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Original article

Evaluation of left cardiac chamber function with
cardiac magnetic resonance and association with
outcome in patients with systemic sclerosis

Steele C. Butcher 1,2,*, Jacqueline L. Vos3,*, Federico Fortuni 1,4,
Xavier Galloo 1,5, Sophie I.E. Liem6, Jeroen J. Bax1,7, Victoria Delgado 1,8,
Madelon C. Vonk9, Sander I. van Leuven9, Miranda Snoeren10,
Saloua El Messaoudi3, Jeska K. de Vries-Bouwstra6, Robin Nijveldt3 and
Nina Ajmone Marsan 1

Abstract
Objective. This study aimed to determine whether lower values of feature-tracking cardiovascular magnetic reson-
ance (CMR)-derived left atrial reservoir strain (LARS) and impaired left ventricular (LV) global longitudinal strain (GLS)
were associated with the presence of symptoms and long-term prognosis in patients with SSc.
Methods. A total of 100 patients f54 [interquartile range (IQR) 46–64] years, 42% maleg with SSc who underwent
CMR imaging at two tertiary referral centres were included. All patients underwent analysis of LARS and LV GLS
using feature-tracking on CMR and were followed-up for the occurrence of all-cause mortality.
Results. The median LV GLS was –21.8% and the median LARS was 36%. On multivariable logistic regression,
LARS [odds ratio (OR) 0.964 per %, 95% CI 0.929, 0.998, P¼0.049] was independently associated with New York
Heart Association (NYHA) class II–IV heart failure symptoms. Over a median follow-up of 37 (21–62) months, a total
of 24 (24%) patients died. Univariable Cox regression analysis demonstrated that LARS [hazard ratio (HR) 0.94 per
1%, 95% CI 0.91, 0.97, P< 0.0001) and LV GLS (HR 1.10 per %, 95% CI 1.03, 1.17, P¼ 0.005) were associated
with all-cause mortality, while LV ejection fraction was not. Likelihood ratio tests demonstrated that LARS provided
incremental value over prognostically important clinical and imaging parameters, including late gadolinium
enhancement.
Conclusion. In patients with SSc, LARS was independently associated with the presence of NYHA class II–IV heart
failure symptoms. Although both LARS and LV GLS were associated with all-cause mortality, only LARS provided
incremental value over all evaluated variables known to be prognostically important in patients with SSc.
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Introduction

SSc is a rare autoimmune CTD characterized by multi-
system microangiopathy, inflammation and fibrosis, and
is associated with significant morbidity and mortality [1].
Cardiac involvement is frequent, with overt clinical mani-
festations evident in approximately one-quarter of
patients [2]. Clinically evident cardiac involvement repre-
sents one of the main causes of death in SSc, account-
ing for an estimated 26% of all mortality [3].
Furthermore, with the use of more sensitive cardiac
imaging techniques, subclinical cardiac disease may be
detected in a significantly higher proportion of patients
[2, 4–7]. Therefore, the investigation of novel imaging
techniques that facilitate the early detection of cardiac
involvement in patients with SSc may allow for a greater
insight into disease pathophysiology and improve risk
stratification.

Presently, standard evaluation of left cardiac chamber
function using echocardiography and cardiovascular mag-
netic resonance (CMR) imaging involves only the evalu-
ation of left ventricular (LV) ejection fraction. However, LV
ejection fraction is less sensitive than LV global longitu-
dinal strain (GLS) and may fail to detect the onset of sub-
clinical cardiac involvement [4, 8]. Furthermore, LV
diastolic dysfunction has been shown to be a key deter-
minant of outcome in patients with SSc [9]. Left atrial
strain analysis appears to provide a sensitive evaluation
of LV diastolic dysfunction [8, 10], potentially providing
important insights into LV function that are not possible
with conventional CMR functional assessment [11].

CMR is currently indicated in patients with SSc to
evaluate for evidence of inflammation and/or fibrosis,
findings that may indicate primary myocardial involve-
ment [12]. However, CMR may also be used to evaluate
LV or left atrial strain with feature-tracking techniques.

Graphical Abstract

Rheumatology key messages

. Feature-tracking CMR-derived left atrial reservoir strain was independently associated with NYHA class II–IV
heart failure symptoms.

. Left atrial reservoir strain provided incremental prognostic value in patients with SSc.
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Compared with the evaluation of strain with echocardiog-
raphy, CMR images may improve the feasibility of strain
analysis by providing excellent contrast between the
blood pool and myocardium, without dependence on the
quality of an acoustic window [13]. However, very few
studies [14, 15] have evaluated feature-tracking CMR-
derived strain of the left cardiac chambers in patients
with SSc, and none have examined feature-tracking
CMR-derived strain of the left atrium. Moreover, no stud-
ies have provided any insight into the association be-
tween left cardiac chamber feature-tracking CMR
parameters and prognosis in patients with SSc.
Therefore, the present study aimed to (i) evaluate the
feasibility of feature-tracking CMR-derived strain of the
left atrium and left ventricle in patients with SSc, (ii) inves-
tigate the association between left cardiac chamber fea-
ture-tracking CMR-derived strain and heart failure
symptoms, and (iii) investigate the association between
feature-tracking CMR-derived strain of the left atrium and
left ventricle and all-cause mortality.

Methods

Study population

The study population consisted of consecutive patients
included in the prospective Leiden CCISS cohort
(Combined Care In Systemic Sclerosis cohort, Leiden
University Medical Center, The Netherlands) [16] and the
Nijmegen SSc cohort (Radboud University Medical
Center, The Netherlands) [17], who were evaluated in
specifically designed health-care programs with annual
organ screening. Patients were eligible for study inclu-
sion if they were over 18 years of age, had a diagnosis
of SSc and fulfilled the 2013 ACR and EULAR criteria
[18], and underwent clinically indicated CMR imaging.
Clinical data were collected prospectively (as part of the
ongoing CCISS cohort study) or from departmental elec-
tronic health records, and included demographic charac-
teristics, cardiovascular risk factors, modified Rodnan
Skin Score (mRSS), New York Heart Association (NYHA)
functional class, predicted diffusing capacity of the lungs
for carbon monoxide (DLCO) and comorbidities. CMR
images were analysed retrospectively for the current
study. Written informed consent was waived by the local
institutional review board of the Radboud University
Medical Center, and written informed consent was
obtained for the patients included in the CCISS cohort
study at Leiden University Medical Center. The study
was approved by the Institutional Review Board of
Leiden University Medical Center and Radboud
University Medical Center and conducted in accordance
with institutional guidelines, national legal requirements,
and the Declaration of Helsinki.

Conventional CMR and echocardiographic
measurements

All participants underwent CMR on 1.5-T CMR scanners,
the Gyroscan ACS-NT/Intera MR system (Philips Medical

Systems, Best, the Netherlands) or Siemens Avanto
(Siemens Healthcare, Erlangen, Germany), or a 3.0-T
CMR scanner, Ingenia MR system (Philips Medical
Systems, Best, the Netherlands). All images were ECG-
gated and acquired during mild end-expiration breath-
holding. The scanning protocol included balanced
steady-state free precession (SSFP) cine CMR images in
long-axis (two-, three- and four-chamber views) and
short-axis views covering the left ventricle, and late
gadolinium enhancement (LGE) imaging (Supplementary
Methods, available at Rheumatology online). LGE images
were acquired 10 to 15 minutes after bolus injection of
gadolinium diethylenetriamine pentaacetic acid
(Magnevist, Schering, Berlin, Germany) or gadoterate
meglumine (Dotarem, Guerbet, Villepinte, France)
(0.15 mmol/kg) with an inversion recovery–prepared 2- or
3-dimensional segmented gradient echo pulse sequence
in standard long-axis and short-axis views. Images were
stored digitally for offline analysis. Right ventricular (RV)
and LV end-systolic volume, end-diastolic volume, mass,
and ejection fraction were measured using commercially
available software (QMass Version 8.1, Medis, Leiden,
The Netherlands). Left atrial volumes were measured on
the cine CMR 2- and 4- chamber views, averaged, and
were subsequently indexed to body surface area. The
presence or absence of LGE (or hyperenhancement) was
visually assessed, defined as the presence (or absence)
of myocardial high signal intensity in both the short-axis
and corresponding long-axis views [19].

Pulmonary artery systolic pressure (PASP) was esti-
mated from contemporaneous transthoracic echocardi-
ography by applying the modified Bernoulli equation to
the tricuspid regurgitation jet peak velocity and adding
mean right atrial pressure. Estimated right atrial pressure
was calculated from the inferior vena cava diameter and
its collapsibility. The presence of diastolic dysfunction
was defined using guideline recommendations [20],
using cut-offs of left atrial volume index specific for
CMR [21, 22].

Feature-tracking CMR-derived strain analysis

Feature-tracking CMR-derived analysis of LV GLS was
performed utilizing dedicated software (QStrain Version
2.0, Medis Medical Imaging Systems, Leiden, the
Netherlands) by study site investigators who were
blinded to follow-up data [23]. LV endocardial contours
were manually drawn (in all three long-axis cine views) in
the end-diastolic and end-systolic phase, and automatic-
ally tracked in all consecutive frames to derive an aver-
age LV GLS (Fig. 1). In addition, feature-tracking CMR-
derived left atrial strain analysis was performed by manu-
ally tracing the end-diastolic and end-systolic left atrial
endocardial border in the cine 2- chamber view (Fig. 1).
To ensure accurate tracking of the LV and left atrial myo-
cardium, tracking performance was visually assessed,
with manual adjustments made to the contours prior to
reapplication of the feature-tracking algorithm. Left atrial
reservoir strain (LARS) was estimated from the first peak
of the left atrial strain curve, immediately prior to mitral
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valve opening, using the left atrial end-systole as refer-
ence. RV strain was measured on standard 4-chamber
long-axis cine images, with endocardial contours manu-
ally drawn in the end-systolic and end-diastolic phases
and automatically tracked in all consecutive frames.

Follow-up and study end points

The first end point of the study was the presence or ab-
sence of NYHA class II to IV heart failure symptoms at
the time of baseline CMR. The second end point of the
study was all-cause mortality at follow-up. Mortality data

were collected through the Social Security Death Index
or by medical record review and were complete for all
patients. Follow-up began from the date of CMR, and
data for all patients were included up to the last date of
follow-up.

Statistical analysis

Categorical variables are expressed as numbers and per-
centages, while continuous variables are presented as
median and interquartile range (IQR). Differences be-
tween groups divided by the presence or absence of

FIG. 1 Acquisition of left atrial strain and LV GLS by feature-tracking CMR

Panels A, B and C demonstrate CMR feature-tracking of the left ventricle myocardium in the 2- chamber, 4- chamber
and 3- chamber long-axis cine views, respectively. LV endocardial contours were manually traced in the end-diastolic
and end-systolic phase, and automatically tracked to derive an average LV GLS. Panel D demonstrates feature-track-
ing of the left atrial myocardium in the cine 2-chamber view. Left atrial feature-tracking was performed by manually
tracing the end-diastolic and end-systolic left atrial endocardial border in the cine 2- chamber view, and LARS was
estimated from the first peak of the left atrial strain curve, immediately prior to mitral valve opening. CMR: cardiac
magnetic resonance; LARS: left atrial reservoir strain; LV: left ventricular; LV GLS: left ventricular global longitudinal
strain.
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NYHA class II to IV heart failure symptoms were com-
pared using the Pearson v2 test for categorical variables
and the Mann–Whitney U-test for continuous variables.
To investigate the association of clinical and imaging
parameters with the presence or absence of heart failure
symptoms at baseline (defined as NYHA class �II), uni-
variable logistic regression was performed. Variables
with a univariable value of P< 0.05 were incorporated
into the multivariable model. For the evaluation of the
end point of all-cause mortality, penalized spline curve
analysis was utilized to investigate the hazard ratio (HR)
change for all-cause mortality across a range of LARS
and LV GLS values. A threshold of LARS and LV GLS to
dichotomize the population for Kaplan–Meier analysis
was estimated using the fitted spline curves. Cumulative
survival rates were calculated using the Kaplan–Meier
method, and the log-rank test was used to compare
groups. Associations between clinical and CMR variables
and all-cause mortality were investigated by univariable
Cox proportional hazards regression models. The pro-
portional hazards assumption was verified through the
assessment of scaled Schoenfeld residuals. The HR and
95% CI were calculated and reported for each variable.
To test for the incremental prognostic value of LARS and
LV GLS, likelihood ratio (LR) v2 tests were used to as-
sess whether feature-tracking CMR-derived strain of the
left cardiac chambers added prognostic value to varia-
bles shown to be important for risk stratification in
patients with SSc according to prior epidemiological
data [3, 9]. Ten random patients were selected for the
evaluation of intra- and inter-observer variability of LV
GLS and LARS using intraclass correlation coefficients
(ICCs). All tests were two-sided and P-values of <0.05
were considered statistically significant. Statistical ana-
lysis was performed using SPSS version 25.0 (IBM
Corporation, Armonk, NY, USA) and R version 4.0.1 (R
Foundation for Statistical Computing, Vienna, Austria).

Results

Patient characteristics

A total of 100 patients with SSc were included. The me-
dian age of the population was 54 (IQR 46 to 64) years,
42% were male and 52% had a diagnosis of dcSSc.
Overlapping CTD was present in 6% of the overall popu-
lation, 4% had PM overlap and 2% had SLE overlap.
The median disease duration since first non-RP symp-
tom was 38 (IQR 16 to 96) months. Patients were
referred for CMR for the evaluation of cardiac involve-
ment in 86%, screening prior to haemopoietic autolo-
gous stem-cell therapy or lung transplantation in 10%,
while 4% of patients had no specific indication. The
study population was dichotomized according to the
presence or absence of heart failure symptoms at base-
line: a total of 39 patients (39%) were in NYHA class I,
while 61 (61%) were in NYHA classes II to IV. Patients in
NYHA class II to IV had lower predicted DLCO than
those in NYHA class I, the only significant difference

between the two groups of patients. Table 1 summarizes
the baseline clinical characteristics of the population.

CMR characteristics

The CMR characteristics of the population are presented
in Table 2. The median LV end-diastolic volume was 156
(IQR 135 to 184) ml, the median left atrial volume index
was 42 (IQR 34 to 54) ml/m2, while the LV ejection frac-
tion was preserved (LVEF �50%) in the majority of the
population (79%) [11]. The feasibility of analyzing LV
GLS and LARS with feature-tracking CMR was excellent,
with accurate measurements obtained in all 100 patients.
The median LV GLS was –21.8% (IQR –24.0 to –18.1%)
and the median LARS was 36% (IQR 29 to 45%).
Patients with NYHA class II to IV heart failure symptoms
had lower values of LARS compared with those in NYHA
class I, while there was no difference in LV ejection frac-
tion, LV GLS, cardiac index, presence of LGE or left
atrial volume index between groups. Imaging characteris-
tics divided according to the presence or absence of
specific antibodies associated with SSc, systemic hyper-
tension and coronary artery disease are displayed in
Supplementary Tables S1–S4, respectively (all available
at Rheumatology online). Clinical and imaging parame-
ters associated with LARS are presented in
Supplementary Table S5, available at Rheumatology on-
line. The ICCs for intra- and inter-observer variability for
LV GLS were 0.988 and 0.967, and for LARS, 0.963 and
0.917, demonstrating excellent agreement
(Supplementary Table S6, available at Rheumatology
online).

Association between feature-tracking CMR derived
strain and symptoms

To investigate the association between NYHA class II to
IV heart failure symptoms and feature-tracking CMR
parameters, univariable logistic regression analyses were
performed (Table 3). On univariable analysis, only pre-
dicted DLCO, predicted forced vital capacity (FVC) and
LARS (Supplementary Fig. S1, available at
Rheumatology online) were associated with the presence
of NYHA class II to IV heart failure symptoms at base-
line. Notably, LV GLS, LV ejection fraction, LGE and left
atrial volume index did not demonstrate an association
on univariable analysis. On multivariable analysis, LARS
(OR 0.964 per %, 95% CI 0.929, 0.998, P¼ 0.049) and
predicted DLCO (OR 0.957 per %, 95% CI 0.926, 0.988,
P¼0.008) retained an independent association with the
presence of NYHA class II to IV heart failure symptoms
at baseline.

Association between feature-tracking CMR-derived
strain and outcome

Over a median follow-up of 37 (IQR 21 to 62) months, a
total of 24 (24%) patients died. Spline curve analyses
were performed to investigate the association between
values of LARS (Fig. 2A), LV GLS (Fig. 2B) and all-cause
mortality. These analyses demonstrated significant
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increases in the HR for all-cause mortality, with progres-
sively lower values of LARS and impaired LV GLS.
Subsequently, to dichotomize the population for Kaplan–
Meier analyses, cut-offs of 27% for LARS and –20% for
LV GLS were estimated from the respective spline
curves. Kaplan–Meier analysis demonstrated significantly
worse survival for patients with LARS of <27% when
compared with patients with a LARS of �27% (75% and
46% vs 96% and 87%, at 1 and 5 years of follow-up, re-
spectively, P<0.0001, Fig. 3A). Likewise, patients with
an LV GLS of <–20% had significantly worse survival
than those with an LV GLS of �–20% (89% and 62% vs
92% and 86%, at 1 and 5 years of follow-up, respective-
ly, P¼ 0.033, Fig. 3B). Univariable Cox regression ana-
lysis demonstrated an association between all-cause
mortality and LARS (HR 0.94 per %, 95% CI 0.91, 0.97,
P<0.0001), and all-cause mortality and LV GLS (HR
1.10 per %, 95% CI 1.03, 1.17, P¼0.005). In addition,

an association was observed between all-cause mortality
and LGE, PASP, atrial fibrillation, diastolic dysfunction,
male sex, NYHA functional class, and LA volume index,
although not with LV ejection fraction (Supplementary
Table S7, available at Rheumatology online).

Incremental prognostic value of feature-tracking
CMR-derived strain

To evaluate the incremental prognostic value of LARS
for the end point of all-cause mortality, LR tests were
performed. LARS demonstrated incremental value over
the presence of LGE (LR v2 7.82, P¼0.005), atrial fibrilla-
tion (LR v2 9.24, P¼0.002), LV diastolic dysfunction (LR
v2 4.59, P¼0.032), DLCO (LR v2 9.95, P¼0.002), pre-
dicted FVC (LR v2 8.26, P¼0.004), PASP (LR v2 5.11,
P¼0.024), RV ejection fraction (LR v2 9.71, P¼0.002),
NYHA class II to IV heart failure symptoms (LR v2 8.49,

TABLE 1 Patient clinical characteristics of the total population and divided by the presence of heart failure symptoms

Variable Overall NYHA class I NYHA class II to IV P-value

(N5100) (N539) (N561)

Age, years 54 (46–64) 52 (40–61) 56 (48–64) 0.13
Male sex 42 (42%) 17 (44%) 25 (41%) 0.80
dcSSc 50 (52%) 21 (57%) 29 (48%) 0.42
Overlapping CTD 6 (6.0%) 2 (5.1%) 4 (6.6%) 0.99
mRSS 6 (2–17) 6 (0–21) 6 (2–14) 0.87
Disease duration since first non-RP

symptom, months
38 (16–96) 38 (16–82) 38 (16–102) 0.95

Myositis 19 (19%) 5 (13%) 14 (23%) 0.21
Synovitis 6 (6.1%) 2 (5.3%) 4 (6.7%) 0.99
Pulmonary fibrosisa 35 (35%) 11 (28%) 24 (39%) 0.25
Predicted DLCO, % 56 (44–68) 64 (52–77) 48 (41–61) <0.001
Predicted FVC, % 88 (62–101) 96 (83–101) 80 (60–100) 0.034
Pulmonary arterial hypertension 6 (6.0%) 1 (2.6%) 5 (8.2%) 0.40
Hypertension 21 (21%) 7 (18%) 14 (23%) 0.55
Dyslipidaemia 10 (10%) 3 (7.7%) 7 (11%) 0.74
Diabetes mellitus 8 (8.0%) 1 (2.6%) 7 (11%) 0.14
Coronary artery disease 14 (14%) 4 (10%) 10 (16%) 0.39
Atrial fibrillation 15 (15%) 3 (7.7%) 12 (20%) 0.10
COPD 12 (12%) 3 (7.7%) 9 (15%) 0.36
Current smoker 15 (15%) 7 (18%) 8 (13%) 0.51
ACEi or ARB 42 (42%) 14 (36%) 28 (46%) 0.32
Beta-blocker 16 (16%) 6 (15%) 10 (16%) 0.89
CSs 35 (35%) 12 (31%) 23 (38%) 0.48
CYC 6 (6%) 2 (5.1%) 4 (6.6%) 0.99
MTX 12 (12%) 6 (15%) 6 (9.8%) 0.53
AZA 5 (5.0%) 2 (5.1%) 3 (4.9%) 0.99
MMF 18 (18%) 3 (7.7%) 15 (25%) 0.032
ANA 91 (93%) 37 (95%) 54 (92%) 0.70
ACA 17 (19%) 8 (22%) 9 (17%) 0.54
Topo I 20 (23%) 6 (18%) 14 (25%) 0.43
CRP, mg/L 5 (2–12) 4 (0–10) 6 (3–16) 0.081
eGFR, mL/min/1.73 m2 88 (60–90) 89 (60–90) 87 (60–90) 0.45

Median (IQR); n (%).
a

As reported on CT thorax imaging by specialist radiologists. ACEi: angiotensin-converting enzyme in-
hibitor, ARB: angiotensin receptor blocker, COPD: chronic obstructive pulmonary disease, DLCO: diffusing lung capacity of
carbon monoxide; DM: diabetes mellitus, eGFR: estimated glomerular filtration rate, mRSS: Modified Rodnan Skin Score,
NYHA: New York Heart Association, TIA: transient ischemic attack.
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P¼0.004) and left atrial volume index (LR v2 7.84,
P¼0.005). Likewise, LR tests were utilized to evaluate
the incremental prognostic value of LV GLS. LR testing
demonstrated that LV GLS provided incremental prog-
nostic value over atrial fibrillation (LR v2 6.24, P¼0.013),
RV ejection fraction (LR v2 4.73, P¼0.030), NYHA class
II to IV heart failure symptoms (LR v2 5.52, P¼0.019),
DLCO (LR v2 5.41, P¼0.020), predicted FVC (LR v2

3.92, P¼ 0.048) and LA volume index (LR v2 4.68,
P¼0.030), although it was not incremental over the
presence of LGE (LR v2 3.21, P¼0.073), PASP (LR v2

2.33, P¼ 0.13) or LV diastolic dysfunction (LR v2 1.10,
P¼0.29). Moreover, LARS demonstrated significant in-
cremental prognostic value over a model including LV
GLS (LR v2 6.42, P¼ 0.011), while LV GLS did not pro-
vide additional prognostic information to a model includ-
ing LARS (LR v2 0.60, P¼0.44). Likewise, evaluation of
LV diastolic dysfunction did not provide additional prog-
nostic value to a model including LARS (LR v2 3.50,
P¼0.17).

Discussion

From the analysis of this large cohort of patients with
SSc undergoing CMR, the major findings were as fol-
lows: (i) LARS derived by CMR was independently

associated with the presence of heart failure symptoms
at baseline, and (ii) LARS and LV GLS were associated
with all-cause mortality, although only LARS provided in-
cremental value over all included variables known to be
prognostically important in patients with SSc.

Association between feature-tracking CMR-derived
LARS and NYHA functional class

Prior literature has demonstrated an independent rela-
tionship between NYHA functional class and all-cause
mortality in patients with SSc [3, 24, 25]. However, until
now, the association between imaging parameters of
cardiac structure and/or function and NYHA functional
class had not been investigated. In the present study, an
independent association between NYHA class II to IV
heart failure symptoms and feature-tracking CMR-
derived LARS and predicted DLCO was observed. In
contrast, no significant association was observed be-
tween NYHA functional class and LV ejection fraction,
LV GLS or LV diastolic dysfunction. While the associ-
ation with predicted DLCO was likely due to direct pul-
monary involvement (i.e. interstitial lung disease and/or
pulmonary arterial hypertension), the association be-
tween NYHA functional class and LARS may reflect early
primary myocardial involvement and LV diastolic dys-
function. In addition, lower values of LARS may suggest

TABLE 2 Imaging characteristics of the total population and divided by the presence of heart failure symptoms

Variable Overall NYHA class I NYHA class II to IV P-value

(N5100) (N539) (N561)

CMR parameters
Heart rate, bpm 73 (65–83) 71 (63–81) 76 (67–86) 0.068
LV end-diastolic volume, ml 156 (135–184) 170 (140–197) 152 (133–178) 0.14
LV end-systolic volume, ml 64 (49–85) 65 (52–84) 63 (45–87) 0.62
LV ejection fraction, % 60 (51–66) 61 (53–65) 58 (50–66) 0.55
LV mass index, g/m2 58 (49–66) 61 (52–69) 56 (47–65) 0.093
LV GLS, % –21.8 (–24.0 to –18.1) –22.6 (–24.5 to –19.5) –20.9 (–23.8 to –17.5) 0.14
Left atrial volume index, ml/m2 42 (34–54) 42 (35–50) 41 (34–56) 0.98
LARS, % 36 (29–45) 41 (34–47) 35 (25–41) 0.004
Pericardial effusion 22 (23%) 8 (21%) 14 (25%) 0.66
Presence of late gadolinium enhancement 20 (21%) 6 (15%) 14 (25%) 0.26
RV end-diastolic volume, ml 154 (129–185) 155 (129–193) 153 (129–179) 0.64
RV end-systolic volume, ml 74 (55–94) 76 (55–93) 74 (57–94) 0.59
RV ejection fraction, % 52 (47–59) 55 (49–61) 51 (45–57) 0.051
RV mass, g 20 (16–25) 22 (16–28) 19 (14–23) 0.078
RV GLS, % –27 (–31 to –22) –28 (–32 to –23) –26 (–31 to –21) 0.23
RA volume index, ml/m2 45 (33–58) 44 (35–50) 47 (33–60) 0.12
Echocardiographic parameters
Diastolic function 0.16

Normal diastolic function 56 (59%) 26 (68%) 30 (53%)
Indeterminate diastolic function 14 (15%) 6 (16%) 8 (14%)
Diastolic dysfunction 25 (26%) 6 (16%) 19 (33%)

PASP, mmHg 28 (22–35) 27 (23–31) 30 (22–39) 0.30

Median (IQR); n (%). CMR: cardiac magnetic resonance; IQR: interquartile range; LARS: left atrial reservoir strain; LV: left
ventricular; GLS: global longitudinal strain; PASP: pulmonary artery systolic pressure; RA: right atrial; RV: right ventricular;
TR: tricuspid regurgitation.
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left heart disease as a contributing etiology of heart fail-
ure symptoms and elevated pulmonary pressures in
patients with SSc, necessitating careful evaluation with
right heart catheterization. In SSc, microangiopathy
and fibroblast dysfunction may lead to LV diastolic
dysfunction, left atrial dysfunction, left atrial fibrosis and
eventually, elevated filling pressures [1, 2]. Left atrial dys-
function is associated with the development of atrial fib-
rillation and may increase the risk of pulmonary edema
and pulmonary hypertension in the setting of elevated
filling pressures [26, 27]. In addition, left atrial dysfunc-
tion may represent an earlier stage of left atrial remodel-
ling compared with left atrial dilation, and for patients
with SSc, may provide a more sensitive evaluation of
LV diastolic dysfunction compared with conventional
echocardiographic criteria [8, 10, 28, 29]. Indeed, most
patients in the present study had a normal LV ejection
fraction (�50%), a clinical setting where standard
evaluation of diastolic dysfunction may produce an inde-
terminate result and where LARS analysis may be par-
ticularly useful.

Association between left cardiac chamber function
on CMR and all-cause mortality

The present study is the largest to evaluate feature-
tracking CMR-derived strain of the left ventricle in
patients with SSc, and the only study to evaluate
feature-tracking CMR-derived strain of the left atrium

[14, 15]. In addition, it is the first study in patients with
SSc to investigate the association between CMR
feature-tracking of the left atrium and left ventricle and
outcome. Nonetheless, an association between feature-
tracking CMR-derived strain of the left ventricle and all-
cause mortality has been demonstrated in other heart
failure populations, such as patients with preserved ejec-
tion fraction [30], non-ischaemic cardiomyopathy and is-
chaemic cardiomyopathy [23]. Likewise, an association
between feature-tracking CMR-derived strain of the left
atrium and mortality has been demonstrated in patients
with hypertrophic cardiomyopathy [31] and with myocar-
dial infarction [32]. The association observed between
feature-tracking CMR-derived LARS and all-cause mor-
tality following adjustment for important confounding var-
iables (including NYHA functional class, DLCO, LVEF,
left atrial volume index, LV diastolic dysfunction and
PASP), suggests that this parameter may be particularly
useful for risk stratification in patients with SSc. Indeed,
although LV diastolic dysfunction has been shown to be
a key determinant of mortality in SSc, the present study
demonstrates that feature-tracking CMR-derived LARS
provides incremental prognostic value to a model includ-
ing LV diastolic dysfunction, while LV diastolic dysfunc-
tion does not provide incremental prognostic information
to a model including LARS [9]. This may be because
feature-tracking CMR-derived LARS provides a more
sensitive evaluation of diastolic dysfunction than conven-
tional echocardiographic methods, detecting early

TABLE 3 Univariable and multivariable logistic regression for NYHA class II–IV symptoms

Univariable Multivariable

Variable OR 95% CI P-value OR 95% CI P-value

Age, years 1.03 1.00, 1.06 0.079
Male sex 0.90 0.40, 2.04 0.80
Current smoker 0.69 0.23, 2.14 0.51
Atrial fibrillation 2.94 0.86, 13.6 0.11
Diffuse SSc 0.71 0.31, 1.62 0.42
COPD 2.08 0.57, 9.84 0.30
Pulmonary arterial hypertension 3.39 0.52, 66.4 0.27
Predicted DLCO, % 0.95 0.92, 0.98 <0.001 0.96 0.93, 0.99 0.008
Predicted FVC, % 0.98 0.96, 1.00 0.023 0.99 0.97, 1.02 0.63
Pulmonary fibrosis 1.65 0.70, 4.03 0.26
Diastolic function 0.17

Normal diastolic function – –
Indeterminate diastolic function 1.16 0.36, 3.77 0.81
Diastolic dysfunction 2.74 0.95, 7.90 0.061

PASP, mmHg 1.04 1.00, 1.09 0.12
LV ejection fraction, % 0.98 0.94, 1.02 0.29
RV ejection fraction, % 0.97 0.92, 1.01 0.13
LV mass index, g/m2 0.98 0.95, 1.01 0.18
LV GLS, % 1.08 1.00, 1.17 0.078
LA volume index, ml/m2 1.01 0.99, 1.03 0.48
LARS, % 0.95 0.92, 0.98 0.004 0.96 0.93, 1.00 0.049
Late gadolinium enhancement 1.83 0.66, 5.65 0.26

COPD: chronic obstructive pulmonary disease; DLCO: diffusing capacity for carbon monoxide; FVC: forced vital capacity;
GLS: global longitudinal strain; LARS¼left atrial reservoir strain; LV: left ventricular; OR: odds ratio.
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functional cardiac involvement [8]. In addition, it is pos-
sible that LARS demonstrated significant prognostic
value over LV GLS because diastolic dysfunction may
precede and be prognostically more important than sys-
tolic dysfunction (even if subtle or subclinical) in patients
with SSc [9, 33]. Further large-scale prospective studies
are required to confirm the clinical utility of feature-
tracking CMR-derived strain of the left atrium for the risk
stratification of patients with SSc.

Clinical implications

While echocardiography remains the first investigation of
choice for the evaluation of cardiac structure and/or

function in patients with SSc, CMR represents the gold
standard for chamber quantification and the detection of
subclinical disease [12]. In routine clinical practice, the
evaluation of feature-tracking CMR-derived strain could
be performed to provide an additional prognostic tool in
patients where further tissue characterization or cardiac
chamber quantification was already indicated. In add-
ition, CMR provides excellent feasibility for the evaluation
of left atrial and LV strain. Existing literature suggests
that the feasibility of the evaluation of left atrial and LV
strain with speckle-tracking echocardiography is approxi-
mately 85 to 95% [34] and 80% [35], respectively. This
is in contrast to the feasibility of 100% observed in the
present study. However, this comparison of feasibility is

FIG. 2 Spline curves demonstrating the hazard ratio for all-cause mortality according to LARS and LV GLS

The curves in (A) and (B) demonstrate the hazard ratio change for all-cause mortality with 95% CIs (blue dotted lines)
in patients with SSc, across a range of values of LARS (A) and LV GLS (B) at the time of CMR. CMR: cardiac magnetic
resonance; LARS: left atrial reservoir strain; LV GLS: left ventricular global longitudinal strain.
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indirect, and further prospective studies are required to
evaluate differences in feasibility between CMR feature-
tracking strain and speckle-tracking echocardiography.
In addition, because CMR feature-tracking strain is
derived from standard cine SSFP views, assessment can
be seamlessly integrated into the standard CMR evalu-
ation of patients with SSc, with accurate evaluation typ-
ically performed in less than 5 minutes per patient.

Limitations

This study is limited by a retrospective, observational de-
sign, and patient enrollment from two specialist academ-
ic referral centres may create a selection bias. Moreover,
CMR data were not acquired for the explicit purpose of
evaluating left cardiac chamber function; rather, CMR
was performed as a component of routine clinical

practice. In addition, this study was not designed to
evaluate whether left cardiac chamber strain assessed
by CMR offered incremental prognostic value over left
cardiac chamber strain evaluated by speckle-tracking
echocardiography. Further studies adequately powered
to detect any differences in prognostic utility are required
to evaluate this question. Furthermore, data regarding
the cause of death were not available. For the end point
of all-cause mortality, multivariable analysis adjusting for
an extensive number of covariates in a single model was
not feasible due to the limited number of events and the
risk of model overfitting. In addition, due to missing data
and CMR imaging protocols/machines varying between
institutions, analyses of T1 imaging data were not per-
formed. The prevalence of pulmonary arterial hyperten-
sion was also likely underestimated, as right heart
catheterization was not performed for all patients.

FIG. 3 Kaplan–Meier curves for all-cause mortality for parameters of CMR feature-tracking for patients with SSc

Panel A demonstrates the Kaplan–Meier curve for LARS derived by feature-tracking CMR at a cut-off of LARS
of 27%, while Panel B shows the Kaplan–Meier curve for LV GLS derived by feature-tracking CMR at a cut-off
of –20%. CMR: cardiac magnetic resonance; LARS: left atrial reservoir strain; LV GLS: left ventricular global longitudin-
al strain.
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Conclusion

In patients with SSc, LARS was independently associ-
ated with the presence of NYHA class II to IV heart fail-
ure symptoms at baseline. In addition, although both
LARS and LV GLS were associated with all-cause mor-
tality, only LARS provided incremental value over varia-
bles known to be prognostically important in patients
with SSc.
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