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Abstract

Objectives: The 2022 European Society of Cardiology and European Respiratory Society (ESC/ERS) guidelines for pulmonary arterial hyperten-
sion (PAH) recommend risk stratification to optimize management. However, the performance of generic PAH risk stratification tools in patients
with SSc-associated PAH remains unclear. Our objective was to identify the most accurate approach for risk stratification at SSc-PAH diagnosis.

Methods: In this multicentre, international cohort study from the European Scleroderma Trials and Research (EUSTAR) group database, we
screened 11 risk stratification tools upon SSc-PAH diagnosis. We compared the performance of the three top-ranked tools to predict mortality
with the ESC/ERS three-strata model, the currently recommended tool for baseline risk assessment. We also assessed the impact of incorpo-
rating SSc-specific characteristics into the tools. Kaplan—-Meier analyses and Cox regression with area under the ROC curve (AUC)
were conducted.

Results: The ESC/ERS three-strata model had a lower ability to predict mortality than the ESC/ERS four-strata model, ‘SPAHR updated’ and
'REVEAL Lite 2'. The ESC/ERS four-strata model divided ‘intermediate-risk’ patients into two groups with significantly different long-term sur-
vival rates and is the easiest applicable tool. Incorporating SSc-specific characteristics did not significantly improve the predictive ability of any
model, but a low diffusing capacity of the lung for carbon monoxide (DLCO) was an independent predictor of mortality.

Conclusion: Considering its ability to predict mortality, risk segregation capabilities and clinical applicability, this study provides a rationale for
using the simplified ESC/ERS four-strata model at SSc-PAH diagnosis as an alternative to the comprehensive ESC/ERS three-strata model. We
propose considering DLCO as an individual prognostic marker in SSc-PAH.
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Rheumatology key messages

* The ESC/ERS four-strata model showed superior mortality prediction, risk segregation and applicability at SSc-PAH diagnosis.

* Incorporating SSc-specific characteristics did not improve predictive accuracy, but DLCO was an independent prognostic marker.

* Risk stratification was accurate in all SSc-PAH patients, regardless of pre-existing vascular-targeted therapies and
haemodynamic thresholds.
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Introduction

Pulmonary arterial hypertension (PAH) develops in 6-12%
of patients with SSc [1-3]. Despite often presenting with
milder haemodynamic impairment, patients with SSc-PAH
have a worse prognosis and respond less favourably to
treatment compared with those with idiopathic PAH (IPAH)
[4-7]. This may be attributed to the heterogeneity and com-
plexity of SSc, including diverse pathogenic mechanisms and
systemic organ involvement, which may lead to multiple
mechanisms contributing to pulmonary hypertension [6, 8-10].
In recent years, studies suggest an improvement in the sur-
vival of patients diagnosed with SSc-PAH [11, 12], possibly
due to enhanced screening, earlier diagnosis and novel treat-
ment strategies [11-18].

The 2022 European Society of Cardiology and European
Respiratory Society (ESC/ERS) guidelines for PAH, along
with the updates from the Seventh World Symposium on
Pulmonary Hypertension (WSPH), recommend risk stratifica-
tion to predict mortality risk and guide treatment decisions
[19, 20]. To assess the baseline risk, the guidelines recom-
mend the comprehensive ESC/ERS three-strata model, which
combines up to 18 risk parameters to define low-, intermedi-
ate- or high-risk status with estimated 1-year mortality rates
of <5%, 5-20% and >20%, respectively [19]. At follow-up,
a simplified four-strata model based on WHO functional
class (WHO-FC), 6-min walk distance (6MWD) and brain
natriuretic peptide (BNP) or N-terminal (NT)-proBNP is rec-
ommended [19, 21]. Several other risk stratification tools
have been proposed [21-29], predominantly developed using
data from patients with IPAH, thus not considering the dis-
tinctive characteristics of SSc-PAH, such as multiorgan in-
volvement and potential unique prognostic markers.

Our objective was to identify the most accurate approach
for risk stratification in SSc-PAH at the time of diagnosis by
comparing various tools to the ESC/ERS three-strata model,
the currently recommended tool for baseline risk assessment,
and to assess the impact of incorporating SSc-specific charac-
teristics to improve the accuracy of these tools.

Study design and methods
Study design

This multicentre, international cohort study included all SSc-
PAH patients in the European Scleroderma Trials and
Research (EUSTAR) database with right heart catheterizations
(RHCs) and annual prospective data, extracted on 1 April
2022. Additional data were collected via specific case report
forms through direct contact with the centres. The database
structure has been previously described [30]. The project was
approved by the EUSTAR board (project number: CP122). The
study complies with the Declaration of Helsinki. Each partici-
pating centre obtained approval from the local ethics commit-
tee. The coordinating centre’s protocol was approved by the
Regional Committees for Medical and Health Research Ethics
(REK) in Norway (approval number: 273870).

Study subjects and inclusion criteria

We assessed patients who had at least one RHC between
2001 and 2021 and met the following criteria: (i) 2022 hae-
modynamic definition of PAH (mean pulmonary arterial
pressure [mPAP] >20 mmHg, pulmonary artery wedge pres-
sure [PAWP] <15 mmHg and pulmonary vascular resistance

[PVR] >2 Wood Units [WUs]) [19]; (ii) age >18 years and
(iii) 2013 ACR/EULAR SSc classification criteria [31].
Patients with severe interstitial lung disease (ILD), defined as
an extent of ILD on high-resolution computed tomography
(HRCT) >20% or a forced vital capacity (FVC) <70% in the
presence of ILD, without available quantification, were ex-
cluded [32]. We recorded demographic and clinical charac-
teristics at RHC. SSc disease duration was defined as the time
from the first non-Raynaud symptom to RHC. Treatment-
naive status was defined as no pre-existing therapies targeting
vascular symptoms such as Raynaud phenomenon or digital
ulcers (DUs) (e.g. endothelin receptor antagonists [ERAs],
phosphodiesterase-5 inhibitors [PDE-5is] or prostacyclin
pathway agents [PPAs]). Initial treatment strategies were de-
fined as (i) upfront monotherapy with ERA, PDE-5i (includ-
ing soluble guanylate cyclase stimulator), or PPA; or (ii)
upfront dual or triple combination therapy with these drugs
within four months of PAH diagnosis. Higher and lower
mPAP and PVR threshold groups were defined according to
the 2015 and 2022 haemodynamic criteria: mPAP
>25mmHg and PVR >3 WU, and mPAP 21-24 mmHg or
PVR 2-3 WU, respectively.

Outcomes

The primary outcome was all-cause mortality, defined from
the date of SSc-PAH diagnosis by RHC until death, or the
censoring date (lung transplantation or study end, defined as
the date last known to be alive). We conducted a two-stage
evaluation of generic PAH risk stratification tools, using the
ESC/ERS three-strata model as the reference. First, we ranked
these tools based on their applicability and performance in
predicting mortality in the SSc-PAH cohort. To maintain a
clear and focused analysis, we selected the three top perform-
ing tools for comparison against the reference (Fig. 1). We
followed the ESC/ERS three-strata model guidelines, incorpo-
rating as many risk parameters as possible, including at least
WHO-FC or 6MWD and BNP or NT-proBNP [19]. In the
absence of a validated method for calculating a risk score, we
applied an approach proposed by previous studies, assigning
scores to parameters based on cut-off thresholds provided in
the guidelines, with the mean score determining the risk cate-
gory: <1.50 (low risk), 1.50-2.49 (intermediate risk) and
>2.50 (high risk) [27, 28].

We evaluated the distribution of risk groups and compared
observed 1-year mortality with expected mortality as esti-
mated by the guidelines. We assessed transplant-free survival
(TES) by risk groups and compared each tool’s ability to pre-
dict all-cause mortality against the ESC/ERS three-strata ref-
erence tool. Finally, we tested the impact of incorporating
SSc-specific characteristics into the risk stratification tools,
including predictors of outcomes in SSc, based on previous
studies and expert opinions of the co-authors [32-40]. The fi-
nal covariates for the multivariable models were selected
through an evaluation of variable availability, multicollinear-
ity, and model performance.

The outcome was assessed in all SSc-PAH patients and in
predefined subgroup analyses: PAH treatment-naive patients,
patients categorized by haemodynamic thresholds and those
meeting all risk stratification tool criteria.

Statistics

Statistical analyses were performed with IBM SPSS, version
29, and STATA, version 18. Categorical variables were
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Figure 1. Description of the risk stratification tools and calculation of risk scores. ESC/ERS: European Society of Cardiology and European Respiratory
Society; SPAHR: Swedish Pulmonary Arterial Hypertension Registry; REVEAL: Registry to Evaluate Early and Long-Term PAH Disease Management;
WHO-FC: World Health Organization functional class; BMWD: 6-min walk distance; NT-proBNP: N-terminal brain natriuretic peptide; SvO,: mixed-venous
oxygen saturation; VO,: oxygen uptake; VE/VCO,: ventilatory equivalents for carbon dioxide; TAPSE/sPAP: tricuspid annular plane systolic excursion/
systolic pulmonary artery pressure; cMRI: cardiac magnetic resonance imaging; RVEF: right ventricular ejection fraction; SVI: stroke volume index;
RVESVI: right ventricular end-systolic volume index; eGFR: estimated glomerular filtration rate. The figure was created using BioRender.com

compared using Pearson y* or Fisher exact test, and continu-
ous variables with independent sample ¢ test or Mann-
Whitney U test, as appropriate. TFS was evaluated using
Kaplan—-Meier analysis and the log-rank test. Univariable and
multivariable Cox regression models assessed the risk stratifi-
cation tools’ ability to predict all-cause mortality, presenting
hazard ratios (HRs) and 95% CIs. Multicollinearity was eval-
uated using Pearson’s and Spearman’s correlation coeffi-
cients, with a cut-off of >0.7. Multivariable models required
10 outcome events per covariate. The predictive ability of the
tools was compared using area under the ROC curve (AUC).

Sensitivity analyses were performed with multiple imputa-
tions for missing covariates in the multivariable regression
model, except for the risk parameters, which were treated as
the exposure variable in the analyses. Under the assumption
of missing at random, 40 imputed datasets were generated us-
ing the multiple imputation chained procedure in STATA.
Multivariable regression analyses were repeated across these
datasets, with results pooled using Rubin’s rules.

Results
Baseline characteristics

Of the 889 SSc patients in the EUSTAR database with RHC,
429 SSc-PAH patients from 43 centres were eligible
(Supplementary Fig. S1, available at Rheumatology online).
Among these, 288 (67%) were treatment-naive, and 141
(33%) had pre-existing vascular-targeted therapies (Table 1).
Treatment-naive patients had shorter SSc disease duration,
lower prevalence of DUs, higher diffusing capacity of the
lung for carbon monoxide (DLCO), smaller right atrial area,
higher occurrence of diastolic dysfunction and higher fre-
quency of initiating upfront PAH therapy (Table 1). Over a
median follow-up of 3.3 years (Q1-Q3: 1.4-5.6), 172 (40%)
of the SSc-PAH patients died, and 14 (4%) underwent lung
transplantation. The overall 1-, 3- and 5-year TFS rates were
93%, 78% and 64 %, respectively. Treatment-naive patients
had a better long-term survival rate compared with those re-
ceiving pre-existing treatment (Table 1 and Supplementary
Fig. S2, available at Rheumatology online). There were no
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Table 1. Comparison of baseline characteristics in treatment-naive patients vs patients with pre-existing vascular-targeted therapies
No. All SSc-PAH Treatment-naive Pre-existing treatment P
(n=429) (n=288) (n=141)
Age, years (SD) 429 65=11 66+11 65=+11 0.753
Male sex, no. (%) 429 60 (14.0) 37 (12.9) 23 (16.3) 0.331
SSc characteristics
SSc duration, years (Q1-Q3) 406 9.7 (3.7-16.5) 8.5 (2.4-15.5) 12.7 (5.5-19.3) 0.0008
1cSSc, no. (%) 420 342 (81.4) 235 (83.9) 107 (76.4) 0.062
mRSS, mean (SD) 361 44+6.2 4.5+6.3 4 2+6.0 0.659
ACA positive, no. (%) 427 273 (63.9) 181 (63.1) 2 (65.7) 0.593
Digital ulcers, no. (%) 423 170 (40.2) 97 (34.0) 3(52.9) <0.001
Telangiectasia, no. (%) 417 352 (84.4) 236 (83.7) 116 (85.9) 0.556
Joint synovitis, no. (%) 387 57 (14.7) 36 (14.2) 1(15.7) 0.703
Muscle weakness, no. (%) 359 60 (16.7) 30 (12.9) 0(23.8) 0.008
Renal crisis, no. (%) 407 16 (3.9) 13 (4.7) 3(2.3) 0.241
Lung characteristics
FVC, % predicted (SD) 408 91.3+21.1 90.8 +20.1 92.3+23.0 0.485
DLCO, % predicted (Q1-Q3) 382 43 (33-52) 45 (34-53) 40 (33-50) 0.038
6MWD, m (SD) 306 341127 342+130 340+121 0.930
WHO-FCIII and IV, no. (%) 418 211 (50.5) 142 (50.4) 69 (50.7) 0.942
ILD, no. (%) 429 187 (43.6) 130 (45.1) 57 (40.4) 0.355
Heart characteristics
NT-proBNP, ng/L (Q1-Q3) 260 568 (203-1495) 623 (211-1599) 490 (176-1260) 0.467
Right atrial area, cm” (Q1-Q3) 111 17 6 (14.9-22.0) 16.8 (14.0-20.1) 20.5 (17.4-24.8) 0.036
Pericardial effusion, no. (%) 379 5(17.2) 44 (16.5) 21(18.8) 0.593
TAPSE/sPAP, mm/mmHg (Q1-Q3) 166 0. 36 (0.23-0.49) 0.33 (0.22-0.48) 0.40 (0.25-0.50) 0.169
Diastolic dysfunction, no. (%) 300 132 (44.0) 97 (49.5) 35 (33.7) 0.009
mPAP, mmHg (Q1-Q3) 429 3(26-43) 32 (26-44) 34 (27-42) 0.479
PAWP, mmHg (Q1-Q3) 429 9(7-12) 10 (7-12) 9(7-12) 0.893
PVR, WU (Q1-Q3) 429 3(3.3-8.0) 5.1(3.2-7.9) 5.6 (3.4-8.1) 0.255
CI, L/min/m” (Q1-Q3) 398 7(2.2-3.2) 2.7 (2.2-3.2) 2.7 (2.2-3.2) 0.774
Lower mPAP/PVR, no. (%) 429 118 (27.5) 85 (29.5) 33 (23.4) 0.183
Other characteristics
Upfront treatment, no. (%) 422 245 (58.1) 183 (65.1) 62 (44.0) <0.001
* Monotherapy, no. (%) 422 159 (37.7) 108 (38.4) 51(36.2) 0.651
* Combination, no. (%) 422 6(20.4) 75 (26.7) 11(7.8) <0.001
Deaths, no. (%) 429 172 (40.1) 108 (37.5) 64 (45.4) 0.117
Lung transplants, no. (%) 338 3(3.9) 8 (3.6) 5(4.2) 0.784
Dx after 2015, no. (%) 429 237 (55.2) 153 (53.1) 84 (59.6) 0.207
Observation time, years (Q1-Q3) 429 3.3 (1.4-5.6) 3.6 (1.5-6.1) 2.9 (1.2-4.7) 0.027
1-, 3- and 5-year TFS (%) 429 93/78/64 93/80/69 93/73/53 0.006

Data are presented as no. (%), mean = SD or median (Q1-Q3) as appropriate. SSc: systemic sclerosis; lcSSc: limited cutaneous systemic sclerosis; mRSS:
modified Rodnan skin score; PAH: pulmonary arterial hypertension; ACA: anti-centromere antibody; FVC: forced vital capacity; DLCO: diffusing capacity
of the lung for carbon monoxide; 6MWD: 6-min walk distance; WHO-FC: World Health Organization functional class; ILD: interstitial lung disease, limited
extent; NT-proBNP: N-terminal brain natriuretic peptide; TAPSE/sPAP: tricuspid annular plane systolic excursion/systolic pulmonary artery pressure; mPAP:
mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; PVR: pulmonary vascular resistance; CI: cardiac index; Dx: diagnosis; TFS:

transplant-free survival. P-values represent pairwise comparisons.

significant differences in survival according to the diagnostic
period before and after 2015 (Supplementary Fig. S3, avail-
able at Rheumatology online).

Risk stratification at baseline

We identified 11 published PAH risk stratification tools in
addition to the ESC/ERS three-strata model, which we ap-
plied as the reference tool (Supplementary Table S1, available
at Rbheumatology online). Based on their applicability and
performance in the SSc-PAH cohort, the top three tools were
selected for comparison against the reference tool
(Supplementary Tables S2 and S3, available at Rheumatology
online): (A) the ESC/ERS three-strata model (used as the ref-
erence tool), (B) the ESC/ERS four-strata model, (C) ‘SPAHR
updated’ and (D) ‘REVEAL Lite 2’ (Fig. 1).

The number of patients fulfilling the inclusion criteria of
each risk stratification tool varied. Patients who met the ref-
erence tool’s criteria had shorter SSc disease duration at PAH
diagnosis, less pre-existing treatment, more upfront treatment

and better TFS compared with those who did not
(Supplementary Table S4, available at Rheumatology online).
They were also more frequently diagnosed after 2015, when
the ESC/ERS three-strata model and upfront combination
therapy were introduced, potentially affecting tool fulfilment
and outcomes (Supplementary Table S4, available at
Rheumatology online). Due to overlapping populations
across the four tools, statistical comparisons of patient char-
acteristics were not feasible (Supplementary Table S5, avail-
able at Rheumatology online).

Depending on the risk stratification tool applied, the distri-
bution of risk groups varied (Fig. 2A). The ESC/ERS three-
strata model classified 3% of patients as high-risk, while the
majority fell into the intermediate- (53%) or low- (44 %) risk
categories. ‘SPAHR updated’ showed similar results but fur-
ther subdivided the intermediate-risk group into two groups.
The ESC/ERS four-strata model and ‘REVEAL Lite 2’ had a
more uniform distribution of risk groups, with a higher pro-
portion of patients classified as high-risk. No significant
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Figure 2. (A) Proportion of patients and (B) observed 1-year mortality across risk categories in the four risk stratification tools. ESC/ERS: European Society
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differences in the distribution of risk groups were observed
between patients diagnosed before and after 2015
(Supplementary Table S6, available at Rheumatology online).
Observed 1-year mortality rates by risk groups aligned with
the expected rates as estimated by the guidelines for the ESC/
ERS three- and four-strata models (Fig. 2B). Conversely,
‘SPAHR updated’ and ‘REVEAL Lite 2’ overestimated mor-
tality for high-risk and intermediate- and high-risk groups,
respectively.

TFS was differentiated across all risk strata using
‘REVEAL Lite 2°, while no significant differences were ob-
served between the intermediate- and high-risk groups using
the ESC/ERS three-strata model, or between the
intermediate-high- and high-risk groups using ‘SPAHR
updated’ (Fig. 3). The ESC/ERS four-strata model demon-
strated significantly worse TFS in the intermediate-high-risk

group compared with the intermediate-low-risk group, whose
survival rates were comparable to the low-risk group.

All the tools showed significantly greater ability to predict
mortality compared with the ESC/ERS three-strata reference
tool, as indicated by higher AUC values (Fig. 4). The ESC/
ERS four-strata model and ‘SPAHR updated’, both of which
stratify patients into four risk groups, showed a significantly
higher mortality risk for the intermediate-high-risk groups
compared  with  the intermediate-low-risk  groups
(Supplementary Table S7, available at Rheumatology online).
The ESC/ERS three-strata model, the ESC/ERS four-strata
model and ‘SPAHR updated’ did not significantly distinguish
mortality risk between the intermediate- and high-risk
groups, the low- and intermediate-low-risk groups, and the
intermediate-high and  high-risk  groups, respectively
(Supplementary Table S7, available at Rbheumatology online).
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Figure 3. Transplant-free survival by risk groups in the four risk stratification tools. (A) ESC/ERS three-strata model, (B) ESC/ERS four-strata model,
(C) 'SPAHR updated’ and (D) ‘REVEAL Lite 2". P-values for pairwise comparison of the risk groups using the log-rank test. ESC/ERS: European Society
of Cardiology and European Respiratory Society; SPAHR: Swedish Pulmonary Arterial Hypertension Registry; REVEAL: Registry to Evaluate Early and

Long-Term PAH Disease Management

Using the ESC/ERS four-strata model, WHO-FC, 6 MWD
and NT-proBNP were all significant predictors of intermediate-
high risk classification compared to intermediate-low risk clas-
sification (Supplementary Fig. S4, available at Rbheumatology
online). NT-proBNP showed significantly higher predictive
ability than WHO-FC (P = 0.007), while no significant differ-
ence was observed between WHO-FC and 6MWD (P = 0.55),
or between 6MWD and NT-proBNP (P = 0.94).

Impact of incorporating SSc-specific characteristics

The final covariates for the multivariable models were
selected based on availability, multicollinearity and
model performance (Supplementary Table S8, available at
Rbheumatology online). The addition of age, male sex, pre-
existing vascular-targeted therapies, DLCO% predicted, ILD
of limited extent and anti-centromere antibodies did not
significantly improve the predictive ability of the risk
stratification tools (Supplementary Table S9, available at
Rheumatology online). DLCO was the only predictor of mor-
tality independent of the risk stratification tools across all the
models (Fig. 5).

Subgroup and sensitivity analyses

All analyses were also performed in treatment-naive patients,
yielding results comparable to the total cohort
(Supplementary Figs S5-S7, Supplementary Tables S10-S12,
available at Rheumatology online). In the subanalysis based
on haemodynamic thresholds, patients with mPAP 21-
24 mmHg and/or PVR 2-3 WU (n =118) demonstrated bet-
ter risk profiles and TFS rates compared with those in the

higher threshold group (Supplementary Tables S13-S135,
Supplementary Fig. S8, available at Rheumatology online).
There were too few events to perform Cox regression analy-
ses confined within the lower threshold group. However, in-
corporating mPAP and PVR threshold groups, along with
age, male sex, DLCO and pre-existing vascular-targeted ther-
apies into the multivariable analysis, resulted in findings con-
sistent with the primary analysis (Supplementary Fig. S9,
available at Rheumatology online).

We also repeated the comparative analyses on the subset of
patients meeting all four tool requirements and obtained sim-
ilar findings (Supplementary Figs S10-S12, Supplementary
Tables S16-S18, available at Rheumatology online). A direct
comparison of the two top-performing univariable tools, the
ESC/ERS four-strata model and ‘REVEAL Lite 2, showed no
significant differences in their ability to predict mortality
(AUC 0.73 [95% CI 0.66, 0.79] vs AUC 0.72 [95% CI 0.65,
0.78], P = 0.646).

The sensitivity analysis with multiple imputations resulted
in no notable variations in the results (Supplementary
Fig. $13, Supplementary Table S19, available at Rheumatology
online).

Discussion

In this study, we aimed to identify the most accurate
approach for risk stratification at the time of SSc-PAH diag-
nosis, comparing several tools to the ESC/ERS three-strata
model, the currently recommended tool for baseline risk
assessment. We also explored whether incorporating
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Figure 5. Impact of risk stratification tools on predicting all-cause mortality in multivariable analysis. (A) ESC/ERS three-strata model (reference),

(B) ESC/ERS four-strata model, (C) 'SPAHR updated’ and (D) 'REVEAL Lite 2'. The multivariable models are adjusted for age, male sex, pre-existing
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SSc-specific characteristics could enhance the predictive accu-
racy of these tools.

In our cohort of newly diagnosed SSc-PAH patients,
according to the 2022 haemodynamic definition, we found
that the currently recommended ESC/ERS three-strata model
had a lower ability to predict mortality than the ESC/ERS
four-strata model, ‘SPAHR updated’ and ‘REVEAL Lite 2’.
The ESC/ERS four-strata model effectively divided
‘intermediate-risk’ patients into two groups with significantly
different long-term survival rates and includes the most clini-
cally accessible risk parameters. Although incorporating
SSc-specific characteristics did not significantly improve pre-
dictive ability, low DLCO was identified as an independent
predictor of mortality.

Previous studies on risk stratification in SSc-PAH have of-
ten been limited to single-centre studies, subgroup analyses or
focused on treatment-naive patients using the 2015 haemody-
namic criteria [12, 21-28, 41-44]. Our study uniquely evalu-
ates, to our knowledge, all published risk stratification tools
within a single comparator study, offering a comprehensive
assessment of these tools in a multicentre, international co-
hort of SSc-PAH patients from the EUSTAR database.
Importantly, our cohort includes patients with pre-existing
therapies for vascular symptoms, such as Raynaud phenome-
non and DUs, as well as those fulfilling the 2022 haemody-
namic definition of PAH.

We ranked the 11 identified PAH risk stratification tools
by their applicability and performance in the SSc-PAH co-
hort, comparing the top three to the ESC/ERS three-strata
model as a reference [19]. All three tools demonstrated a sig-
nificantly greater ability to predict mortality than the ESC/
ERS three-strata model. Notably, the ESC/ERS three-strata
model did not significantly differentiate mortality risk be-
tween intermediate- and high-risk patients. This has impor-
tant therapeutic implications, especially considering the
different upfront treatment recommendations, including
upfront triple therapy for the high-risk group, as outlined in
the 2022 guidelines and further reinforced in the recent up-
date from the seventh WSPH [19, 45].

Furthermore, the ESC/ERS three-strata model classified
most patients as intermediate risk, with only 3% as high-risk.
Previous studies have shown that subdividing the
intermediate-risk group improves outcome differentiation
and increases sensitivity to change during follow-up [21-23,
41]. In this study, both the ESC/ERS four-strata model and
‘SPAHR updated’ successfully divided intermediate-risk
patients into subgroups with significantly different long-term
survival rates. However, ‘SPAHR updated’ did not distin-
guish mortality risk between intermediate-high and high-risk
patients, and only 4% of patients were classified as high-risk,
with a lower than expected 1-year mortality rate. This sug-
gests that the tool may overestimate mortality for the high-
risk group.

The ESC/ERS four-strata model and ‘REVEAL Lite 2° dem-
onstrated a uniform distribution of risk groups, with a higher
proportion stratified as high-risk. The tools demonstrated
significant discrimination of mortality risk across risk strata,
except between the low- and intermediate-low-risk groups in
the ESC/ERS four-strata model. However, since the primary
goal of baseline risk assessment is to identify high-risk
patients for upfront triple therapy, this distinction is of lesser
clinical importance [19-21]. There was no significant
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difference in mortality prediction in direct comparison be-
tween the ESC/ERS four-strata model and ‘REVEAL Lite 2.
However, while the ESC/ERS four-strata model correctly
aligned 1-year mortality rates with expected values,
‘REVEAL Lite 2’ overestimated mortality for intermediate-
and high-risk patients in this cohort, leading to less precise
risk stratification [19, 21, 41]. In addition to its predictive
ability, effective subdivision of the intermediate-risk group
and accurate estimation of 1-year mortality, the ESC/ERS
four-strata model is practical for clinical use, relying on
three easily accessible parameters (WHO-FC, 6MWD and
BNP/NT-proBNP), which have previously shown the greatest
prognostic value in PAH [24, 26-29]. Notably, these three
risk parameters were all significant predictors when distin-
guishing between intermediate-low and intermediate-high
risk groups, with NT-proBNP being the strongest.

The current treatment algorithm differentiates between
low- and intermediate-risk ws high-risk patients [19, 45].
However, our study shows that intermediate-high-risk
patients had a significantly worse prognosis compared to
lower risk groups, suggesting that this subgroup may require
a different management approach. Future randomized con-
trolled trials are needed to determine the optimal treatment
strategies for these patients. In addition to guiding treatment
decisions, precise risk stratification is crucial for providing
prognostic information and monitoring changes over time.
While identifying intermediate-high-risk patients may not
lead to immediate treatment changes, it enables the opportu-
nity for closer surveillance and potentially earlier interven-
tion. Given the poor prognosis in this group, we propose
heightened awareness, including guideline-aligned treatment
and careful monitoring.

Our study also assessed whether incorporating SSc-specific
factors could improve predictive accuracy in the tools.
Although including these factors did not significantly en-
hance the predictive ability of the tools, a low DLCO was an
independent predictor of mortality. Numerous studies have
shown that patients with SSc-PAH have lower DLCO than
those with IPAH [4, 5, 46] and that a lower DLCO is associ-
ated with a poorer outcomes [33-36]. However, it remains
unclear whether DLCO can improve following PAH-specific
treatment, which is crucial when considering its potential role
in risk stratification, particularly for follow-up assessments
where sensitivity to change is essential. Some studies suggest
that patients with very low DLCO may respond less effec-
tively to therapy and that treatment may further impair gas
exchange in these patients [47, 48]. While adding DLCO to
risk stratification may not directly change treatment strate-
gies, its prognostic role underscores its importance in a com-
prehensive risk evaluation. In a broader context, systemic
organ involvement is well-documented to impact treatment
response and disease outcomes in SSc¢ patients [6, 9, 10, 32—
40]. Therefore, even though SSc-specific factors did not im-
prove the predictive accuracy of the tools per se, SSc-related
organ involvement and comorbidities should still be consid-
ered in the overall clinical assessment for prognostic evalua-
tion and treatment decisions, alongside other individual
factors, as recommended by the guidelines [19, 20, 45].

Previous studies largely focused on treatment-naive
patients when evaluating baseline risk stratification, but
many SSc patients in clinical practice are already receiving
therapies, such as ERAs, PDE-5is and PPAs, to manage
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vascular symptoms like Raynaud phenomenon and DUs.
Our study reflects real-world conditions by including both
treatment-naive patients and those with pre-existing
vascular-targeted therapies. Importantly, the subanalysis of
treatment-naive patients showed comparable performance in
predicting mortality to that of the overall cohort, supporting
the robustness of risk stratification at the time of SSc-PAH di-
agnosis, regardless of prior treatment status.

The management approach for patients with milder hae-
modynamic impairment (mPAP of 21-24 mmHg or PVR of
2-3 WU) remains uncertain, with close monitoring and indi-
vidualized treatment decisions recommended [19, 45].
Therefore, evidence on the efficacy of risk stratification in
these patients is crucial. In our cohort, patients with lower
mPAP and PVR thresholds demonstrated better risk profiles and
prognoses, though some were still classified at higher risk despite
their milder haemodynamic burden. Tools that do not incorpo-
rate haemodynamic variables may be influenced by other factors,
such as heart failure from non-PAH causes, lung disease or mus-
culoskeletal limitations [20]. In our study, intermediate-high
and high-risk patients with milder haemodynamic impairment
had no major differences in SSc-related organ manifestations
compared with lower-risk groups. However, unmeasured fac-
tors or subtle clinical features may contribute to the elevated
risk in these patients, highlighting the need for an individualized
approach. We found that risk stratification was effective inde-
pendent of haemodyamic thresholds, supporting its utility even
in patients with milder haemodynamic impairment.

As with all registry analyses, our study has limitations, in-
cluding missing data, lack of standardized follow-up and the
inclusion of patients diagnosed over an extended period with
evolving screening recommendations, diagnostic criteria and
management strategies, which increases population heteroge-
neity. A potential limitation is that the results may not fully
apply to patients outside expert centres. However, since the
2022 ESC/ERS guidelines recommend that all SSc-PAH
patients be managed in expert centres, this should not signifi-
cantly affect generalizability. Although patients diagnosed af-
ter 2015 more frequently met the risk stratification criteria,
there were no significant differences in risk group distribution
or survival. This suggests that the time of diagnosis did not
significantly impact the effectiveness of risk stratification.
The retrospective application of the 2022 haemodynamic def-
inition partly explains why many patients did not receive
upfront therapy. While pre-existing vascular-targeted thera-
pies likely influenced upfront treatment decisions, including
pretreated patients makes our results more reflective of clini-
cal practice. The accuracy of risk stratification remained
comparable between treatment-naive and pretreated patients.
Although missing data are inherent to registry studies, suba-
nalysis of patients meeting all risk stratification criteria and
sensitivity analyses using multiple imputation did not sub-
stantially alter our findings. Unfortunately, data required to
assess risk stratification at follow-up were not available.

In conclusion, considering the overall ability to predict
mortality, risk segregation capabilities and clinical applicabil-
ity, this study provides a rationale for using the simplified
ESC/ERS four-strata model in SSc-PAH at the time of diagno-
sis as an alternative to the comprehensive ESC/ERS three-
strata model. Risk stratification was accurate in SSc-PAH
patients, regardless of pre-existing vascular-targeted therapies
or haemodynamic thresholds. We also propose considering

DLCO as a prognostic marker in baseline risk assessment for
SSc-PAH patients, alongside other individual factors recom-
mended by the guidelines [19, 20]. Further research is needed
to optimize the management of intermediate-high-risk
patients and to explore temporal changes in DLCO in SSc-
PAH patients.
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