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Abstract Enlargement and dysfunction of the right atrium
might be an early sign for pulmonary hypertension in systemic
sclerosis (SSc). This is the first study to analyse right atrial
morphology and function in SSc patients compared to healthy
controls by speckle-tracking two-dimensional strain echocar-
diography (2DSE) at rest and during exercise. Furthermore,
right atrial function was correlated with further clinical find-
ings. Adult patients with SSc for >3 years (n=90) and 55 age-
and gender-matched healthy controls underwent a panel of
non-invasive assessments including transthoracic echocardi-
ography, pulsed Doppler myocardial imaging and 2DSE at
rest and during exercise. Furthermore, serological tests and
high-resolution chest computed tomography were performed.
SSc patients showed significant impairment of right atrial
function and the right atrial enlargement, measured by 2DSE
at rest and during exercise compared to controls (both
p<0.001). These findings were more evident in SSc patients
with pulmonary fibrosis (p<0.001) and in patients with high
pulmonary artery systolic pressures (PAPs) during exercise. In
the SSC patients, right atrial lateral strain was significantly
associated with PAPs during effort, right atrial area, left

ventricle stroke volume and inferior vena cava diameter using
multivariable analysis. The findings of this study suggest that
a high proportion of SSc patients reveal right atrial dysfunc-
tion even without manifest pulmonary hypertension. Impaired
right atrial function occurred mostly in patients with pulmo-
nary fibrosis and/or elevated PAPs during exercise, was inde-
pendently associated with prognostic factors and may there-
fore be useful for risk stratification. Further studies are needed
to analyse if right atrial dysfunction assessed by 2DSE may
help to improve early diagnosis of pulmonary hypertension.
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Introduction

Systemic sclerosis (SSc) is a multisystem disorder
characterised by widespread vascular lesions and fibrosis of
skin and distinct internal organs [1–3]. Cardiac involvement
and pulmonary hypertension (PH) are common findings that
are often diagnosed at a late stage leading to a markedly re-
duced survival. In many cases, PH is due to pulmonary arterial
hypertension (PAH) associated with SSc. In fact, clinical ev-
idence of myocardial disease may be found in 20–25 % of
patients with SSc, whilst at post-mortem examination, the
heart is affected in up to 80 % of patients [4, 5]. Therefore,
an early diagnosis of PH and cardiac impairment may be es-
sential for SSc patients.

Right atrial size and function reflects right ventricular (RV)
function and is strongly associated with clinical outcomes in
many conditions as in PH [6–8].
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The normal right atrium is acting as reservoir for systemic
venous return and by filling the RV in an active contraction
during the late diastole. Right atrial contraction is responsible
for up to 30 % of normal RVoutput [9] and can help to com-
pensate short-term right ventricular overload [10].

Enlarged atrial size or dysfunction of right atrial con-
traction may be an early indicator for pulmonary hyper-
tension and/or primary diseases of the right heart.
Therefore, it might be helpful to establish non-invasive
echocardiographic techniques to assess right atrial func-
tion. Doppler myocardial imaging (DMI) and Doppler
strain rate imaging (SRI) can assess important parameters
of cardiac function as myocardial timing, contractility and
cardiac deformation and are highly feasible and easily-
repeatable [11–13]. However, both DMI and SRI are lim-
ited by Doppler angle of incidence. A novel approach to
quantify regional function from routine grey-scale 2D
echocardiographic images is speckle-tracking two-dimen-
sional strain echocardiography (2DSE). This technique
calculates myocardial strain independently of angle of in-
cidence. It has been developed to study ventricular func-
tion and has also been used to evaluate atrial function
[14]. However, the 2DSE at rest and during exercise has
not yet been used to detect right atrial dysfunction in SSc
patients.

Therefore, the aims of the present study were (1) to analyse
right atrial morphology and function in SSc-patients and
healthy controls at rest and during exercise using 2DSE, (2)
to correlate 2DSE findings with further non-invasive clinical
parameters which are usually used as screening for PH or
myocardial dysfunction and (3) to investigate the differences
in right atrial morphology and function between SSc patients
with and without pulmonary fibrosis.

Methods

Study population and design

The study was designed as a cross-sectional study in
which SSc patients without known PH or myocardial dys-
function have been systematically screened using echocar-
diography at rest, 2DSE and high-resolution chest com-
puted tomography (HR-CT). Furthermore, we consecu-
tively included age- and gender-matched healthy non-
athletic controls at Monaldi Hospital, Naples, Italy as pre-
viously described [15]. The investigators who performed
echocardiography and 2DSE were blinded to the results of
clinical evaluation and of HR-CT, to minimise bias, as the
confirmatory diagnostic test was performed in each pa-
tient. Patients with diffuse cutaneous systemic sclerosis
(dcSSc) and limited cutaneous systemic sclerosis (lcSSc,
CREST-Syndrome), aged ≥18 years, were included.

Diagnosis of SSc was confirmed by experienced rheuma-
tologists, according to the standard criteria of the
American College of Rheumatology/European League
Against Rheumatism [16]. Exclusion criteria were mani-
fest PH confirmed by right heart catheterization (RHC)
prior to enrolment, receiving PH therapy, forced vital ca-
pacity <40 % of predicted, renal insufficiency, systemic
arterial hypertension with pressure values >160/90 mmHg
at rest or >220/120 mmHg during exercise despite
optimised medical treatment, previous evidence of clini-
cally relevant left heart disease or pregnancy, significant
lung disease other than SSc-related interstitial lung dis-
ease, evidence of left ventricle (LV) diastolic dysfunction
at echocardiography (E/E’ ratio >15) and inadequate
echocardiograms.

All patients underwent a detailed clinical work-up in-
cluding medical history, physical examination, electrocar-
diogram, 2-dimensional-echocardiography, pulsed DMI
and 2DSE at rest and during exercise, lung function test,
arterial blood gases, chest Xray, HR-CT, laboratory test-
ing including NTpro-BNP levels. Twelve-lead ECG was
performed in all patients.

Pulmonary fibrosis diagnosis was made if HR-CT showed
compatible changes in bibasilar reticular or air-space opaci-
ties. The extent of the individual HR-CT scan patterns was
estimated in each of five lobes. Ground-glass opacity was
defined as a hazy increase in lung parenchymal attenuation,
and fibrosis score included lobular septal thickening and
subpleural honeycomb changes.

This study was conducted in accordance with Good
Clinical Practice (GCP) and the current version of the revised
Declaration of Helsinki (WMA Declaration of Helsinki). The
ethics committee of the V. Monaldi Hospital approved the
study. A written informed consent was obtained from each
patient prior to enrolment.

Standard transthoracic 2-D-echocardiography

Standard Doppler echocardiography, DMI and 2DSE were
performed in the subjects in left semirecumbent position ac-
cording to the standard criteria of the American Society of
Echocardiography by standard ultrasound system (Vivid E9,
GE Healthcare, Milwaukee, Wisconsin) [15]. Maximal right
atrial area was calculated by planimetry in the apical four-
chamber view at the point of tricuspid valve opening as pre-
viously described [17].

All the measurements were analysed by 2 experienced
readers, on the average of >3 cardiac cycles.

Right atrial non-Doppler two-dimensional strain (2DSE)

Apical 4-chamber view was obtained using the same ultra-
sound system and probe used for standard echocardiography.
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Frame rates of 50 to 90 Hz were used for routine grey-scale
imaging. A circular region of interest was traced on the endo-
cardial cavity interface of the apical 4-chamber view at right
atrial systole (minimum cavity area) by a point-and-click ap-
proach. The tracking algorithm followed the endocardium
from this one frame throughout the cardiac cycle. The image
processing algorithm automatically subdivided the region of
interest into blocks of approximately 20 to 40 pixels contain-
ing stable patterns of speckles, and a series of regional strain
vectors are calculated as change in length/initial length.
Accordingly, for atrial longitudinal strain, myocardial thick-
ening was represented with a positive value and myocardial
thinning was represented with a negative value. The tracking
process and conversion to Lagrangian strains were performed
offline with a dedicated software (EchoPACPC 2D strain - BT
0.5.2 - GE Healthcare).

Analysis was performed for non-Doppler atrial strain from
the 4-chamber apical views for the basal segments of right
atrial septum and right atrial lateral wall. Continuous care
was taken to keep the sample volume out of the caval veins
and fossa ovalis. All the measures were performed both at rest
and during the peak of effort [18].

Exercise stress echocardiography

All patients enrolled in the study underwent a supine bicycle
exercise stress echocardiography after the resting echocardio-
gram, using a standard protocol (incremental steps of 25 watts
for 2 min) as previously reported [19]. The heart rate was
continuously monitored, and 12-lead electrocardiogram,
echocardiographic images and blood pressure were recorded
at every step. Criteria for test interruptionwere achievement of
maximal heart rate, onset of new or worsening wall motion
abnormalities, severe dyspnoea or chest pain, horizontal or
down-sloping ST-segment depression ≥2 mm, ST-segment el-
evation ≥1.5 mm, systolic blood pressure ≥220 mmHg, dia-
stolic blood pressure ≥120 mmHg, reduction in systolic blood
pressure ≥30 mmHg, supraventricular or ventricular tachyar-
rhythmias. Two-dimensional images were obtained in 4 stan-
dard views (parasternal long-axis, parasternal short-axis, api-
cal 4- and 2-chamber view) using Vivid E9 (GE Healthcare,
Milwaukee, Wisconsin) ultrasound system, at baseline, at
each exercise step and during recovery, and recorded using a
quad-screen cine-loop system.

Cardiologists blinded to the study analysed the test.
Functional parameters measured at peak effort included
maximal heart rate, maximal systolic blood pressure, max-
imal workload (number of watts achieved by supine bicy-
cle test) and rate-pressure product, standard echocardiog-
raphy parameters included ejection fraction (EF), tricuspid
annular plane systolic excursion (TAPSE), systolic pul-
monary arterial pressure (PAPs), DMI, systolic and dia-
stolic parameters and 2DSE.

Statistical methods

Variables are presented as mean ±SD. Two-tailed T test
for unpaired data was used to assess differences between
groups. Comparisons were performed between SSc pa-
tients and controls and between SSc patients with and
without pulmonary fibrosis. Linear regression analyses
and partial correlation test by Pearson’s method were
done to assess univariate relations between echocardio-
graphic and clinical data.

To identify significant independent determinants of
right atrial myocardial strain in patients with systemic
sclerosis, its individual association with echocardiograph-
ic variables and further clinically relevant parameters
were assessed by multivariable linear regression analysis.
The variables were selected according to their clinical
relevance and potential impact on right atrial function,
as shown by earlier studies. The following variables were
included into the analysis: clinical and laboratory data
(age, sex, heart rate, blood pressure at rest and during
effort, BNP), standard echocardiographic parameters
(right atrial area, PAPs, IVC diameter, TAPSE, Cardiac
Index (CI), stroke volume (SV) at rest and during effort),
DMI echocardiographic parameters (RV peak systolic ve-
locity (Sm) and peak early diastolic velocity (Em) at rest
and at peak of effort) and strain (right atrial two-
dimensional measurements). Variable selection of the
multivariable linear regression was performed by stepwise
backward elimination, each time excluding the one vari-
able improving the model most by deletion (according to
p value of the Wald statistic). The assumption of linearity
was checked graphically by studying the smoothed mar-
tingale residuals from the null model plotted against the
covariate variables. The linearity assumptions were satis-
fied. The Hosmer-Lemeshow goodness-of-fit test was
used to check that the model adequately fits the data.
The models underwent also bootstrap validation (200
runs), with the calculation of the c statistic to evaluate
discrimination and the shrinkage coefficient to evaluate
calibration; in both cases, the closer the value to 1, the
better. In order to decrease the inflation of the type 1 error
rate due to multiple testing, the statistical significance was
defined as two-sided p value <0.01.

Reproducibility of measuring the 2D strain parameters was
determined in 50 subjects (30 SSc and 20 controls), according
to previously reported methods. Inter- and intra-observer var-
iability was examined using Bland-Altman analysis. Ninety-
five percent confidence limits of a single estimate of the mea-
surements were calculated as 2*SD/√l2 and reported as a per-
cent from the mean value.

Receiver operating characteristic (ROC) curve analysis,
multiple regression analyses or logistic regression analyses
were performed to weigh the independent effects of potential
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determinants on a dependent variable. Differences were sig-
nificant at p<0.05. All analyses were performed using IBM

SPSS Statistics for Windows, Version 22.0. IBM Corp.
Released 2013, Armonk, NY: IBM Corp.

Table 1 Baseline characteristic
of SSc patients vs. controls Number of SSc patients Healthy patients SSc patients p value

Number of patients 55 90 NS

Gender, female/male 40/15 68/22 NS

Age, years 50.6 ± 12.4 52.4 ± 15.2 NS

Systolic blood pressure, mmHg 117.4 ± 21.2 119.4 ± 18.2 NS

Diastolic blood pressure, mmHg 78.3 ± 12.3 74.4 ± 11.2 NS

Heart rate, bpm 79.3 ± 12.1 77.3 ± 10.1 NS

Body surface area, m2 1.67 ± 0.16 1.72 ± 0.2 NS

Diffuse cutaneous SSc – 55

Limited cutaneous SSc – 35

Duration of SSc (years) – 12.1 ± 10.3

SSc systemic sclerosis, NS not significant

Table 2 Standard echo, DMI and
strain findings in the overall
population of SSc patients and
healthy controls at rest and during
effort

Variable Controls (n= 55)
(Mean ± SD)

SSc (n= 90)
(Mean ± SD)

p value

Rest
LVEDV (ml) 100.3 ± 10.2 97.4 ± 9.1 NS
LVESV (ml) 33.2 ± 9.1 31.7 ± 11.1 NS
RVEDD (mm) 22.2 ± 3.7 23.8 ± 3.8 NS
LVEF (%) 63.5 ± 6.5 62.3 ± 5.2 NS
TAPSE (mm) 23.9 ± 3.5 22.4 ± 3.8 NS
IVC (mm) 9.5 ± 3.1 14.1 ± 3.6 <0.01
PAPs (mmHg) 15.6 ± 3.7 22.2 ± 7.8 <0.001
PAPm (mmHg) 11.2 ± 2.4 16.6 ± 5.1 <0.001
RA area (cm2) 12.8 ± 3.4 17.3 ± 4.4 <0.001
RV Sm (cm/s) 14.2 ± 3.3 13.5 ± 3.8 NS
RV Em (cm/s) 13.8 ± 4.2 11.3 ± 4.4 <0.01
RV strain (%) −22.7 ± 3.2 −20.3 ± 4.2 <0.01
RA lateral strain (%) 55.5 ± 8.2 38.5 ± 9.5 <0.0001
RA septal strain (%) 50.4 ± 3.7 34.4 ± 7.8 <0.0001
LV SV (ml) 69.6 ± 16.9 65.3 ± 19.7 NS

Stress Doppler echocardiography
PAPs (mmHg) 21.9 ± 3.3 33.5 ± 10.2 <0.001
Delta PAPs (%) 28.3 ± 4.3 34.4 ± 4.8 <0.001
PAPm (mmHg) 14.6 ± 2.5 22.2 ± 7.4 <0.001
LV SV (ml) 86.1 ± 21.7 72.7 ± 24.9 <0.001
Delta LV SV (%) 19.5 ± 4.3 12.1 ± 3.5 <0.001
TAPSE (mm) 26.3 ± 2.7 25.4.1 ± 3.7 NS
RV Sm (cm/s) 17.5 ± 5.2 16.9 ± 6.4 NS
RV strain (%) −28.7 ± 3.3 −25.3 ± 3.7 <0.01
RA lateral strain (%) 65.8 ± 7.2 47.3 ± 7.6 <0.0001
RA septal strain (%) 59.6 ± 5.2 45.5 ± 6.3 <0.001
Maximal HR 150.9 ± 14.3 158.9 ± 21.3 <0.01
Maximal SBP 163.44 ± 21.2 168.15 ± 24.2 NS
Rate–pressure product
(bpm mmHg× 10−3)

24.8 ± 6.3 26.5 ± 9.3 NS

Watts achieved 144.21 ± 24.7 115.11 ± 21.5 <0.001

Abbreviations: LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume,
RVEDD right ventricular end-diastolic diameter, LVEF left ventricular ejection fraction, TAPSE tricuspid annular
plane systolic excursion, IVC inferior vena cava,PAPs systolic pulmonary artery pressure, PAPmmean pulmonary
artery pressure, RA right atrium, RV right ventricle, Sm peak systolic mitral annulus velocity, Em peak early
diastolic mitral annulus velocity, SV stroke volume, Delta PAPs percentage of difference between PAPs immedi-
ately after exercise and baseline,Delta LV SV percentage of difference between LV SV immediately after exercise
and baseline, HR heart rate, SBP systolic blood pressure, NS not significant
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Results

Characteristics of the study population

During the study, 102 SSc patients were screened, and 12were
excluded due to the following reasons: the diagnosis of sys-
temic sclerosis was not confirmed in 5 patients by an experi-
enced rheumatologist, previous evidence of clinically relevant
left heart disease in 4 patients and inadequate echocardio-
grams in 3 patients. Thus, the final study group consisted of
90 consecutive patients with systemic sclerosis (Table 1). We
assessed 55 age- and gender-matched healthy adult non-ath-
letes. Mean age, gender, body surface area, heart rate at rest
and systemic blood pressure did not significantly differ be-
tween groups (Table 1).

Immunofluorescence analysis detected anti-SCL-70 antibody
pattern in 39 patients and anticentromere pattern in 51 patients.

Echocardiographic data are summarised in Tables 2 and 3.

2D echocardiographic analysis (Fig. 1, Table 2)

LVand RV dimensions and standard Doppler indexes were
comparable between the two groups. Patients with SSc
showed significantly higher IVC diameter, PAPs and PAPm
than control subjects. In addition, right atrial area was signif-
icantly greater (17.8±4.4 vs. 12.8±3.4), and right atrial 2D
strain indexes were significantly impaired in patients with SSc
compared with controls (Fig. 2).

Univariable relations

In the SSc group, a close positive association of right atrial
lateral 2D strain with increase of LV SV during effort
(r=0.45, p<0.01; Fig. 3) and powerful negative correlations
of the same right atrial 2D strain and right atrial area
(r = −0.45, p < 0.001), PAPs during effort (r = −0.7,
p < 0.0001; Fig. 4) and IVC diameter were evidenced
(r=−0.81, p<0.0001; Fig. 5).

Multivariable analysis

By stepwise backward, multiple linear regression analysis,
after adjusting for potential determinants, the independent di-
rect association of right atrial lateral strain with PAPs during
effort (β coefficient =−0.58, p<0.0005), right atrial area (β
coefficient =−0.38, p<0.01), LV stroke volume (β coeffi-
cient = 0.43, p<0.001) and inferior vena cava (IVC) diameter
(β coefficient = −0.71, p < 0.0001) in SSc patients were
confirmed.

Analysis of SSc subgroups with or without pulmonary fibrosis

We performed a separate subset analysis in SSc patients with
(48 patients) or without (42 patients) SSc-related pulmonary
fibrosis detected by HR-CT (Table 3). By standard Doppler
echocardiographic analysis LV dimensions, wall thickness,
LVEF measured by Simpson modified rule were comparable
between the two subgroups. Also, RV dimension and TAPSE
were comparable. SSc patients with pulmonary fibrosis

Table 3 Standard echo, DMI and strain findings in SSc patients with
and without pulmonary fibrosis at rest and during effort

Variable SSc patients with
pulmonary
fibrosis (n= 48;
mean± SD)

SSc patients without
pulmonary
fibrosis (n= 42;
mean± SD)

p value

Rest
LVEDV (ml) 98.5 ± 8.3 97.2 ± 10.3 NS
LVESV (ml) 32.9 ± 12.3 29.4 ± 10.2 NS
RVEDD (mm) 24.5 ± 3.3 22.9 ± 4.1 NS
LVEF (%) 62.4 ± 5.1 63.3 ± 5.3 NS
TAPSE (mm) 21.8 ± 3.3 22.8 ± 4.1 NS
IVC (mm) 15.4 ± 3.3 11.6 ± 3.2 <0.01
PAPs (mmHg) 27.7 ± 7.6 20.5 ± 8.3 <0.001
PAPm
(mmHg)

18.3 ± 5.8 12.8 ± 4.3 <0.001

RA area (cm2) 17.4 ± 4.3 13.3 ± 4.8 <0.001
RV Sm (cm/s) 12.6 ± 3.3 13.8 ± 3.9 NS
RV Em (cm/s) 10.4 ± 3.4 12.8 ± 4.6 <0.01
RV strain (%) −18.4 ± 3.3 −21.6 ± 4.6 <0.01
RA lateral
strain (%)

34.6 ± 9.4 46.5 ± 8.6 <0.0001

RA septal
strain (%)

31.2 ± 7.9 37.7 ± 6.8 <0.001

LV SV (ml) 62.5 ± 21.4 66.9 ± 18.3 NS
Stress Doppler echocardiography
PAPs (mmHg) 39.5 ± 6.9 28.6 ± 10.4 <0.001
Delta PAPs
(%)

33.3 ± 5.5 29.8 ± 4.3 <0.01

PAPm
(mmHg)

25.5 ± 6.9 20.9 ± 4.6 <0.001

TAPSE (mm) 25.3 ± 3.8 26.2 ± 3.5 NS
RV Sm (cm/s) −16.5 ± 5.5 −17.3 ± 6.6 NS
RV strain (%) −21.9 ± 3.6 −26.4 ± 4.8 <0.001
RA lateral
strain (%)

38.7 ± 8.8 51.4 ± 7.5 <0.0001

RA septal
strain (%)

42.5 ± 5.9 47.5 ± 6.9 <0.001

LV SV (ml) 69.4 ± 25.3 74.6 ± 22.2 <0.01
Delta LV SV
(%)

9.5 ± 4.1 14.1 ± 5.5 <0.01

Watts achieved 105.5 ± 19.4 129.8 ± 23.3 <0.01

Abbreviations: LVEDV left ventricular end-diastolic volume, LVESV left
ventricular end-systolic volume, RVEDD right ventricular end-diastolic
diameter, LVEF left ventricular ejection fraction, TAPSE tricuspid annular
plane systolic excursion, IVC inferior vena cava,PAPs systolic pulmonary
artery pressure, PAPm mean pulmonary artery pressure, RA right atrium,
RV right ventricle, Sm peak systolic mitral annulus velocity, Em peak
early diastolic mitral annulus velocity, SV stroke volume, Delta PAPs
percentage of difference between PAPs immediately after exercise and
baseline, Delta LV SV percentage of difference between LV SV immedi-
ately after exercise and baseline, NS not significant
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showed significantly higher IVC diameter, PAPs, PAPm and
right atrial area than SSc patients without pulmonary fibrosis.
In addition, right atrial deformation indices were significantly
compromised in patients with pulmonary fibrosis.

Finally, we found that a right atrial lateral strain <25 %
could identify patients with pulmonary fibrosis with a sensi-
tivity and specificity of 90 and 74%, respectively (AUC: 0.83,
95 % CI 0.66 to 0.84, p<0.0001) (Fig. 6).

Exercise stress echocardiography

PAPs was greater in patients with SSc than that in con-
trols at rest as well as during effort. In particular, among
SSc patients, those with pulmonary fibrosis had signifi-
cantly higher PAPs during effort. Conversely, SV was
lower both at rest and at peak stress in patients with pul-
monary fibrosis. RV and right atrial myocardial function

Fig. 1 Echocardiographic study of a patient with SSc. a Apical four-chamber view with RA area measurement; b increased tricuspid regurgitation
velocity (TRV) by Doppler analysis; c RV pulsed DMI and d RV 2D strain analysis outlining normal RV function

Fig. 2 Right atrial 2D strain indexes significantly impaired in a patient with SSc and pulmonary fibrosis (b) compared with a control (a) (lateral wall:
SSc = 26.9 %; control 46.7; p< 0.00001)
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by DMI was similar in the two groups at rest, but was
reduced both at rest as well as during exercise by SRI,
particularly in the subgroup with pulmonary fibrosis
(Tables 2 and 3).

Reproducibility of 2DSE RA strain

Overall, RA strain analysis was feasible in 88 (98 %) of SSc
patients and in 54 (98 %) of control subjects at rest and in 85

(93 %) of SSc patients and in 52 (95 %) of control subjects
during effort.

Intra-observer variability

Pearson’s correlations: lateral wall: r=0.87; p<0.00001—
atrial septum: r=0.88; p<0.00001.

Bland-Altman analysis: lateral wall (95 % CI±1.8; percent
error 3.3 %); atrial septum (95 % CI±1.2; percent error 3.1 %).

Fig. 3 Positive association between RA lateral 2D strain and increase of
LV stroke volume during effort in SSc patients

Fig. 4 Negative correlation between RA lateral 2D strain and pulmonary
artery systolic pressure during effort in SSc patients

Fig. 5 Negative correlations between RA lateral 2D strain and inferior
vena cava diameters in SSc patients

Fig. 6 Receiver operating characteristic (ROC) analysis.for RA lateral
strain in SSc patients for the detection of pulmonary fibrosis
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Inter-observer variability

Pearson’s correlations: lateral wall: r=0.85; p<0.00001—
atrial septum: r=0.86; p<0.00001.

Bland-Altman analysis: lateral wall (95 % CI±1.9; percent
error 3.4 %); atrial septum (95 % CI±1.5; percent error 3.5 %).

Discussion

To the best of our knowledge, this is the first study assessing
right atrial function in patients with SSc compared to age- and
gender-matched healthy controls by 2DSE both at rest and dur-
ing exercise. In our study cohort, SSc patients without overt PH
or RV-LV dysfunction showed already an impaired right atrial
function and right atrial dilatation compared to healthy controls.
Right atrial dysfunction was significantly associated with pul-
monary fibrosis and/or with elevated pulmonary artery pres-
sures or reduced left ventricular stroke volume during exercise
in the SSc patients. The results of the present study underline
the usefulness of 2DSE in analysing right atrial longitudinal
myocardial function in patients with SSc.

Right atrial morphology and function in systemic sclerosis

To date, little is known about right atrial function in SSc pa-
tients. Although right atrial enlargement has been described as
a negative prognostic factor in patients with primary PAH, to
the best of our knowledge, there are only two reports that
investigated right atrial area in a small population of SSc pa-
tients [20, 21]. Only one of these assessed right atrial functions
of SSc patients by using 2DSE, and none had correlated these
findings with the response to exercise. Per Lindqvist et al.
demonstrated that patients with SSc exhibit an altered RV
diastolic function and an increase in RV wall thickness and
right atrial area in spite of normal RVend-diastolic diameters.
In particular, in patients with SSc, LV function and RV sys-
tolic function were normal, but RV abnormal relaxation and
filling properties were observed, together with RV hypertro-
phy and right atrial dilatation in the absence of Doppler indi-
cations of pulmonary arterial hypertension estimated from the
RV-right atrial drop gradient [22].

Durmus et al. demonstrated that the value of peak early and
late diastolic longitudinal strains, determined as right atrial
reservoir and conduit functions, were significantly impaired
in SSc patients compared to controls [23]. These previous
studies are in line with our findings. In our SSc population,
despite normal LV and RV function, there was a right atrial
enlargement above the cut-off value of 16 cm2 [17] and a
significant reduction of right atrial function measured by
2DSE at level of both the analysed segments. 2DSE detected
a more impaired right atrial function in the subgroup of SSc
patients with pulmonary fibrosis.

Therefore, right atrial area enlargement and even more
right atrial function impairment may represent an early marker
of RV disturbance, probably in response to intermittent PAH,
since LV function was unaffected.

Right atrial function in different diseases

Unlike the left atrium, right atrial functional components are
so far poorly investigated, and right atrial strain normal cut-
offs have not been assessed yet. Previous studies in patients
with heart failure found that diminished right atrial function,
as assessed by strain imaging, may reflect maladaptive chang-
es and could also explain why, for a given degree of RV
dysfunction, pulmonary artery pressure can vary in its pheno-
typic right-sided heart failure expressions [24]. Similarly, in a
previous report, we found that right atrial area index was in-
creased, and right atrial strain of lateral wall was impaired in
patients with dilated cardiomyopathy non-responders to
resynchronization therapy [25], whilst Sivak et al. reported
that right atrial systolic function accounted for 50 % of total
longitudinal RV shortening in patients with pulmonary hyper-
tension [26]. These findings suggest that more emphasis must
be placed on investigating right atrial mechanics than previ-
ously appreciated, because right atrial function is likely to play
a critical role in supporting total right heart function [17].

In the event of increased afterload, diastolic dysfunction
may be demonstrated at an earlier stage than systolic dysfunc-
tion. Thus, right atrial dysfunction seems a marker that could
easily reveal diastolic dysfunction even when RV systolic
function is still normal [20].

Therefore, 2DSE could detect early right atrial dysfunction
even in asymptomatic SSc patients without clinically evident
cardiac disease and in whom no other cause of either diastolic
or systolic impairment was detected.

Associations between right atrial myocardial deformation
and response to physical effort

In systemic sclerosis, the involvement of the interstitium or
vascular system of the lung may lead to PAH. PAH is often
asymptomatic or oligosymptomatic in SSc and, when it be-
comes symptomatic, the pulmonary vascular system is already
damaged. Exercise echocardiography, measuring pulmonary
artery pressure (PAP) during exercise and allowing differenti-
ating physiologic from altered PAP responses, may identify
subclinical PAH. In our previous reports, we demonstrated
that exercise echocardiography may identify a subset of SSc
patients with an inappropriate exercise-induced increase in
PAPs and early signs of right ventricular dysfunction [19].
Furthermore, stress Doppler echocardiography markedly im-
proved sensitivity in detecting manifest PAH [27].

In the present study, PAPs showed significantly higher
values in patients with SSc than controls at rest as well as
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during effort. Among SSc patients, those with pulmonary fi-
brosis had higher PAPs during effort. SVand CI were reduced
both at rest and at peak stress in patients with pulmonary
fibrosis. Myocardial function by DMI and SRI, that was sim-
ilar in the two groups at rest, was reduced during exercise,
particularly in the subgroup with pulmonary fibrosis.

Reduced right atrial 2DSE at rest predicted an increased
PAPs and a reduced increase of SV during physical effort.
These results suggest that SSc patients may present with hy-
pertensive pulmonary arterial pressure during exercise as a
likely cause of RV diastolic dysfunction.

Study limitations

Our study has several limitations.
A technical limitation is that speckle-tracking echocardiog-

raphy is dependent on frame rate as well as image resolution.
Low frame rate results in the speckle pattern changing too
much from frame to frame, which prevents the precise char-
acterisation of regional myocardial motion and impacts the
overall temporal resolution of the regional strain map. In con-
trast, increasing the frame rate reduces scan line density,
which reduces image resolution [28–30]. Frame rate in our
setting ranged from 50 to 90 frame/sec; this value is lower
than frame rate available with Doppler strain; however, index-
es of RA function used in this study didn’t rely on difference
in the timing of contraction.

Our analysis was limited by data collection from the apical
four-chamber view, as this was the only image plane that
provided reliable information on longitudinal right atrial de-
formation in a sufficient number of patients. However, in the
present study, atrial radial strain was not calculated from the
parasternal short- and long-axis views because the atrial wall
is too thin to be properly analysed in these views, as demon-
strated by our previous studies [31, 32].

Conclusions

The findings of this study suggest that a high proportion of
SSc-patient reveal right atrial dysfunction even without man-
ifest pulmonary hypertension. Impaired right atrial function
that occurred mostly in patients with pulmonary fibrosis and/
or elevated PAPs during exercise was independently associat-
ed with prognostic factors and may therefore be useful for risk
stratification. Further studies are needed to analyse if right
atrial dysfunction non-invasively assessed by 2DSE may help
to improve an early diagnosis of pulmonary hypertension and
risk stratification.
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