

Conclusion

In conclusion, our data suggest that patients with more 
severe CTD-PAH and worse RA function at baseline are 
more likely to have worse outcomes. STE-derived RA 
LS measurements can independently reflect the extent of 
right heart failure and predict the clinical outcome, and 
patients with RA LS < 22.9% have a higher risk of clinical 
worsening.
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