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ABSTRACT
Objective  To develop a multivariable model for predicting 
the progression of systemic sclerosis-associated interstitial 
lung disease (SSc-ILD) over 52 weeks.
Methods  We used logistic regression models to analyse 
associations between candidate predictors assessed at 
baseline and progression of SSc-ILD (absolute decline 
in forced vital capacity (FVC) % predicted >5% or death) 
over 52 weeks in the placebo group of the SENSCIS trial. 
Analyses were performed in the overall placebo group 
and in a subgroup with early and/or inflammatory SSc 
and/or severe skin fibrosis (<18 months since first non-
Raynaud symptom, elevated inflammatory markers, and/
or modified Rodnan skin score (mRSS) >18) at baseline. 
Model performance was assessed using the area under the 
receiver operating characteristic curve (AUC).
Results  In the overall placebo group (n=288), the 
performance of the final multivariable model for predicting 
SSc-ILD progression was moderate (apparent AUC: 0.63). 
A stronger model, with an apparent AUC of 0.75, was 
developed in the subgroup with early and/or inflammatory 
SSc and/or severe skin fibrosis at baseline (n=155). This 
model included diffusing capacity of the lung for carbon 
monoxide (DLco) % predicted, time since first non-
Raynaud symptom, mRSS, anti-topoisomerase I antibody 
status and mycophenolate use.
Conclusion  Prediction of the progression of SSc-ILD 
may require different approaches in distinct subgroups of 
patients. Among patients with SSc-ILD and early and/or 
inflammatory SSc and/or severe skin fibrosis, a nomogram 
based on a multivariable model may be of value for 
identifying patients at risk of short-term progression.

INTRODUCTION
Systemic sclerosis (SSc) is a complex auto-
immune disease characterised by progres-
sive fibrosis of the skin and internal organs.1 
Interstitial lung disease (ILD) is a common 
manifestation of SSc that often results in 
pulmonary fibrosis and is associated with 
poor outcomes.2 3 Observational studies in 
patients with SSc-ILD have identified various 

patient characteristics that are prognostic of a 
greater rate of decline in forced vital capacity 
(FVC) and/or a greater risk of mortality in 
certain patient populations.2–18 In addition, 
multivariable prediction models have been 
developed to predict a decline in lung func-
tion,9 mortality19 or progressive pulmonary 
fibrosis12 in patients with SSc-ILD. However, 
the risk factors identified for the progression 
of SSc-ILD are not consistent across studies, 
and the course of SSc-ILD for an individual 
patient remains largely unpredictable.

The SENSCIS trial enrolled patients with 
SSc and at least 10% of their lungs were 
affected by fibrosis.20 In the placebo group, 
over 52 weeks, the rate of decline in FVC was 
93.3 mL/year,20 and 28.4% of the patients had 
an absolute decline in FVC % predicted of 
>5%.21 We used data from the placebo group 
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of the SENSCIS trial to develop multivariable models for 
prediction of progression of SSc-ILD over 52 weeks.

METHODS
Study design
The design of the SENSCIS trial has been described, and 
the protocol is publicly available.20 Briefly, patients had 
SSc with their first non-Raynaud symptom in the prior ≤7 
years, an extent of fibrotic ILD ≥10% on high-resolution 
computed tomography (HRCT), FVC ≥40% predicted 
and diffusion capacity of the lung for carbon monoxide 
(DLco) 30–89% predicted. Patients taking prednisone 
≤10 mg/day and/or stable therapy with mycophenolate 
or methotrexate for ≥6 months were allowed to partici-
pate. Patients were randomised to receive nintedanib or 
a placebo.

Analyses
These analyses were conducted in patients who received 
≥1 dose of placebo. The following baseline charac-
teristics were considered as candidate predictors of 
SSc-ILD progression: age2 7 8 16 19 22; time since first 
non-Raynaud’s symptom23 24; high-sensitivity C reac-
tive protein (CRP)25–27; modified Rodnan skin score 
(mRSS)2 3 8 10; extent of fibrotic ILD on HRCT2 4 16; FVC 
% predicted2 7 15 16 28; DLco % predicted7 18 22; sex2 3 11 14 15; 
cutaneous subtype (diffuse cutaneous SSc vs limited cuta-
neous SSc)7 28; anti-topoisomerase I antibody (ATA) 
status (positive vs negative)7 15 17 28; honeycombing on 
HRCT (yes vs no)4 29; ground glass opacities on HRCT 
(yes vs no)30; mycophenolate use (yes vs no)31; history of 
gastro-oesophageal reflux disease (yes vs no).12 13 Pairwise 
correlations between candidate predictors were assessed 
using the Pearson correlation coefficient.

The prediction models were developed and validated 
in accordance with the Transparent Reporting of a Multi-
variable Prediction Model for Individual Prognosis or 
Diagnosis (TRIPOD) statement.32 We used univariable 
and multivariable logistic regression models to analyse 
associations between the candidate predictors and 
progression of SSc-ILD (defined as an absolute decline 
in FVC % predicted >5% at week 52 or death up to week 
52). Missing data on the candidate predictors were not 
imputed. Missing FVC values at week 52 were imputed 
using the worst observation carried forward approach. 
In multivariable models, variables were selected using 
stepwise selection with a threshold to enter and stay of 
p=0.1. Mycophenolate use was treated as a fixed (non-
removable) variable. Only main effects, not interaction 
effects, were considered in the selection process due to 
the limited sample size.

Analyses were performed in all patients in the placebo 
group and in a subgroup of those patients with early 
and/or inflammatory SSc and/or severe skin fibrosis 
(<18 months since first non-Raynaud symptom, and/or 
elevated inflammatory markers (CRP ≥6 mg/L and/or 
platelets ≥330 × 109 /L) and/or mRSS>18) at baseline, 

which had previously been shown to be associated with a 
higher risk of SSc-ILD progression in the SENSCIS trial.24

The performance of the models, that is, their ability 
to discriminate progressors from non-progressors, 
was assessed using the area under the receiver oper-
ating characteristic curve (AUC). The final multivari-
able model developed in the patients with early and/
or inflammatory SSc and/or severe skin fibrosis was 
also assessed using the Brier score, which ranges from 
0 (perfect model) to 0.25 (non-informative model)32 
and a calibration plot. To construct the calibration plot, 
patients were sorted by predicted risk of progression and 
split into five equal-sized groups. For each group, the 
average predicted progression risk was plotted against 
the observed progression risk, that is, the fraction of 
patients within the group who progressed. The apparent 
calibration line was derived via regression of the observed 
risk of progression against the average predicted risk of 
progression. Internal validation was performed using a 
bootstrapping approach to correct for over-optimism in 
the apparent performance measures of the model on the 
data used for model development. The entire modelling 
process based on stepwise variable selection was repeated 
in 1000 bootstrap samples drawn with replacement from 
the development data. Over-optimism was assessed as the 
average difference between the bootstrap models’ perfor-
mance measures (ie, AUC and Brier score) on the boot-
strap samples and their performance measures based on 
the development data.

The final multivariable model developed in the patients 
with early and/or inflammatory SSc and/or severe skin 
fibrosis at baseline was used to construct a nomogram 
in which points are assigned to each prognostic factor 
and then summed to derive a progression score that is 
mapped to the risk of progression. A plot of the progres-
sion score against the predicted risk of progression 
derived from the model was constructed to assess their 
relationship. The distributions of the progression score 
in progressors and non-progressors were plotted.

RESULTS
The baseline characteristics that were considered as 
candidate predictors for the prediction model are shown 
in online supplemental table 1 (overall placebo group) 
and online supplemental table 2 (patients in the placebo 
group who had risk factors for rapid FVC decline at base-
line). These variables did not show high pairwise correla-
tions (online supplemental tables 3 and 4).

In the overall placebo group (n=288), 86 patients 
(29.9%) had progression of SSc-ILD over 52 weeks. In 
univariable models, DLco % predicted was the only 
characteristic that showed a strong association with the 
outcome (figure 1). The performance of the final multi-
variable model for predicting SSc-ILD progression was 
moderate (apparent AUC of 0.63) (figure 1).

In the subgroup of patients with early and/or inflam-
matory SSc and/or severe skin fibrosis at baseline 
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(n=155), several factors showed stronger associations 
with the outcome than were observed in the overall 
placebo group (figure 2). In univariable models, DLco 
% predicted showed the strongest association with the 
outcome. The final multivariable model had an apparent 
AUC of 0.75 (figure 2; online supplemental figure 1A) 
and an apparent Brier score of 0.17 (indicating moderate 
accuracy). This model included DLco % predicted, time 
since the first non-Raynaud symptom, mRSS, ATA status 
and mycophenolate use (figure 2). The model formula 
for deriving the predicted progression risk from the 
predictor values is shown in the online supplemental 
material. The calibration line of this model had an inter-
cept of −0.04 and a slope of 1.16 (online supplemental 
figure 1B). The optimism-corrected apparent perfor-
mance measures derived through internal validation 
were 0.66 for AUC and 0.20 for the Brier score.

The nomogram constructed using the final multivari-
able model in patients with early and/or inflammatory 
SSc and/or severe skin fibrosis at baseline is shown in 
figure 3. An example patient who has a CRP of 6.1 mg/L, 
is ATA positive, has a DLco of 60% predicted, has an 
mRSS of 15, had their first non-Raynaud symptom 2 
years ago and is taking mycophenolate has a progression 
score of 65, which corresponds to a 24% predicted risk 
of SSc-ILD progression over 52 weeks. The formulae for 
deriving the progression score from the predictor values, 

and the predicted progression risk from the progression 
score, are shown in the online supplemental material. 
The relationship between the progression score and the 
predicted risk of SSc-ILD progression derived from the 
multivariable model is shown in online supplemental 
figure 2. The distribution of the progression score in 
progressors and non-progressors is shown in online 
supplemental figure 3.

DISCUSSION
Observational studies have identified various factors asso-
ciated with the progression of SSc-ILD in specific popula-
tions of patients. However, when applied in clinical prac-
tice, the individual course of SSc-ILD remains difficult 
to predict. In our analysis using data from the SENSCIS 
trial, a strong model to predict the progression of SSc-ILD 
over 52 weeks could not be developed using data from 
the overall placebo group. In this context, it is important 
to realise that the SENSCIS trial had broad inclusion 
criteria resulting in a heterogeneous patient population 
relatively representative of what is seen in clinical prac-
tice.20 33 We hypothesised that the difficulties in devel-
oping a strong model might be caused by the heteroge-
neity of the patient population: it could be that one risk 
model that fits all patients with SSc-ILD might be difficult 
to develop and that certain phenotypes/subgroups might 

Figure 1  Associations of baseline characteristics with an absolute decline in FVC >5% predicted or death over 52 weeks 
in the placebo group of the SENSCIS trial. Baseline variables were treated as continuous terms unless indicated otherwise. 
*OR shown per 1-unit increase for continuous variables. ATA, anti-topoisomerase I antibody; AUC, area under the receiver 
operating characteristic curve; CRP, C reactive protein; DLco, diffusion capacity of the lung for carbon monoxide; FVC, forced 
vital capacity; GERD, gastro-oesophageal reflux disease; HRCT, high-resolution computed tomography; ILD, interstitial lung 
disease; mRSS, modified Rodnan skin score; SSc, systemic sclerosis.
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need specific models. To test this hypothesis, we inves-
tigated whether a stronger model could be developed 
among patients with more homogeneous disease by devel-
oping a model in the subgroup of patients who had early 
and/or inflammatory SSc and/or severe skin fibrosis at 
baseline. This population is known to have rapid progres-
sion of SSc-ILD.24 34 In this subgroup, a stronger model 
for the prediction of progression of SSc-ILD was devel-
oped, with an apparent AUC of 0.75. Among the varia-
bles included in this model, a higher risk of progression 
was associated with lower DLco % predicted, shorter SSc 
duration, worse skin fibrosis, ATA positivity and not using 
mycophenolate at baseline. These findings are consistent 
with previous studies that have shown these factors to be 
associated with the progression of SSc-ILD.3 8 10 15 17 22 23 28

In the development of the prediction models, myco-
phenolate use was treated as a fixed (non-removable) 
variable. Evidence from randomised controlled trials 
supports the use of mycophenolate as a treatment for 
SSc-ILD,31 and its use in these patients has been recom-
mended by Delphi consensus panels35 36 and in treat-
ment guidelines recently issued by the American College 
of Rheumatology and American College of Chest Physi-
cians37 and American Thoracic Society.38 While not a 

comparison of randomised groups, in the placebo group 
of the SENSCIS trial, the adjusted mean rate of decline 
in FVC over 52 weeks was 66.5 mL/year in patients taking 
mycophenolate at baseline and 119.3 mL/year in patients 
not taking mycophenolate.39

Higher mRSS and earlier SSc were included in the final 
risk model in the subgroup with early and/or inflamma-
tory SSc and/or severe skin fibrosis at baseline, but not 
in the overall, more heterogeneous, placebo group. This 
might indicate that these factors are more important 
predictors of progression in this subgroup of patients 
than in the overall population. Another possible expla-
nation is that, while the regression model estimates the 
average effect of a one-unit change in a variable, these 
two factors only affect the risk of progression when in the 
margins of their distributions; thus, as the subgroup of 
patients with early and/or inflammatory disease and/or 
severe skin fibrosis was enriched for patients with particu-
larly high mRSS and/or early disease, we were better able 
to capture the relationship between these variables and 
the risk of progression in this subgroup.

We constructed a nomogram and provided formulas 
to enable practical use of the final prediction model in 
patients with early and/or inflammatory SSc and/or 

Figure 2  Associations of baseline characteristics with an absolute decline in FVC >5% predicted or death over 52 weeks in 
patients with early and/or inflammatory SSc and/or severe skin fibrosis at baseline in the placebo group of the SENSCIS trial. 
Baseline variables were treated as continuous terms unless indicated otherwise. *OR shown per 1-unit increase for continuous 
variables. ATA, anti-topoisomerase I antibody; AUC, area under the receiver operating characteristic curve; CRP, C reactive 
protein; DLco, diffusion capacity of the lung for carbon monoxide; FVC, forced vital capacity; GERD, gastro-oesophageal reflux 
disease; HRCT, high-resolution computed tomography; ILD, interstitial lung disease; mRSS, modified Rodnan skin score; SSc, 
systemic sclerosis.
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severe skin fibrosis at baseline. There was good agreement 
between the risk of progression predicted by this model 
and the observed risk of progression, indicating that the 
model is well calibrated. However, in the internal valida-
tion, the corrected performance measures were slightly 
worse than the non-corrected ones, reflecting a degree 
of overfitting. It is important to note that our nomogram 
only applies to patients with SSc-ILD who had risk factors 
related to early and/or inflammatory SSc and/or severe 
skin fibrosis at baseline. Further studies will be needed 
to develop risk prediction models in other subgroups 
of patients. Our model requires validation in different 
cohorts. Comparison of our model with other systems 
to predict the risk of SSc-ILD progression and mortality 
should be conducted in cohorts that are independent of 
those in which the models were developed.

Strengths of our analyses include the broad inclu-
sion criteria and the robust collection of data in the 
setting of a clinical trial. However, the SENSCIS trial 
was not designed to assess factors associated with the 
progression of SSc-ILD, and these analyses should be 
regarded as exploratory. Assessment of progression 

was based only on decline in FVC and death and 
was limited to a period of 52 weeks. Other means of 
defining progression and the usefulness of the model 
for the prediction of SSc-ILD progression in the long 
term were not investigated. The potential impacts of 
symptoms, blood-based biomarkers and changes in 
clinical and radiological variables that may be associ-
ated with SSc-ILD progression were not explored. To 
avoid overfitting our model (given the limited sample 
size), we focused on a small number of factors, but we 
acknowledge that the factors leading to progression of 
SSc-ILD will be more complex.

In conclusion, SSc-ILD is a heterogeneous disease, 
and prediction of its progression may require different 
approaches in distinct subgroups of patients. Among 
patients in the SENSCIS trial who had early and/or 
inflammatory disease and severe skin fibrosis at baseline, 
the predictors of SSc-ILD progression over 52 weeks in 
a multivariable model were lower DLco % predicted, 
earlier SSc, worse skin fibrosis, ATA positivity and not 
using mycophenolate. A nomogram developed based 
on this model may be of value in the identification of 

Figure 3  Nomogram for prediction of risk of absolute decline in FVC % predicted >5% or death over 52 weeks in patients 
with early and/or inflammatory SSc and/or severe skin fibrosis at baseline. The calculation for an example patient who has a 
C reactive protein of 6.1 mg/L, is ATA positive, has a DLco of 60% predicted, has an mRSS of 15, had their first non-Raynaud 
symptom 2 years ago and is taking mycophenolate is shown in red. ATA, anti-topoisomerase I antibody; DLco, diffusion 
capacity of the lung for carbon monoxide; FVC, forced vital capacity; mRSS, modified Rodnan skin score; SSc, systemic 
sclerosis.
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patients in this subgroup of patients with SSc-ILD who 
are at risk of short-term progression.
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