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Aims Cardiovascular involvement in systemic sclerosis (SSc) is heterogeneous and ill-defined. This study aimed to: (i) discover
cardiac phenotypes in SSc by cardiovascular magnetic resonance (CMR); (ii) provide a CMR-based algorithm for pheno-
typic classification; and (iii) examine for associations between phenotypes and mortality.

Methods
and results

A retrospective, single-centre, observational study of 260 SSc patients who underwent clinically indicated CMR including
native myocardial T1 and T2 mapping from 2016 to 2019 was performed. Agglomerative hierarchical clustering using
only CMR variables revealed five clusters of SSc patients with shared CMR characteristics: dilated right hearts with right
ventricular failure (RVF); biventricular failure dilatation and dysfunction (BVF); and normal function with average cavity
(NF-AC), normal function with small cavity (NF-SC), and normal function with large cavity (NF-LC) sizes. Phenotypes did
not co-segregate with clinical or antibody classifications. A CMR-based decision tree for phenotype classification was
created. Sixty-three (24%) patients died during a median follow-up period of 3.4 years. After adjustment for age and
presence of pulmonary hypertension (PH), independent CMR predictors of all-cause mortality were native T1 (P<
0.001) and right ventricular ejection fraction (RVEF) (P= 0.0032). NF-SC and NF-AC groups had more favourable prog-
noses (P≤0.036) than the other three groups which had no differences in prognoses between them (P> 0.14).
Hazard ratios (HR) were statistically significant for RVF (HR= 8.9, P< 0.001), BVF (HR= 5.2, P= 0.006), and NF-LC
(HR= 4.9, P= 0.002) groups. The NF-LC group remained significantly predictive of mortality after adjusting for RVEF,
native T1, and PH diagnosis (P= 0.0046).

Conclusion We identified five CMR-defined cardiac SSc phenotypes that did not co-segregate with clinical data and had distinct out-
comes, offering opportunities for a more precision-medicine based management approach.
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Introduction
Systemic sclerosis (scleroderma; SSc) is a rare multi-system auto-
immune rheumatic disease characterized by fibrosis, inflammation,
and microvascular dysfunction.1 Cardiac involvement is well-
recognized in SSc and, when clinically manifest, is associated with a
poor prognosis.2–6 However, cardiovascular disease in SSc is not a
simple binary phenomenon. Rather, it is heterogeneous and ill-
defined, including diverse pathologies such as myocarditis, non-
ischaemic fibrosis and scar, and pulmonary hypertension (PH).7–9

Clearer identification of distinct cardiac phenotypes in SSc would
help to better understand the disease and guide treatments and in-
terventions. Unfortunately, this requires the evaluation of large pa-
tient cohorts which is difficult due to the rarity of SSc.
Our institution is a tertiary referral centre for SSc and related con-

nective tissue diseases and we routinely perform cardiovascular mag-
netic resonance (CMR) when clinically assessing these patients. CMR
is the most accurate and reproducible method of evaluating cardiac
chamber size and function,10 as well as myocardial tissue character-
ization for the assessment of myocardial oedema, scar, and diffuse fi-
brosis.11 Importantly, this wealth of information allows more
sophisticated methods of cardiac phenotype discovery to be used,
including phenomapping. This clustering-based approach has been
shown to identify novel phenotypes in other cardiac diseases that
are not apparent using traditional statistical techniques. The aims
of this study were: (i) to discover specific cardiac phenotypes in
SSc by CMR using hierarchical cluster analysis; (ii) to provide a
CMR-based algorithm for phenotypic classification; and (iii) to exam-
ine for associations between these CMR-derived cardiac phenotypes
and mortality.

Methods
Patient population
This was a retrospective, single-centre, observational study of 265 con-
secutive patients with a diagnosis of SSc who underwent CMR including
native myocardial T1 and T2mapping at the Royal Free Hospital, London,
United Kingdom (UK) from 2016 to 2019. All patients had symptoms
(for example dyspnoea, chest pain, exercise intolerance) underlying the
clinical indications for CMR studies to identify potential cardiovascular
disease or follow-up known cardiovascular disease. All patients, including
those with a concomitant overlap syndrome diagnosis, fulfilled the
American College of Rheumatology/European League Against
Rheumatism 2013 classification criteria for SSc.12 Referrals originated
from the Scleroderma Service at the Royal Free Hospital and from the
National PH Service at the Royal Free Hospital (one of seven UK special-
ist centres for the management of adult PH).

The study complies with the Declaration of Helsinki and was approved
by the East of England—Cambridge Central Research Ethics Committee
(REC reference 21/EE/0037) who waived the necessity of a written con-
sent according to the nature of the study (a register-based study with
de-identified data and no active participation by study subjects).

Clinical data
Patient clinical histories, co-morbidities, and right heart catheterization
(RHC) data were obtained from patient electronic records systems

and specialist services databases by clinicians blinded to the patient out-
comes. A validated SSc disease severity score at the time of the scan from
0 (no documented involvement) to 4 (end-stage disease) was derived as
described previously.13 Diagnoses of PH by RHC were made according
to international guidelines.14 Outcome was ascertained by checking the
patient summary care record on the National Health Service (NHS)
spine portal on 30th April 2021.

CMR protocol
CMR was performed on a 1.5T CMR scanner (Magnetom Aera, Siemens
Healthcare, Erlangen, Germany). The CMR protocol and sequences have
been described previously.15 In summary, we acquired: (i) conventional
cine imaging; (ii) mid short axis native T1 (modified 5s(3s)3s look-locker
inversion recovery sequence after regional shimming) and T2 (single-shot
T2-prepared sequence) maps16; (iii) late gadolinium enhancement (LGE)
imaging using a phase-sensitive inversion recovery motion-corrected se-
quence following 0.1 mmoL/kg gadoterate meglumine; and (iv) Pixel-wise
extracellular volume (ECV) parametric maps derived from pre- and post-
contrast T1 maps, introduced at our institution from May 2016.17

Post-contrast T1 maps were acquired at 15-min post-contrast adminis-
tration. Patients with an estimated glomerular filtration rate< 30 mL/
min/1.73 m2 underwent a non-contrast study unless written informed
consent was obtained for contrast administration.

CMR post-processing
All CMR studies were analysed using ‘in-house’ plug-ins for OsiriX MD
version 9.0.1 (Pixmeo Sarl, Bernex, Switzerland).18 All studies were re-
ported by experienced clinical CMR observers blinded to patient out-
comes (M.F., D.S.K., T.K., A.M.-N.).

End-diastolic volume (EDV), end-systolic volume (ESV), stroke volume
(SV), ejection fraction (EF), and myocardial mass were calculated as pre-
viously described19 with papillary muscles and trabeculae excluded from
the blood pool. Bi-atrial areas were traced on a four-chamber cine image
at end-systole. All cardiac volumes and dimensions were indexed (i) to
body surface area. Myocardial mass was indexed to EDV to create
mass-to-volume ratios (MVR) for the left and right ventricles.

Native myocardial T1 and T2 relaxation times along with myocardial
ECV were measured by drawing a single region of interest within the in-
terventricular septum on the mid-cavity short-axis maps remote from
areas of LGE and the insertion points.16

Post-processing of LGE images was performed by visual assessment20

with LGE patterns classified as: major ventricular insertion point (VIP),
diffuse trabecular, diffuse subendocardial, focal subendocardial, mid-wall,
subepicardial, and transmural. Minor VIP LGE was discounted.21

Statistics
All statistical resting was performed using R (RStudio 2021.09.02 using R
4.1.2). As most variables were non-normally distributed, groups are de-
scribed by median and full range. Comparison of two groups was per-
formed using the Wilcoxon rank sum test. For more than two groups,
the Kruskal–Wallis test was used as an omnibus test with post-hoc pair-
wise comparison using theWilcoxon rank sum test. Comparison of pro-
portions was performed using Fisher’s exact test with pairwise multiple
tests. Adjustment for multiple comparisons was performed using the
Benjamini and Hochberg method.

Prior to hierarchical clustering of continuous CMR variables and age,
missing data were imputed using the svdimpute function (pcaMethods
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package). In this method, missing values were imputed using regression
with five eigenvectors as predictors. Redundant CMR metrics were
then eliminated by first creating a correlation matrix and eliminating fea-
tures where r> 0.8 (keeping the variable with the least correlations of r>
0.8). This resulted in the removal of both left ventricular (LV) and right
ventricular (RV) ESVi. The final variables were standardized to mean=
0 and standard deviation= 1 prior to clustering.

Agglomerative hierarchical clustering was performed using the hclust
function (stats package). The dissimilarity matrix was calculated using
Euclidean distance and clusters were joined usingWard’s method, which
can separate clusters even in the presence of some noise. The optimal
number of clusters was chosen using the NBclust function/package.22

This method chooses the optimal number of clusters by calculating 27
different cluster validity indices and selecting the final optimal number
of clusters using the majority rule. All clustering was performed blinded
to clinical data and outcome data.

Univariable survival analyses for CMR variables, demographic variables
and CMR-derived phenotypes were performed using Cox Proportional
Hazards regression (coxph function from survival package) with hazard ra-
tio (HR) reported per standard deviation change in metric for continuous
data. The most predictive variables (decided by HR) from the biventricu-
lar volumetric indices, biventricular MVR, non-contrast mapping metrics,
LGE and presence of pericardial effusion were then inputted into a mul-
tiple Cox Proportional Hazards regression adjusted for age and the pres-
ence of PH. Verification of proportional hazards assumption was
performed using the cox.zph function (survival package). Differences in
outcome between groups was assessed using Kaplan–Meier plots with
both omnibus and pairwise Log-Rank test (with adjustment for multiple
comparisons performed using the Benjamini and Hochberg method).
The decision tree was created using the rpart function/package with splits
based on the Gini index. For all tests, a P-value< 0.05 was considered
statistically significant.

Results

Study population
Five patients were lost to follow-up having left the country since their
CMR study and were excluded from the final analysis. Clinical details
of the remaining 260 patients are summarized in Supplementary data
online, Table S1. Median age was 59 (range 17–85) years and patients
were predominantly female (208, 80%). Median time from SSc diag-
nosis to CMR was 9 years (range 0–47) and median disease severity
score was 2 (range 1–4). The majority of SSc patients had limited
(167, 64%) rather than diffuse (90, 35%) disease. Seventy-nine
(30%) patients had an overlap connective tissue disease diagnosis.
The main indication for CMR was myocardial tissue characterization
followed by assessment for known or suspected PH, biventricular
volumes and function quantification, and investigation for myocardial
ischaemia (see Supplementary data online, Table S2).

Two-hundred seven (80%) patients had undergone RHC to diag-
nose the presence or absence of PH, 173 (84%) of whom had RHC
performed within 1 year of the CMR study (median 5 days, range 0–
349). Pulmonary hypertension was excluded in the remaining 53
(20%) patients by clinical evaluation and/or screening using the
DETECT score (using a cut-off total risk score of ≤35), an evidence-
based screening algorithm for the detection of SSc-associated

pulmonary arterial hypertension.23 One-hundred twelve (43%) pa-
tients had a diagnosis of PH, the majority of those (78 patients
with PH, 70%) being pulmonary arterial hypertension (group 1).
Further details of patients with SSc-associated PH are summarized
in Supplementary data online, Table S1.

General CMR characteristics
CMR parameters are summarized in Supplementary data online,
Table S3. Of the 245 patients (94%) who received contrast, 91 had
significant LGE (37% of contrast studies). The distributions of LGE
were: major VIP (44 patients, 48% of patients with significant
LGE); diffuse trabecular (12, 13%); diffuse subendocardial (12,
13%); focal subendocardial (20, 22%); mid-wall (14, 15%); subepicar-
dial (10, 11%); and transmural (7, 8%). Of the 26 patients with trans-
mural or focal subendocardial LGE (1 patient having a combination of
both), 20 (77%) had undergone either invasive (15 patients) or com-
puted tomography (5 patients) coronary angiography. In these 20 pa-
tients, 14 (70%) had no evidence of significant coronary artery
disease to account for the finding of ischaemic-pattern LGE.

Measurement of ECV was performed in 207 (80%) patients (me-
dian 32.1%, range 23.3–47.6%). The remaining patients did not have
ECV measurement due to: (i) non-contrast study protocol (13, 5%);
(ii) study performed prior to ECV mapping implementation at our
CMR unit (25, 10%); and (iii) constraints specific to the clinical cir-
cumstances at the time of the scan (14, 5%).

Conventional analysis of CMR
characteristics by clinically defined
subgroups
Subgroup analyses according to the presence or absence of (i) PH
and (ii) an overlap syndrome diagnosis are summarized in
Supplementary data online, Tables S4 and S5, respectively.

Patients with SSc-associated PH had higher RV volumes and mass,
poorer RV function (all P< 0.001) and smaller LV volumes (P=
0.037) compared with SSc patients without PH. They also had signifi-
cantly higher native myocardial T1 [1083 ms (983–1290) vs. 1063 ms
(932–1195), P< 0.001] and T2 [51 ms (40–59) vs. 49 ms (41–59),
P= 0.0032], higher myocardial ECV [32% (25–48) vs. 32% (23–43),
P= 0.0017], and a greater prevalence of major VIP LGE (38% vs.
2%, P< 0.001) and pericardial effusions (36 vs. 20%, P= 0.0048).

Patients with SSc and an overlap syndrome diagnosis were young-
er (55 vs. 62 years, P< 0.001). There were no significant differences
in CMR metrics of cardiac chamber size, function, or myocardial tis-
sue characterization findings in patients with or without an overlap
diagnosis.

Hierarchical cluster analysis
The amount of missingness of CMR metrics ranged from 2 (0.8%) to
6 (2.3%) patients (see Supplementary data online, Table S6). ECV was
not included in the hierarchical cluster analysis due to the large
amount of missingness for this metric. Cluster validity indices calcu-
lated from only the CMR data itself suggested that 5 was the optimal
number of clusters. The dendrogram and associated heatmap divided
into these five distinct clusters are shown in Figure 1.
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CMR characteristics of clusters
The CMR characteristics for each cluster (Graphical Abstract) are
summarized as follows (reported in Supplementary data online,
Tables S7 and S8):

• ‘RV failure’ (RVF) group: Dilated right hearts with the highest RVMVR
[0.5 (0.2–0.8), P≤0.0053 vs. other groups], impaired RV systolic func-
tion [RVEF 39% (18–61%), P< 0.001 vs. other groups except the bi-
ventricular failure group], and high native myocardial T1 (1111 ms
[983–1290 ms]). This group was associated with the highest preva-
lence of major VIP LGE (79%, P< 0.001 vs. all other groups) and a
high proportion of pericardial effusions (59%, P≤0.0062 vs. the small
and average cavity size groups).

• ‘Biventricular failure’ (BVF) group: Defined by large biventricular size,
poor biventricular function [LVEF 37% (15–53%), P< 0.001 vs. other
groups; RVEF 37% (26–52%), P< 0.001 vs. other groups except the
RVF group], and high native myocardial T1 [1087 ms (1008–
1127 ms)]. This group had the highest proportion of major non-VIP
LGE (69%, P≤0.0041 vs. all other groups).

• ‘Normal function, large cavity’ (NF-LC) group: Characterized by bi-
ventricular dilation, preserved biventricular systolic function, biatrial
dilatation, and high cardiac output. This group also had relatively
high native myocardial T1 (1089 ms [990–1202], P< 0.001 except
the BVF group) and T2 (53 ms [45–58], P< 0.001 except the RVF
group) along with the second highest proportion of pericardial effu-
sions (42%).

• ‘Normal function, small cavity’ (NF-SC) group: Relatively small cardiac
chamber sizes (RVEDVi P< 0.001 vs. all groups, LVEDVi P< 0.001 vs.
other groups except the RVF group) with normal ventricular function.
This group had the lowest median native myocardial T1 (1050 ms,
932–1195 ms).

• ‘Normal function, average cavity’ (NF-AC): The largest group (128
patients, 49% of the overall cohort) consists of cardiac chamber sizes

and native myocardial T1 (1066 ms, 946–1180 ms) in the mid-range
for the overall population with normal biventricular systolic function.

Clinical phenotype associations with clusters
Clinical associations with clusters are reported in Supplementary
data online, Tables S9–S12. There were no significant differences
in the distributions of patients with limited SSc, diffuse SSc or an
overlap connective tissue disease syndrome across the five
phenogroups. There were significantly more men in the BVF group
(P= 0.009). Other than a higher proportion of anticentromere anti-
body positivity in the three normal function groups vs. the BVF group
(P≤0.021), there were no other significant differences in antibody
status across the clusters. There were no significant differences in
the proportions of patients with a history of ischaemic heart disease
between the clusters (P< 0.26).

The RVF group predominantly consisted of patients with
SSc-associated PH (92%) with significantly higher mean pulmonary
arterial pressures vs. all other groups (47 mmHg [17–69],
P≤0.014). However, most patients in the overall population with a
diagnosis of SSc-associated PH were evenly distributed across the
other four clusters (ranging from 33–50% in each cluster) with no
significant differences in mean pulmonary artery pressure amongst
those phenotypes.

All patients in the BVF group had myocardial tissue characteriza-
tion as an indication for their CMR (P≤0.03 vs. all other groups),
whereas the RVF group had a significantly smaller proportion of pa-
tients undergoing CMR for this reason (P≤0.027 vs. all other groups).
Six patients in the BVF group had potentially ischaemic-pattern (focal
subendocardial and/or transmural) LGE; five (83%) of these patients
had angiographic data available, and none of whom had an underlying
coronary culprit to account for the LGE.

Figure 1 Agglomerative hierarchical clustering yielded five CMR-derived cardiac SSc phenotypes, the characteristics of which are displayed using a
heatmap. Rows represent individual study participants; columns represent phenotypic variables. Red and blue indicate raised and low values of a
phenotype relative to the study cohort average, respectively. HR, heart rate; LA, left atrial; RA, right atrial.
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Decision tree for simple clustering
In order to aid in future validation of these clusters, a decision tree
was created that allowed simpler allocation of group membership
(Figure 2). The optimum attributes were all related to ventricular vo-
lumes and function. The accuracy for prediction of group member-
ship in the overall cohort was 82% (confidence intervals= 77–
86%). When excluding patients with a diagnosis of PH, the accuracy
for prediction of groupmembership was 85% (confidence intervals=
78–90%).

Predictors of mortality
Sixty-three (24%) patients died during a median follow-up period of
3.4 years (range 0.1–5.3 years). One-year and three-year survival was
92 and 76%, respectively.

Clinical SSc phenotypes and mortality
The presence of SSc-associated PHwas associated with a significantly
increased risk of death (P< 0.001; Supplementary data online,
Figure S1). There was no difference in mortality between patients
with limited vs. diffuse cutaneous SSc (P= 0.51; Supplementary
data online, Figure S1). Patients with SSc and a concomitant overlap
syndrome diagnosis also did not have a significantly different out-
come compared to those without overlap syndromes (P= 0.12;
Supplementary data online, Figure S1).

CMR predictors of mortality
Individual CMR variables predictive of all-cause mortality on univari-
able Cox analysis are shown in Supplementary data online, Figure S2.
The following CMR predictors of mortality were entered into multi-
variable Cox analysis, none of which violated the proportional ha-
zards assumption (P> 0.1): RV MVR, RVEF, native myocardial T1,
presence of pericardial effusion and major VIP LGE. After adjustment
for age and the presence of PH, the only independent predictors of
mortality were native myocardial T1 (P< 0.001) and RVEF (P=
0.0032).

Associations between cardiac CMR-SSc phenotype and
mortality
Kaplan-Meier curves for the five groups identified by hierarchical
cluster analysis of CMR variables are shown in Figure 3A. The
NF-SC and NF-AC groups had similar prognoses (P= 0.27), with
both having more favourable prognoses than the three other groups
(P≤0.036) by pairwise Log-Rank testing. There was no difference in
prognoses between the BVF, RVF, and NF-LC groups (P> 0.14). On
Cox regression, HRs (compared to the NF-SC group) were statistic-
ally significant for the RVF (HR= 8.9, P< 0.001), BVF (HR= 5.2, P=
0.006) and NF-LC (HR= 4.9, P= 0.002) groups, with no violation of
the proportional hazards assumption (P= 0.63). These remained sig-
nificant after independently adjusting for native T1 and diagnosis of
PH (P≤0.013). After adjusting for RVEF, the RVF (P= 0.01), and
NF-LC (P= 0.001) groups remained significant predictors of death.
Adjusting for RVEF, native T1 and diagnosis of PH together resulted
in only the NF-LC group remaining significantly predictive of mortal-
ity (P= 0.0046).

Figure 3B shows that the Kaplan-Meier curves using the decision
tree-based grouping were similar to the actual hierarchical
clustering-derived groupings.

Discussion
In this study, we evaluated a large cohort of clinically and haemo-
dynamically well-characterized patients with SSc undergoing CMR.
Using hierarchical cluster analysis, we discovered five CMR-defined
cardiac phenotypes in SSc that do not co-segregate with existing clin-
ical subgroup classifications or autoantibody status. Importantly,
these CMR-defined cardiac phenotypes are associated with different
outcomes and are independently predictive of mortality. Conversely,
conventional clinical sub-classifications of SSc (namely: (i) limited vs.
diffuse cutaneous SSc and (ii) the presence or absence of a concomi-
tant overlap syndrome) were not of prognostic significance in our
cohort. Thus, we believe that CMR offers an important tool for
phenotype discovery, allowing a better understanding of
SSc-associated cardiovascular disease and potentially helping guide
both the treatment and risk stratification of these patients.

Although studies have demonstrated abnormal cardiac func-
tion2,24,25 and tissue characteristics3–6 in SSc patients, these simple
comparisons do not adequately reflect the complexity and spectrum
of cardiovascular pathology within this patient population.
Therefore, we used hierarchical cluster analysis of CMR parameters
to identify distinct cardiac phenotypes in SSc. This method does not
use any additional background clinical/outcome data to generate
clusters and is an unbiased method of discovering novel phenotypes
based only on CMR data. The five phenotypes identified using this
method were not associated with clinically defined SSc classifications
or specific SSc-associated autoantibodies. This suggests that
CMR-defined phenotypes can provide new insights into cardiac dis-
ease in SSc.

The poor outcomes in the RVF and BVF groups are unsurprising as
ventricular failure is a recognized prognostic marker in many cardio-
vascular diseases. Although the RVF group consisted mainly of pa-
tients with PH, most patients with PH in the overall cohort were
distributed across the other four phenotypes. This group actually

Figure 2 A CMR-based decision tree using biventricular volu-
metric data was derived to enable patients to be easily classified
into their respective group membership.
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represented those with the most adverse pulmonary haemodynam-
ics and most underwent CMR for assessment of PH. Indeed, the ele-
vated native T1 in the RVF group is in keeping with other studies of
LV myocardial T1 metrics in patients with PH which show correla-
tions between pulmonary haemodynamics with the degree of T1 ele-
vation.26 This may represent fibrosis and cardiomyocyte atrophy in
the underfilled LV in this condition. The BVF group probably repre-
sents advanced or ‘burnt out’ SSc-related heart muscle disease, as in-
dicated by the high myocardial T1, normal myocardial T2 (suggestive
of no myocardial oedema) and the high prevalence of non-VIP myo-
cardial scar. This is reflected by the fact the commonest indication for
CMR in this group was myocardial tissue characterization.
Interestingly, this group had the highest proportion of men, a known
risk factor for LV dysfunction in SSc.27 Identifying this cluster sup-
ports the notion that trials of advanced heart failure therapies and
implantable cardioverter defibrillators could be focused upon this
SSc phenotype. Both these groups have low RVEF and high T1, partly
explaining why these metrics are powerfully predictive of mortality in
the overall cohort.
Probably, the most intriguing group of patients are those with

large cavity size and normal biventricular systolic function (NF-LC
group). The outcomes in this group are poor and not statistically dif-
ferent from the RVF and BVF groups, even though they have normal
cardiac function. Moreover, membership of this group is prognostic
even when adjusted for RVEF, T1 and the presence of PH. This
group, to our knowledge, has not previously been described, demon-
strating the power of cluster analysis for prognostically significant
phenotype discovery. These patients could be described as having
a hyperdynamic state with dilated atria and ventricles and a signifi-
cantly higher cardiac output than other groups. A possible unifying
cause could be systemic inflammation, reinforced by the high preva-
lence of pericardial effusions in the absence of biventricular systolic
dysfunction. The NF-LC group also exhibited high myocardial T2

compared to other groups, suggesting myocardial oedema.
However, the distribution of T2 in this group shows that many pa-
tients were not overtly myocarditic by conventional diagnostic cri-
teria. A potential explanation could be a low-level of myocardial
inflammation possibly accompanying a systemic inflammatory state.
Abnormalities of myocardial T2 in SSc patients are also known to
be predictive of ventricular arrhythmia, a potential reason underlying
the poor prognosis in the NF-LC group.28 The last two phenotypes
(NF-AC and NF-SC) had the most favourable prognoses and consti-
tuted the largest proportion of SSc patients. Both groups had ‘rela-
tively’ normal hearts with normal function and tissue
characteristics, and better outcomes than the other three groups.

A tendency to high native myocardial T1 is a finding that is com-
mon to all three phenotypes with the poorest prognoses, helping
to explain why this is a powerful CMR predictor of mortality in
the overall patient cohort. However, whilst important for prognosis,
the finding of a high T1 value in isolation may not necessarily
guide the CMR reader to a particular underlying pathophysiology.
We believe that the differences in outcomes in these distinct clusters
demonstrate the utility of more sophisticated forms of phenotypic
discovery. However, an important area of future work will be inves-
tigating if these groups and their associated prognoses are applicable
to new patients. For these reasons, we created a decision tree to en-
able patients to be more easily classified according to data from clin-
ical CMR studies. This tool is advantageous as it relies solely on
volumetric data which is acquired routinely and with little variation
in clinical CMR practice. Furthermore, whilst previous studies have
suggested a prognostic signal with the presence of LGE in SSc pa-
tients, our decision tree does not require post-contrast data for pa-
tient classification.29 Reassuringly, we also found that outcomes using
the decision tree-based grouping method were similar to those from
the actual hierarchical clustering-derived groupings, irrespective
of the presence or absence of PH in the study cohort. Since only

Figure 3 Kaplan–Meier curves for all-cause mortality stratified: (A) by hierarchical clustering-derived groupings; (B) using the decision tree-based
grouping. The Kaplan–Meier curves using the decision tree-based groupings (B) were similar to those using the actual hierarchical clustering-derived
groupings (A). Statistically significant values: P< 0.05.
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volumetric data are utilized in the decision tree, future work using
three-dimensional echocardiography could similarly be performed
for the multi-modality assessment of cardiovascular SSc phenotypes.

Limitations
The main limitation of the study was potential referral bias due to pa-
tient recruitment from a single site. This led to a study cohort that
may not necessarily reflect the general SSc patient population. For
example, our study cohort is over-represented by patients with
PH, a complication that is typically present in 8 to 12% of SSc pa-
tients.30 Nonetheless, we did attempt to mitigate for this by adjusting
for the diagnosis of PH when assessing the prognostic utility of indi-
vidual CMR variables and the different phenotypic groups.
Unfortunately, because of the large proportion of patients with PH
it was not possible to exclude these patients and robustly redo
our cluster analysis. Nevertheless, we did test our decision tree algo-
rithm on patients without PH and found high accuracy. Whilst the
majority of PH diagnoses were in group 1 (70%), we grouped to-
gether all PH groups for our analysis. However, any PH diagnosis is
known to confer a poorer prognosis when present. Our patient co-
hort was also older than previously described populations and thus
we adjusted for age in our analyses. It should be noted that all SSc
patients who underwent CMR in a 4-year period at our institution
were included in the study other than five individuals who moved
out of the country and hence were lost to follow-up. Therefore,
this large cohort is representative of a ‘real-world’ cohort of patients
with a confirmed diagnosis of SSc referred for a CMR in our clinical
practice. However, replication and validation in independent cohorts
is essential to determine if these phenotypes are generalizable to
other groups of SSc patients. Furthermore, the goals for future stud-
ies include defining CMR features based on SSc diagnosis ideally as
the first step, then distinguishing primary SSc cardiovascular involve-
ment from comorbidity, non-SSc heart disease and the effects of PH.
These are likely to be best assessed in prospective multi-centre pa-
tient cohorts.

The second major limitation was missingness in contemporaneous
data due to the retrospective design of the study and inhomogene-
ities in the study protocol. For instance, blood test results that
may provide complementary information to the CMR data, such as
troponin and brain natriuretic peptide (BNP) levels, were not avail-
able in all patients. ECV also exhibited a significant missingness
(20% compared with 0.8–2.3% for all other CMRmetrics) and haem-
atocrit values in some cases taken from the clinic visit closest to the
CMR study. For these reasons ECV was not included in our hierarch-
ical cluster analysis. LGE was also not included in the cluster analysis
given that all other metrics were continuous data. In this regard,
however, non-VIP LGEwas not prognostic in our cohort and thema-
jority of non-VIP LGE was found in patients in the BVF group.
Standard metrics of disease duration, such as first non-RP manifest-
ation, were unavailable for the entire cohort as some patients were
referred from external centres. Measures of diastolic function and
strain are unavailable, but previous studies have shown strain metrics
may provide incremental prognostic value.31,32 Therefore, future
studies that have broader inclusion of contemporaneous multi-
modality data (including electrocardiograms, echocardiograms, pul-
monary function tests and coronary angiographic data) may also
be important in refining cardiac phenotypes in SSc patients.

Conclusion
We have defined five CMR-derived phenotypes using hierarchical
cluster analysis that are prognostically distinct, associated with all-
cause mortality and do not co-segregate with standard clinical classi-
fications. Patients can be classified using an algorithm only requiring
routinely acquired CMR-derived volumetric indices. Abnormalities
of native myocardial T1 and RVEF, both independently predictive
of mortality even after adjustment for the presence of PH, were evi-
dent in phenotypes with the poorest prognoses. Phenotype discov-
ery helps to delineate the spectrum of cardiovascular disease in SSc
and enables a better understanding of the different pathophysiologic-
al processes that abnormal CMRmetrics may represent. This confers
opportunities for greater homogeneity of patient cohorts for clinical
trials and a more precision medicine-based approach to treatment.
Overall, this study supports CMR as the imaging modality of choice
for the comprehensive cardiovascular evaluation and risk stratifica-
tion of SSc patients.

Supplementary data
Supplementary data are available at European Heart Journal—
Cardiovascular Imaging online.
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