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ABSTRACT

Objective

Pulmonary hypertension (PH) is a serious complication of systemic sclerosis (SSc). We explore
prediction of short-term risk for PH using serial pulmonary function tests (PFTs) and other

disease features.

Methods

Subjects with SSc, disease onset>10 years prior to data retrieval, available autoantibody
specificity and PFTs were included. Mixed effects modelling was used to describe change in
PFTs over time. Landmarking was utilized to include serial assessments and stratified Cox
proportional hazards regression analysis with landmarks as strata was used to develop the PH

prediction models.

Results
We analysed 1247 SSc patients, 16.3% male, 35.8% with dcSSc. Anticentromere, anti-
topoisomerase and anti-RNA polymerase antibodies were observed in 29.8%, 22.0% and 11.4%

respectively and PH developed in 13.6%.

Over time diffusing capacity for carbon monoxide (DLco) and carbon monoxide transfer
coefficient (Kco) declined in all SSc patients (up to 1.5%/year) but demonstrated much greater

annual decline (up to 4.5% and 4.8% respectively) in the 5-7 years preceding PH diagnosis.

Comparison between multivariable models including either DLco, Kco or FVC/DLco ratio,
demonstrated that both absolute values and change over preceding year in those

measurements associate strongly with risk of PH (HR 0.93 and 0.76 for Kco and its change; HR



0.90 and 0.96 for DLco and its change; and HR 1.08 and 2.01 for FVC/DLco ratio and its change;

p<0.001 for all). The Kco based model had the greatest discriminating ability (Harrell's C 0.903).

Conclusion

Our findings strongly support the importance of PFT trends over time in identifying patients at

risk of PH.



Pulmonary hypertension (PH) is an important complication of systemic sclerosis (SSc),
ultimately affecting 10-15% of all SSc patients. Unlike other SSc organ manifestations, which
commonly develop early in the disease course, PH develops late in the disease. Hazard of PH is
very low in the first three years of disease and thereafter is 1-2% per year (1-4). Although
prognosis of SSc-PH is poor, with median survival of approximately 3 years (5, 6), emerging
evidence suggests that earlier diagnosis and early treatment initiation despite mild symptoms is

associated with a significant improvement in survival (6-10).

Potential screening tools for PH, separately or in combination, include clinical signs and
symptoms, blood biomarkers, echocardiography, pulmonary function testing (PFT), cardiac MRI
and cardiopulmonary exercise testing (11). Although several PH prediction models and
algorithms exist, none utilize serial patient assessments and longitudinal data from PFTs over

extended time periods (12-18).

PFTs are used routinely to screen for and monitor lung involvement in SSc. Annual PFT
assessments are recommended for all SSc patients. Both spirometry and gas transfer should be
assessed to evaluate for possible presence of restrictive or obstructive pulmonary disease or
pulmonary vasculopathy (19). Interpretation of PFT results in isolation can be challenging in the
context of SSc. Carbon monoxide transfer coefficient (Kco), the uptake of carbon monoxide per
unit alveolar volume (VA), is relatively preserved in ILD, while serial decline in Kco is a specific
measure of pulmonary vasculopathy (20). By contrast, both interstitial lung disease (ILD) and PH
are associated with decline in diffusing capacity for carbon monoxide (DLco, the calculated
product of measured Kco and measured VA). The ratio of forced vital capacity (FVC) and DLco

(FVC/DLco) is also used in PH screening, with higher ratio predicting greater PH risk (21, 22).



Although FVC/DLco carries similar information as Kco, it is substantially more imprecise due to
having the variability of FVC, Kco and VA from which it is calculated (20). In patients who
develop both ILD and PH, the PFT changes are often mixed. In addition, smoking history and
emphysema can further confound the interpretation of PFT measurements (23). The substantial
intra- and interpatient variability in PFT measurements, DLco in particular, also means that a
single PFT assessment may not be very informative and serial PFT results are needed for

context.

Development of models for PH prediction in SSc is complicated by the interdependence of
disease characteristics. For example, anti-centromere antibody (ACA) is associated with low risk
of ILD (1), higher FVC and lower DLco compared to other antibodies, even in subpopulations
where both PH and ILD have been excluded (24). Anti-topoisomerase | antibody (ATA) positive
patients are at much higher risk of ILD and lower risk of PH than any other antibody group (1),
but patients with severe ILD can develop group 3 PH. The different PFT measurements are also
strongly intercorrelated, which may lead to multicollinearity when included in the same model.
Time-varying disease characteristics used in prediction models, with potentially time-varying

effects on outcome, make analysis and interpretation of longitudinal data challenging (25).

Landmark analysis was first described by Anderson et al. in 1983 (26). It was introduced as an
unbiased approach to the comparison between survival time in responders and non-responders
to chemotherapy among cancer patients. The methodology avoids the bias resulting from
grouping patients based on a time-varying characteristic (response to treatment) that is
assessed after the start of the survival time and permits detailed exploration of covariate

interactions, while avoiding time-varying effects and confounding.



With this work we describe changes in serial PFT measurements (FVC, DLco and Kco) over time
in a large single-centre cohort of patients with SSc and assess patterns of change that, together
with other commonly assessed disease features, may predict short-term risk for PH. We utilize
the landmarking methodology to include assessments that were done over a period of over two
decades, at 12-month intervals, reflecting routine clinical care. We develop models that
describe the associations between patient assessments and short-term risk of precapillary PH

development.

METHODS

Patients and disease characteristics

All subjects had a confirmed diagnosis of SSc and fulfilled the 2013 ACR/EULAR SSc classification
criteria. Patients were included in the study if they had disease onset (defined as time of first
non-Raynaud’s symptom) >10 years prior to data retrieval, had been tested for autoantibodies
and had at least one PFT assessment. Cutaneous subset and organ complication definitions are

included in the supplementary material.

As all patients were followed and diagnosed prior to the release of the proposed update to the
hemodynamic definition of PH in 2019 (27), we used the Venice classification for PH, which
specified mean pulmonary artery pressure (mPAP) 225 mmHg at rest and pulmonary artery
wedge pressure (PAWP) <15 mmHg on right-sided cardiac catheterization (RHC) as criteria for
PH. As it is often difficult to distinguish group 1 (connective tissue disease—associated
pulmonary arterial hypertension) and group 3 (ILD—associated PH) in patients with moderate to
severe ILD, we included both groups in the analysis and throughout the paper the term PH

refers to precapillary PH.



Most PFTs were performed at the Royal Free Hospital and the Royal Brompton Hospital,
London, UK, although some were done elsewhere, as many patients attending our specialist

centre are not local to the hospital and are under shared care.

Statistical analysis

Descriptive statistics were used to summarise the cohort characteristics. To study serial FVC,
DLco, Kco (% predicted) and FVC/DLco ratio we used random effects modelling. Possible non-
linear associations between time and PFT results were explored using polynomials. For patients,
who were not diagnosed with PH at the time of data extraction, the time variable was anchored
at disease onset. In the PH patient group, time was centered at PH diagnosis to investigate
changes in PFT results in the years preceding development of PH. As FVC/DLco ratio had a
skewed distribution, this was log-transformed and modelled as log(FVC/DLco). Estimates were

then exponentiated and reported as geometric means.

Mixed effects modelling and PFT trajectory prediction

Separate mixed effects models with only time as a predictor and FVC, DLco, Kco or
log(FVC/DLco) as outcome were built in the whole dataset. For each measure we calculated
patient-specific model-derived best linear unbiased predictions (BLUPs) of the random effects
for the model parameters. For each subject we then calculated model-predicted values for FVC,
DLco, Kco and log(FVC/DLco) at 12 month intervals over the follow-up, as a sum of the fixed-
portion of the linear prediction and the predicted patient-specific random effects. The
calculated values for log(FVC/DLco) were then back-transformed and included in the PH

prediction models as FVC/DLco ratio.



Landmarking

The proposed method by Anderson et al. involves a choice of a time point during the follow-up
(deemed a landmark) and determining patient characteristics at the landmark timepoint (26).
Patients who have died or been lost to follow-up before that are excluded from the analysis and
change in the characteristics after the landmark is ignored. Following this first publication,
landmark analysis has become widely used (28). The methodology was developed further by
van Houwelingen and Putter, who proposed the use of short-term prediction within a narrow
“sliding window” (29). In this way, multiple short-term predictions could be made, using the
values of time-varying patient characteristics at the landmark and predicting the cumulative
incidence of an outcome within the pre-specified time window, starting from the landmark
timepoint. The separate Cox models could further be combined into a stratified Cox

|lI

“supermodel”, using landmarks as strata.

Using landmark methodology, we can predict probability of PH development within a 12-month
window from the landmark timepoint, accounting for the subject status at the landmark (29).
To achieve this, we selected landmarks at yearly intervals, starting from 3 years from onset
(Figure 1A). For each landmark we created a separate dataset, which included all patients who
were alive and had not developed PH at that time point. Time-varying characteristics, including
presence of organ complications and model-predicted PFT measures (absolute values and
change over the preceding year) were recorded as of the landmark time point. Time from the
landmark to the PH diagnosis was recorded, if this occurred within 12 months after the

landmark, otherwise this was censored at 12 months (Figure 1B). For the time-to-event analysis



assessing predictors of PH development, all landmark datasets were stacked and analysed

together.

Time-to-event analysis

Kaplan—Meier (KM) estimator was used to calculate survival. Cumulative incidence of PH over
the whole follow-up period was calculated using 1-KM and the cumulative incidence function
(CIF), adjusting for death as a competing risk (30). Comparison was made between 1-KM and
CIF estimates to inform the need for competing risk consideration when developing the
supermodels in the landmark dataset. Small differences in the estimates over short follow-up
periods would indicate that death as a competing risk would have minimal effect on the
estimation of PH risk. For the stacked dataset, we used stratified Cox proportional hazards
regression analysis to assess predictors of PH, with each landmark dataset being analysed as a
separate stratum (29). We tested the significance of interaction terms of the covariates and the
landmark variable (treated as continuous) to assess for time-varying effects. Given the inherent
associations between different PFT measurements, to avoid issues with multicollinearity, we
developed multivariable models with either DLco, Kco or FVC/DLco ratio included. Model fit
was tested using Akaike's Information Criterion (AIC) and Bayesian Information Criterion (BIC).

Predictive discrimination was assessed using Harrell’s C statistic.

All analyses were performed using Stata 14.

RESULTS

Cohort description



A total of 1247 subjects with confirmed SSc diagnosis were included in the study. Demographic
and clinical characteristics are summarised in Table 1. All subjects had disease onset between
10 and 22 years prior to data extraction with mean+SD follow-up of 12.6+5.4 years. Of the
cohort, 133 (10.7%) were lost to follow-up (were not dead and had their last assessment more
than 2 years prior to the year of data extraction). All subjects had at least one PFT over the
follow-up, with 147 (11.8%) having two and 945 (75.8%) having three or more assessments. In
total, 8165 PFT results were available and 6769 (82.9%) of those had results for FVC, DLco and
Kco, while the remaining had missing data on one or two of the measurements. FVC was
available in 8030 (98.4%), DLco in 7899 (96.7%) and Kco in 6838 (83.8%) of all PFTs. FVC/DLco
ratio could be calculated from 7767 of the PFTs (95.1%). Mean time between PFTs was 15.3

months.

Over the follow-up, PH developed in 170 (13.6%) of the patients. KM and CIF estimates at 5, 10,
15 and 20 years from onset were 3.9%/3.8%, 9.4%/8.8%, 16.5%/14.8% and 23.0%/19.7%
respectively. Approximately a third of the subjects had died at the time of data extraction with

KM survival estimates at 5, 10, 15 and 20 years of 93.1%, 83.5%, 69.2% and 55.2%.

Pulmonary function test results

FvC

Out of the 1077 non-PH subjects, 1064 had FVC measurements, while among the 170 patients
with PH, 141 had FVC assessments prior to PH diagnosis. In the non-PH group, FVC
demonstrated little change over time. On average, FVC at baseline was 89% and over time
there was a small, but significant increase of <1%/year with estimated average FVC at 10 and 20

years from onset of 93.6% and 93.0%. In the years preceding PH development, FVC showed



significant but clinically small non-linear decline of <1%/year, with estimated average FVC at PH
diagnosis of 77.1%, while 5 and 10 years prior to that this was 81.9% and 84.0% respectively

(Figures 2A & 2B, Supplementary Tables 1 & 2).

DlLco

DLco was available for 1061/1077 non-PH and prior to PH diagnosis for 138/170 PH patients. In
the non-PH group, DLco demonstrated small, but consistent annual decline of 0.8%-1.5%/year,
with estimated average DLco at 1, 5, 10, 15 and 20 years of follow-up of 70.4%, 66.1%, 62.1%,
57.8% and 51.4% respectively. Modelling serial DLco measurements over the years preceding
PH diagnosis revealed decline rates similar to those among non-PH patients up to
approximately 7 years prior to PH diagnosis. After this, annual decline became greater than
1.5%, steadily increasing with every year closer to PH diagnosis (1.6%, 1.9%, 2.3%, 2.8%, 3.3%,
3.9% and 4.5% between year 7 and the time of PH confirmation on RHC (Figures 2C & 2D,
Supplementary Tables 3 & 4). Model-estimated average DLco at 15, 10, 5 and 1 year before PH

diagnosis was 64.6%, 59.7%, 52.9% and 40.7%.

Kco

Kco results were available for 983/1077 subjects without PH, while Kco measurements prior to
PH diagnosis were available for 115/170 subjects with PH. Analysis of serial Kco was similar to
that of DLco. Among the non-PH patients, Kco declined over time at a rate of 0.7-1.4%/year.
Estimated average Kco at 1, 5, 10, 15 and 20 years of follow-up was 87.0%, 83.0%, 79.6%, 75.5%
and 68.4%. Among those who developed PH, yearly decline increased steadily over the 6 to 7
years prior to PH diagnosis, with annual decline of 1.5%, 1.8%, 2.3%, 2.8%, 3.4%, 4.0% and 4.8%

per year between year 7 and the time of RHC diagnosis. Model-estimated average Kco at 20,



15, 10, 5 and 1 year before PH diagnosis was 99.7%, 84.9%, 79.3%, 72.9% and 60.5% (Figures 3A

& 3B, Supplementary Tables 5 & 6).

FVC/DLco

FVC/DLco ratio could be calculated in 1048/1077 non-PH subjects and was available prior to PH
development in 137/170 PH patients. Among the non-PH patients, there was a gradual average
increase in the FVC/DLco ratio over time by 0.02-0.04/year. At 1 year from onset, estimated
average FVC/DLco ratio was 1.29, which increased to 1.42 at year 5, 1.54 at year 10, 1.67 at
year 15 and 1.90 at year 20. In the PH group, there was similar gradual increase in the FVC/DLco
ratio over the years preceding PH diagnosis, which varied between 0.02 and 0.04/year until
around 7 years prior to PH diagnosis, when estimated FVC/DLco ratio was 1.5. Following that,
we observed much faster annual increase, which became greater than 0.1/year in the final 3
years and average estimated FVC/DLco ratio was 1.6 at 5 years, 2.0 at 1 year before PH, and 2.2

at PH diagnosis (Figures 3C & 3D, Supplementary Tables 7 & 8).

Landmark analysis

Univariable analysis

Patient characteristics at each landmark are summarized in Supplementary Table 9.
Associations between different variables and hazard of PH development from the univariable
analyses are detailed in Table 2. There were significant associations between PH development
within 12 months and all PFT measurements, including % predicted FVC, DLco, Kco and
FVC/DLco ratio, as well as change in those over the preceding 12 months. Lower FVC, DLco and
Kco, and decline in those increased the hazard of PH development. Conversely, higher

FVC/DLco ratio and increase in the ratio over the preceding 12 months were associated with



higher risk of PH. There was evidence for interaction between change in PFTs and LM,
suggesting that the increase in PH hazard for a unit drop in FVC, DLco, Kco or increase in

FVC/DLco ratio became greater with longer disease duration (Supplementary Table 10).

Multivariable analysis

Multivariable models were developed with either DLco (with or without FVC), Kco (with or
without FVC) or FVC/DLCO ratio and compared in terms of fit and discriminatory performance
(Supplementary Table 11). The comparison suggested that FVC/DLco ratio is a poorer predictor
of PH compared to DLco or Kco. The models including Kco performed better when adjusting for
restrictive lung disease, either using FVC or ILD presence, while this was not the case when

using DLCO. The three best models based on each PFT measure are summarized in Table 3.

DISCUSSION

With this work we describe the behavior of PFT measurements over a long period in a large,
unselected cohort of SSc patients. We utilize landmark analysis to assess the association
between FVC, DLco, Kco, FVC/DLco ratio and their annual rates of change, and short-term risk
of PH development in patients followed for up to 22 years, using available serial assessments
from that entire period. Our study expands findings from previous work, demonstrating the
importance of PFTs, in particular gas transfer factor, in combination with autoantibodies, as

predictors of PH development (18).

We confirm that over time DLco and Kco steadily decline in all SSc patients, irrespective of PH

diagnosis, although much greater annual decline is observed in the 5-7 years preceding PH



diagnosis. While the average annual rates of change we report fall within the measurement
variability of PFTs in individual patients, DLco and Kco trends over a two-year period or longer
will show definite decline, exceeding measurement variability, which is a robust PFT signal that
can easily be applied in clinical practice and could be used in PH risk stratification. It is
important to acknowledge that the cohort average PFT measurements over time in non-PH
patients may have been influenced by drop-out of patients due to severe ILD or death, which

may explain the small increase in average FVC observed over time.

Most currently published models and algorithms for prediction of PH have been derived in
subjects who are considered at risk of PH development (12-14). This restricts the applicability of
such models and their extrapolation to the general SSc population could lead to incorrect
predictions (31). In many models, predictions are based on cross-sectional data (14, 15, 17) or
longitudinal data incorporated as a single summary value (for example, worst ever assessment
or observation ever present over the entire follow up) (4). A more recent study from the
Canadian Scleroderma Research Group registry utilized a more sophisticated methodological
approach, including data from repeat visits prior to PH diagnosis, allowing for inclusion of both
absolute PFT measurements and their change over the preceding year (16). Previous research
in our centre, exploring predictors of pulmonary complications in SSc, used information
available at baseline (within a window from disease onset) to identify patients at risk of PH
development at any time during their follow-up (18). Of the multiple published screening tools
for PH, the most robust to date is the DETECT score (17), which was derived in an enriched

patient population with disease duration greater than 3 years and DLco<60%.



Although landmark analysis has been used extensively in oncology research, to our knowledge,
so far only two studies have used this approach for prognostication in PH patients (32, 33).
Mazurek et al. (32) utilized a single landmark, 1 year after baseline, to test if tricuspid annular
plane systolic excursion assessed after 12 months of PAH therapy is predictive of survival.
McLaughlin et al. (33) used three landmarks — at 3, 6 and 12 months, to investigate the
association between PAH-related morbidity events and risk of death in the pooled data from
the SERAPHIN and GRIPHON clinical trials (34, 35). For each of the landmarks, survival until the
end of the study was compared between patients who had and had not experienced a PAH-

related morbidity event before the landmark.

Using dynamic prediction with multiple landmarks, we develop models applicable to the entire
length of the studied period and focus on prediction within a narrow time window, which
reflects real life management of SSc-PH patients. We demonstrate how landmark analysis may
be applied to a well characterized cohort of unselected SSc patients to define changes in PFT
trajectory that could predict development of PH. This has relevance to current practice where
routine interval assessment with PFT is incorporated into standard of care and there is added
benefit in considering each measurement in the context of preceding values. It can also
improve the selection of cases for further assessment and can define the broader profile of
patients at risk to refine real world detection. In addition, the longitudinal dimension of this
analysis and unselected nature of the cases included, make it more relevant to current practice

than some previous analyses.

As it is often difficult to distinguish clinically group 1 and 3 PH, we take a pragmatic approach

and include both in the analysis. This has become even more relevant with the recently



approved indication extension of inhaled treprostinil to include ILD-PH (36). The patients
included in this study were seen and assessed prior to the publication of the proposed updated
haemodynamic definition of pre-capillary PH (mPAP>20 mmHg, PAWP<15 mmHg and
pulmonary vascular resistance (PVR) 23 WU) and PH was defined by mPAP>25mm Hg.
Nevertheless, PVR=3 WU remains a stringent threshold and several publications have presented
evidence suggesting that the application of the new definition has limited effect on the overall
PH diagnosis, identifying only a small number of additional cases (37-39). Consequently, it is

unlikely our results would be substantially different if the new definition was used.

Similar to previous analyses of our SSc cohort, we found that of the SSc-specific autoantibodies,
anti-U3RNP was the strongest predictor of PH. While this is a comparatively rare specificity
among SSc patients, it is worth highlighting that it has higher frequency among non-Caucasians
(40-42). ATA had the strongest negative association with PH development. In the multivariable
analyses, ACA conveyed the second highest risk of PH development, which nevertheless was

less than half the risk associated with anti-U3RNP.

Important confounders of the association between DLco or Kco and PH are smoking history and
COPD/emphysema diagnosis. In this analysis smoking did not associate with PH, while history of
COPD or emphysema was associated with an increased risk in the univariable analysis. The
association did not hold consistently in the multivariable models, based on DLco or Kco possibly
because the effect was conveyed through the PFT measurements, but remained a significant

independent covariate in the model based on FVC/DLco ratio.

The best-performing models were based on Kco, adjusted for background restrictive lung

disease (including either FVC or ILD as covariates). It is noteworthy that Kco is an alternative to



the FVC/DLco ratio and consideration should be given to the different PFT measures’ variability.
Compared to FVC and Kco, DLco has greater variability, as it is computed from measured Kco
and VA. The FVC/DLco ratio then has the combined measurement variability of FVC, Kco and
VA. As a result, in serial assessments of PFTs, a 10% decline in Kco predicts mortality among
SSc-ILD patients, but a 20% increase in FVC/DLco ratio is required for the same effect on
mortality (43). Consequently, the good fit of the models using Kco, especially when adjusting
for FVC, would likely be at least partly due to Kco and FVC being less variable than DLco and
FVC/DLco ratio. At the same time, even though DLco-based models show poorer fit than Kco-
based ones, their discriminating ability is slightly better than that of Kco models that do not also
adjust for FVC. One possible reason for this is because DLco captures both decline in Kco and VA
(reflecting worsening ILD), which can also lead to PH. It is also possible that the poorer
performance of FVC/DLco ratio is related to the inclusion of both Group 1 and Group 3 PH

patients in the analysis.

Strengths of this study include the use of a robust dataset, based on a large number of patients
followed for over two decades with serial clinical assessments done consistently in a single
centre with low threshold for referral to RHC. Nevertheless, it is important to acknowledge
limitations including that the exact timing of PH onset is not possible to determine, and we
used the date of RHC-based diagnosis for the time-to-event analysis, which is likely to introduce
noise in the data. Moreover, haemodynamic data were not complete for all patients as some of
the diagnostic RHCs were performed prior to the use of electronic records or in other hospitals,
therefore detailed exploration of associations between PFTs change and PH severity at

diagnosis was not possible. Additionally, it was not possible to evaluate the role of other known



predictors of PH, such as echocardiogram-derived measurements and NT-proBNP levels, as
those have not been measured routinely in all SSc patients in the past. A source of potential
bias in the data is that patients with ILD and modest evidence for PH may have been less likely
to be catheterized, while breathlessness and drop in DLco or increase in FVC/DLco will often
prompt catheterization in the absence of other evidence of PH if no ILD is present. In addition,
PFTs would likely be done more frequently in symptomatic patients with suspected PH
development or ILD development or progression. The number and frequency of PFT
assessments varied between patients, which necessitated the use of model-derived rather than
observed values for the PFT measurements and their change and assumed data were missing at
random. As a result of the PFTs being performed in several hospitals, part of the variability in
results may be related to different approaches for calculation of % predicted values of PFT
measurements. While PFT standardization is important, it is not possible in the context of
prolonged observational studies. The data we analyse reflect real world clinical practice and the

findings are therefore more broadly applicable.

In conclusion, we demonstrate that increase in FVC/DLco ratio and incremental decline in DLco
and Kco precede PH development by more than 5 years and therefore could be used as early
indicators of PH development. Prospective validation of our findings is needed for them to be
applicable in practice, but they nevertheless strongly support the importance of PFT trends over

time in identifying patients at risk of PH.
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FIGURE LEGENDS

Figure 1. Landmarking of the dataset. A) Landmarks were selected at yearly intervals, between
years 3 and 22 from disease onset and separate dataset was created for each landmark. B)
Dataset 7 as an example. This included all patients who were alive and had not developed PH at
7 years from onset. The values of time-varying characteristics, including presence of organ
complications and model-predicted PFT measures (absolute values and change over the
preceding year) were recorded as they were at 7 years from onset. PH events were recorded if
they developed between years 7 and 8 from diagnosis. Time from year 7 to PH diagnosis was
calculated and recorded, if this was <12 months, otherwise time was censored at 12 months.
For the time-to-event analysis assessing predictors of PH development, all landmark datasets

were stacked and analysed together.

Figure 2. Serial FVC and DLco measurements in the SSc cohort. Each thin line represents
multiple measurements over time in a single patient; blue dots represent measurements in
patients who had FVC or DLco assessed only once; thick green line is the model-predicted mean
FVC or DLco measure. A) Observed serial FVC assessments over the entire follow-up in subjects
who had not been diagnosed with PH at the time of data extraction. B) Observed serial FVC
assessments in the years preceding PH diagnosis among patients who had been diagnosed with
PH at the time of data extraction. C) Observed serial DLco assessments over the entire follow-
up in subjects who had not been diagnosed with PH at the time of data extraction. D) Observed
serial DLco assessments in the years preceding PH diagnosis among patients who had been

diagnosed with PH at the time of data extraction.



Figure 3. Serial Kco and FVC/DLco ratio in the SSc cohort. Each thin line represents multiple
measurements over time in a single patient; blue dots represent measurements in patients who
had Kco and FVC/DLco ratio assessed only once; thick green line is the model-predicted mean
Kco and FVC/DLco ratio. A) Observed serial Kco assessments over the entire follow-up in
subjects who had not been diagnosed with PH at the time of data extraction. B) Observed serial
Kco assessments in the years preceding PH diagnosis among patients who had been diagnosed
with PH at the time of data extraction. C) Observed serial FVC/DLco ratio over the entire follow-
up in subjects who had not been diagnosed with PH at the time of data extraction. D) Observed
serial FVC/DLco ratio in the years preceding PH diagnosis among patients who had been
diagnosed with PH at the time of data extraction. FVC/DLco outliers (values > 4; 43 observations

from 8 patients) were excluded from the figure.



Table 1. Cohort characteristics

n (%)
Total number 1247 (100.0)
Male 203 (16.3)
Age at onset (years), mean + SD 46.6 +13.4
Emphysema/COPD history 92/1245 (7.4)
Smoking history 529/1175 (45.0)
Diffuse cutaneous subset 446 (35.8)
Overlap syndromes 250 (20.0)
Autoantibodies
Anti-centromere 371 (29.8)
Anti-topoisimerase | 274 (22.0)
Anti-RNA polymerase 142 (11.4)
Anti-U3RNP 53 (4.3)
Anti-PmScl 55 (4.4)
Other, including anti-nRNP, hnRNP, rRNP, Th/To,
SL, Ku, Jol, Ro, La, XR, PL4, PL7, PL12, Sm 201 (16.1)
ANA+ ENA- 178 (14.3)
ANA negative 52 (4.2)
Organ complications

Pulmonary fibrosis, any 564 (45.2)
Clinically significant pulmonary fibrosis 521 (41.8)
Pulmonary hypertension (Group 1 and Group 3) 170 (13.6)

Pulmonary arterial hypertension (Group 1) 132 (77.7)
Cardiac scleroderma 58 (4.7)
Scleroderma renal crisis 87 (7.0)
Death 404 (32.4)




Table 2. Univariable analysis

HR 95% ClI p-value
Age at onset 1.02 1.01 1.04 0.001
Male 1.80 1.23 2.64 0.003
Smoking history 1.23 0.88 1.71 0.233
COPD/emphysema 1.92 1.22 3.01 0.005
Overlap 0.53 0.34 0.83 0.006
Diffuse cutaneous subset 1.04 0.73 1.47 0.830
Autoantibodies (ref. Anticentromere)
Anti-topoisomerase 1 0.67 0.39 1.14 0.143
Anti-RNA polymerase 1.34 0.78 2.30 0.295
U3RNP 2.60 141 4.80 0.002
Anti-PmScl 0.61 0.22 1.71 0.350
ANA+ENA- 1.15 0.67 1.96 0.613
Other antibodies 1.54 0.97 2.44 0.065
Characteristics at landmark
Age 1.02 1.01 1.04 0.001
Clinically significant ILD 1.96 1.42 2.71 <0.001
Cardiac scleroderma 0.92 0.29 2.88 0.883
Scleroderma renal crisis 2.01 1.11 3.63 0.020
PFTs at LM
FVC% 0.97 0.96 0.98 <0.001
DLco% 0.91 0.90 0.92 <0.001
Kco% 0.92 0.91 0.93 <0.001
(FVC%/DLco%)*10 1.12 1.11 1.13 <0.001
PFTs change over 1 year preceding LM
AFVC% 1.04 0.82 1.32 0.74
AFVC%*LM 0.95 0.92 0.97 <0.001
ADLco% 0.67 0.57 0.79 <0.001
ADLco%*LM 0.98 0.96 1.00 0.053
AKco% 0.75 0.63 0.89 0.001
AKco%*LM 0.96 0.94 0.98 0.001
A(FVC%/DLco%)*10 2.13 1.63 2.80 <0.001
A(FVC%/DLco%)*10*LM 1.07 1.02 1.11 0.001




Table 3. Multivariable analysis - models based on DLco, Kco or FVC/DLco ratio

| HR 95% ClI p-value | HR 95% CI p-value | HR 95% ClI p-value

Autoantibodies (ref. Anticentromere)

Anti-topoisomerase1 | 0.24 0.12 047 <0.001| 0.18 0.10 0.32 <0.001|0.43 0.24 0.79 0.007

Anti-RNA polymerase | 0.75 0.37 151 0.419 | 0.68 0.36 1.26 0.222 | 1.08 0.60 1.93 0.793

U3RNP 2.78 144 5.36 0.002 | 2.58 1.39 4.82 0.003 | 2.64 1.38 5.07 0.004

Anti-PmScl 0.37 0.13 1.09 0.072 | 036 0.13 1.01 0.053 | 0.58 0.20 1.65 0.307

ANA+ENA- 0.44 0.23 0.85 0.014 | 0.48 0.27 0.84 0.01|0.83 046 149 0.532

Other antibodies 0.61 0.35 1.06 0.082 | 0.53 0.33 0.86 0.011 | 0.74 0.44 1.25 0.258
Age 1.03 1.01 1.04 0.002
Scleroderma renal crisis 2.57 1.21 5.8 0.014 | 242 1.21 4.82 0.012
Clinically significant ILD 2.62 1.77 3.89 <0.001
COPD/emphysema 0.37 0.17 0.77 0.008
PFTs at LM

KCO% 0.93 0.92 094 <0.001

AKCO% 0.76 0.67 0.88 <0.001

FVC% 0.97 0.96 0.98 <0.001

AFVC%*LM 0.97 0.95 0.98 <0.001

DLCO% 0.90 0.89 0.91 <0.001

ADLCO%*LM 0.96 0.95 0.97 <0.001

(FVC%/DLCO%)*10 1.08 1.05 1.12 <0.001

A(FVC%/DLCO%)*10 201 1.48 274 <0.001
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