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ABSTRACT Pulmonary arterial hypertension (PAH) is a devastating complication of systemic sclerosis
(SSc). Screening for PAH in SSc has increased detection, allowed early treatment for PAH and improved
patient outcomes. Blood-based biomarkers that reliably identify SSc patients at risk of PAH, or with early
disease, would significantly improve screening, potentially leading to improved survival, and provide novel
mechanistic insights into early disease. The main objective of this study was to identify a proteomic
biomarker signature that could discriminate SSc patients with and without PAH using a machine learning
approach and to validate the findings in an external cohort.

Serum samples from patients with SSc and PAH (n=77) and SSc without pulmonary hypertension (non-
PH) (n=80) were randomly selected from the clinical DETECT study and underwent proteomic screening
using the Myriad RBM Discovery platform consisting of 313 proteins. Samples from an independent validation
SSc cohort (PAH n=22 and non-PH n=22) were obtained from the University of Sheffield (Sheffield, UK).

Random forest analysis identified a novel panel of eight proteins, comprising collagen IV, endostatin,
insulin-like growth factor binding protein (IGFBP)-2, IGFBP-7, matrix metallopeptidase-2, neuropilin-1,
N-terminal pro-brain natriuretic peptide and RAGE (receptor for advanced glycation end products), that
discriminated PAH from non-PH in SSc patients in the DETECT Discovery Cohort (average area under
the receiver operating characteristic curve 0.741, 65.1% sensitivity/69.0% specificity), which was reproduced
in the Sheffield Confirmatory Cohort (81.1% accuracy, 77.3% sensitivity/86.5% specificity).

This novel eight-protein biomarker panel has the potential to improve early detection of PAH in SSc
patients and may provide novel insights into the pathogenesis of PAH in the context of SSc.
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Introduction
Pulmonary arterial hypertension (PAH) is a devastating complication of systemic sclerosis (SSc) affecting 7–
12% of patients with this condition [1, 2]. Right heart failure as a result of PAH is one of the leading causes
of death in this patient cohort, accounting for 26% of deaths [3], and SSc-PAH represents 15–20% of all
forms of PAH in Europe [4] with a 30% 1-year mortality [5, 6]. There is significant interest in developing
improved screening tools using a variety of approaches including blood biomarkers, imaging, exercise
testing (reviewed in [7]) and real-world healthcare resource utilisation data [8, 9] to improve the detection
of PAH and decrease the time from first symptom to diagnosis [10]. Study data from HUMBERT et al. [11]
demonstrate that screening for PAH in an at-risk population of patients with SSc enables early diagnosis
and therefore treatment of a milder form of the disease. This resulted in a significant increase in survival,
but it is important to acknowledge the lead-time and length-time biases introduced by the screening study
approach [11], and earlier treatment remains an important goal for PAH. To this end, the development of
the DETECT algorithm, which has been shown to outperform symptom- and transthoracic
echocardiography-based diagnosis in a subset of SSc patients with early stages of PAH [12, 13], has been
proposed in the diagnosis work-up of the European Society of Cardiology/European Respiratory Society
guidelines [14].

The DETECT algorithm includes values for the circulating biomarkers N-terminal pro-brain natriuretic
peptide (NT-proBNP) and uric acid, demonstrating the potential of biomarkers to support early detection
of PAH in SSc patients. Utilising serum samples and clinical data collected during the DETECT study, we
hypothesised that a broader proteomic signature could be developed to classify patients with SSc into
those with and without PAH. Using serum samples from 157 randomly selected patients from the
DETECT study (DETECT Discovery Cohort) we identified an eight-protein signature for PAH in SSc
patients. This panel was subsequently reproduced in an independent cohort of 44 sequentially consented
SSc patients (Sheffield Confirmatory Cohort). We also demonstrate that some protein biomarkers can
predict individual clinical variables from the DETECT study.

Materials and methods
DETECT Discovery Cohort
Patients were eligible for inclusion in DETECT if they were aged ⩾18 years and had 1) a diagnosis of SSc
of >3 years duration from the first non-Raynaud’s symptom, 2) diffusing capacity of the lung for carbon
monoxide (DLCO) <60% predicted, 3) forced vital capacity (FVC) ⩾40% predicted and 4) not had
pulmonary hypertension (PH) confirmed by right heart catheterisation (RHC) prior to enrolment. PAH
was subsequently confirmed by RHC during the DETECT study. Approval was obtained from all relevant
boards/ethics committees and all patients provided written informed consent [12]. Blood sampling was
performed within a few days of RHC. All samples were collected and processed following Standard
Operating Procedures and stored at −80°C until assaying. Stored serum samples from 77 out of 87 patients
from the DETECT study with World Health Organization Group 1 PH (PAH) [3] were used in the
DETECT Discovery Cohort. 10 patients with PAH were excluded because the samples reached the time
limit of storage by consent. A random sample of 80 out of 321 non-PH DETECT study patients was
selected for controls.

Sheffield Confirmatory Cohort
An independent validation cohort was obtained from PAH treatment-naive patients sequentially recruited
to The Sheffield Teaching Hospitals Observational Study of Patients with Pulmonary Hypertension,
Cardiovascular and Lung Disease (STH-ObS) undergoing RHC for suspected PH at the Sheffield
Pulmonary Vascular Disease Unit (Royal Hallamshire Hospital, Sheffield, UK) (Research Ethics
Committee 18/YH/0441). In addition to RHC, patients were systematically investigated with
high-resolution computed tomography, cardiac magnetic resonance imaging, pulmonary function testing
and the incremental shuttle walk test according to local standard procedure. Serum samples were collected
from diagnostic RHC prior to diagnosis of PH from 2008 to 2015 following local Standard Operating
Procedures. All patients had a clear diagnosis of SSc and investigations consistent with PAH without any
concomitant interstitial lung disease (PAH n=22). A cohort of disease controls was selected from patients
who had a firm diagnosis of SSc, but in whom RHC excluded PH (mean pulmonary arterial pressure
(mPAP) <25 mmHg) (non-PH n=22). Serum from all patients was aliquoted and stored at −80°C until
requested for this study.

Measurement of circulating protein biomarkers
All serum samples were stored at less than −70°C until tested. Samples were thawed at room temperature,
vortexed, spun at 3700×g for 5 min to remove precipitates and transferred to a master microtitre plate. 313
analytes were then assessed in serum using a multiplexed immunoassay (DiscoveryMAP version 3.0 assay;
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Myriad RBM, Austin, TX, USA). Monitoring of internal controls and batch testing between cohorts was
performed internally by Myriad RBM.

Clinical variables
The demographic and clinical variables selected from the DETECT study [3] to explore their relationship
with the serum biomarkers included 1) demographic and clinical characteristics: sex, age, body mass index,
smoking history, SSc subtype (limited, diffuse and mixed), current/past telangiectasias, disease severity
(modified Rodnan skin score (mRSS)); 2) echocardiography: qualitative assessment of right ventricle pump
function (normal, slightly impaired, moderately impaired and severely impaired), right atrium area, right
ventricle area, right ventricle diameter, tricuspid annular plane systolic excursion (TAPSE) and tricuspid
regurgitant velocity; 3) electrocardiography: right axis deviation; 4) RHC: pulmonary vascular resistance
(PVR), mPAP and pulmonary arterial wedge pressure (PAWP); 5) pulmonary function tests: FVC, FVC %
pred, DLCO and DLCO % pred; and 6) NT-proBNP.

These variables were also selected from the Sheffield Confirmatory Cohort, with the exception of current/
past telangiectasias, disease severity (mRSS), right ventricle area, right ventricle diameter and TAPSE.

Data processing and analysis
The selection of patients for the DETECT Discovery Cohort was performed using all samples from
patients with PAH who had valid serum samples followed by exclusion of patients for pragmatic reasons
(quality control) and a random selection from the non-PH group. The Sheffield Confirmatory Cohort
comprised patients sequentially recruited with suspected PH during the period from 2008 to 2015 who
underwent extensive phenotyping for suspected PAH. A subselection for patients who had SSc either with
or without PAH was then performed.

The demographic and clinical variables for the DETECT Discovery Cohort (table 1) and the Sheffield
Confirmatory Cohort (table 2) were summarised using descriptive statistics, and the PAH and non-PH
groups were compared using the Wilcoxon rank-sum test for continuous variables (and for the “qualitative
evaluation of right ventricle pump” after conversion of the ordered factor levels to 1–4 values) and Fisher’s
exact test for categorical variables.

Analytes with >50% missing values or near zero variance were excluded from analyses. One patient from
the Sheffield Confirmatory Cohort was removed because the data contained 25 missing values for analytes.
Out of the 313 analytes that were measured, 271 analytes were used for the DETECT Discovery Cohort
(n=157) and 258 analytes were used for the Sheffield Confirmatory Cohort (n=44) for subsequent analysis.
Data transformations were applied to some of the clinical variables in order to obtain normal
distributions. A log(x) transformation was applied to the variable rhcpvr (PVR), and a log(1+x)
transformation was applied to the variables mrsstot (mRSS) and mmraa (right atrium area). After initial
analyses we found that age was the 12th most important variable in the DETECT Discovery Cohort and
26th in the Sheffield Confirmatory Cohort. Sex was not in the top 100 variables for either cohort. We
therefore chose not to correct for age or sex in subsequent analyses.

Random forests
Missing values were imputed with the NIPALS algorithm (www.github.com/kwstat/nipals; R package
version 0.5). Within the random forest (RF) analysis, the number of variables randomly sampled as
candidates at each node was set to its default value. The importance of biomarker variables in each cohort
was assessed using the mean decrease in the node impurity criterion (Gini index). Three distinct RF
analyses were performed with the aim of identifying a consistent panel of biomarkers to classify PAH from
non-PH in patients with SSc: 1) in the DETECT Discovery Cohort using the 271 analytes detected, 2) in
the Sheffield Confirmatory Cohort using the 258 analytes detected, and 3) in both cohorts using 238
common protein analytes between the discovery and validation datasets (31 analytes from the DETECT
dataset could not be mapped to the Sheffield dataset and 56 analytes from the Sheffield dataset could not
be mapped to the DETECT dataset, because they were either previously filtered or absent in the original
dataset). Further RF analyses performed all possible combinations of smaller panels of the eight or less
biomarkers that were common to the top 20 biomarkers in the three RF analyses. Performance of the RFs
was internally validated by averaging the area under the receiver operating characteristic curve
(ROC-AUC) analyses of repeated (100 times) 10-fold cross-validations. RF analyses were performed using
the package randomForest version 4.6-14 and R version 3.5.0 (R Project, Vienna, Austria) from CRAN
(www.CRAN.R-project.org). The performance of the RF was assessed in the Sheffield Confirmatory
Cohort using balance accuracy.
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TABLE 1 Baseline characteristics of pulmonary arterial hypertension (PAH) and non-pulmonary
hypertension (non-PH) systemic sclerosis (SSc) patients in the DETECT Discovery Cohort

Non-PH PAH All

All patients 80 77 157
Demographic and clinical parameters
Age years
Patients 80 76 156
Mean±SD 55.7±11.5 61.5±9.5 58.5±11.0
Median (IQR) 57.0 (48.0–61.0) 62.0 (55.8–68.0) 59.0 (51.0–66.0)
Minimum–maximum 26–82 39–80 26–82

p=0.00059
Sex
Patients 80 77 157
Female 71 (88.8) 58 (75.3) 129 (82.2)
Male 9 (11.2) 19 (24.7) 28 (17.8)

p=0.037
BMI kg·m−2

Patients 79 76 155
Mean±SD 26.4±7.0 26.3±5.7 26.3±6.4
Median (IQR) 24.6 (21.9–29.1) 25.6 (22.4–28.7) 25.1 (22.1–28.8)

p=0.73

Smoking history 35/80 (43.8) 38/77 (49.4) 73/157 (46.5)
p=0.52

SSc subtype
Patients 80 76 156
Limited 46 (57.5) 55 (72.4) 101 (64.7)
Diffuse 28 (35.0) 15 (19.7) 43 (27.6)
Mixed 6 (7.5) 6 (7.9) 12 (7.7)

p=0.1

Current/past telangiectasias 59/80 (73.8) 67/77 (87.0) 126/157 (80.3)
p=0.045

Disease severity mRSS
Patients 80 76 156
Mean±SD 9.4±8.2 11.2±8.2 10.3±8.3
Median (IQR) 6.5 (4.0–11.2) 9.0 (5.8–14.2) 8.0 (4.8–13.2)

p=0.047
Echocardiography
Qualitative evaluation of right ventricle

pump
Patients 80 77 157
Normal 79 (98.8) 60 (77.9) 139 (88.5)
Slightly impaired 1 (1.2) 8 (10.4) 9 (5.7)
Moderately impaired 0 (0) 5 (6.5) 5 (3.2)
Severely impaired 0 (0) 4 (5.2) 4 (2.5)

p=4.2e-05
Right atrium area (maximum) cm2

Patients 75 73 148
Mean±SD 13.4±4.6 16.8±5.9 15.1±5.5
Median (IQR) 13.0 (10.2–15.3) 15.5 (13.9–19.0) 14.0 (11.9–16.9)

p=2.7e-05
Right ventricle area (maximum) cm2

Patients 76 73 149
Mean±SD 15.1±5.2 19.4±6.8 17.2±6.4
Median (IQR) 14.2 (12.0–17.1) 18.6 (13.6–22.7) 16.0 (13.0–20.8)

p=5.8e-05
Right ventricle diameter (maximum) mm
Patients 77 73 150
Mean±SD 29.0±8.6 32.6±9.0 30.8±8.9
Median (IQR) 29.0 (25.0–32.0) 32.0 (27.0–36.3) 30.0 (26.0–35.0)

p=0.002

Continued
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Partial least squares
17 clinical variables from the DETECT Discovery Cohort were taken individually and assessed as a
dependent variable and sparse partial least squares (SPLS) regressions performed to identify biomarkers
best able to predict the clinical variable. The biomarker data were Box–Cox transformed to normalise the
residual distributions. Lambda parameters ranging from −2 to 2 were allowed. Performances were
estimated by repeated (100 times) 10-fold cross-validations. The number of components was set to 1 and

TABLE 1 Continued

Non-PH PAH All

TAPSE m
Patients 74 67 141
Mean±SD 23.1±4.4 21.2±4 22.2±4.3
Median (IQR) 23.2 (20.0–26.0) 21.0 (19.0–24.0) 22.0 (19.0–25.0)

p=0.0076
TRV m·s−1

Patients 75 74 149
Mean±SD 2.4±0.5 3.0±0.7 2.7±0.7
Median (IQR) 2.4 (2.1–2.7) 2.9 (2.5–3.5) 2.6 (2.3–3.1)

p=9.8e-09
Electrocardiography
Presence of right axis deviation 2/74 (2.7) 10/75 (13.3) 12/149 (8.1)

p=0.031
Right heart catheterisation
PVR dyn·s·cm−5

Patients 78 77 155
Mean±SD 141.1±60.9 366.0±207.1 252.8±189.0
Median (IQR) 144.6 (100.0–177.3) 300.0 (226.9–410.3) 208.2 (136.1–296.9)

p=2.8e-20
mPAP mmHg
Patients 80 77 157
Mean±SD 17.9±3.7 32.3±7.8 25.0±9.4
Median (IQR) 18.0 (15.8–21.0) 29.0 (27.0–36.0) 24.0 (18.0–29.0)

p=2.7e-27
PAWP mmHg
Patients 79 77 156
Mean±SD 9.1±3.4 10.1±3.2 9.6±3.3
Median (IQR) 9.0 (7.0–11.5) 11.0 (8.0–12.0) 10.0 (7.0–12.0)

p=0.034
log10(NT-proBNP) pg·mL−1

Patients 80 77 157
Mean±SD 2.5±0.6 2.9±0.5 2.7±0.6
Median (IQR) 2.6 (2.2–2.9) 3.0 (2.6–3.2) 2.7 (2.3–3.0)

p=4.5e-05
Pulmonary function tests
FVC % pred
Patients 80 77 157
Mean±SD 82.2±20.0 90.9±18.2 86.4±19.6
Median (IQR) 82.0 (65.7–96.5) 89.0 (77.4–101.0) 84.2 (72.0–99.1)

p=0.0075
DLCO % pred
Patients 80 77 157
Mean±SD 47.4±8.7 43.2±10.7 45.4±9.9
Median (IQR) 49.1 (41.1–54.1) 44.0 (36.0–53.0) 47.3 (39.0–53.2)

p=0.016

Data are presented as n, n (%) or n/N (%), unless otherwise stated. IQR: interquartile range; BMI: body
mass index; mRSS: modified Rodnan skin score; TAPSE: tricuspid annular plane systolic excursion; TRV:
tricuspid regurgitant velocity; PVR: pulmonary vascular resistance; mPAP: mean pulmonary arterial
pressure; PAWP: pulmonary arterial wedge pressure; NT-proBNP: N-terminal pro-brain natriuretic
peptide; FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide. Comparison of
PAH and non-PH groups performed using the Wilcoxon rank-sum test for continuous variables (and for the
“qualitative evaluation of right ventricle pump” after conversion of the ordered factor levels to 1–4 values)
and Fisher’s exact test for categorical variables.
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TABLE 2 Patient characteristics of pulmonary arterial hypertension (PAH) and non-pulmonary
hypertension (non-PH) systemic sclerosis (SSc) patients in the Sheffield Confirmatory Cohort

Non-PH PAH All

All patients 22 22 44
Demographic and clinical parameters
Age years
Patients 22 22 44
Mean±SD 62.3±9.7 68.1±8.0 65.2±9.2
Median (IQR) 61.5 (56.3–67.8) 69.0 (63.3–72.0) 64.5 (58.8–72.0)
Minimum–maximum 45–84 53–84 45–84

p=0.026
Sex
Patients 22 22 44
Female 20 (90.9) 15 (68.2) 35 (79.5)
Male 2 (9.1) 7 (31.8) 9 (20.5)

p=0.091
BMI kg·m−2

Patients 22 20 42
Mean±SD 27.7±5.8 27.5±6.9 27.6±6.3
Median (IQR) 28.1 (23.9–32.6) 28.1 (21.7–31.7) 28.1 (21.9–32.0)

p=0.782

Smoking history 8/19 (42.1) 13/19 (68.4) 21/38 (55.3)
p=1

SSc subtype
Patients 22 22 44
Limited 21 (95.5) 22 (100) 43 (97.7)
Diffuse 1 (4.5) 0 (0) 1 (2.3)
Mixed 0 (0) 0 (0) 0 (0)

p=1
Echocardiography/CTPA/cardiac MRI
Qualitative evaluation of right ventricle

pump
Patients 22 22 44
Normal 18 (81.8) 11 (50.0) 29 (65.9)
Mild impairment 4 (18.2) 2 (9.1) 6 (13.6)
Moderate impairment 0 (0) 1 (4.5) 1 (2.3)
Severe impairment 0 (0) 8 (36.4) 8 (18.2)

p=0.0083
Right atrium area (maximum) cm2

Patients 22 22 44
Mean±SD 16.0±5.4 22.5±9.6 19.2±8.4
Median (IQR) 15.4 (11.5–17.1) 19.8 (13.7–29.9) 16.9 (13.2–23.7)

p=0.018
TRV m·s−1

Patients 17 22 39
Mean±SD 2.7±0.3 3.7±0.8 3.2±0.8
Median (IQR) 2.7 (2.5–2.8) 3.4 (3.1–4.2) 3.1 (2.7–3.5)

p=1.98e-05
Electrocardiography
Presence of right axis deviation 1/20 (5.0) 9/22 (40.9) 10/42 (23.8)

p=0.45
Right heart catheterisation
PVR dyn·s·cm−5

Patients 22 22 44
Mean±SD 146.4±56.5 548.2±375.4 347.3±334.2
Median (IQR) 139.5 (116.8–170.8) 396.0 (271.2–850.2) 219.0 (142.8–395.5)

p=1.5e-09
mPAP mmHg
Patients 22 22 44
Mean±SD 20.7±3.1 41.7±15.3 31.2±15.2
Median (IQR) 21.0 (19.0–22.0) 38.0 (30.0–52.0) 26.0 (21.0–37.0)

p=3.0e-08

Continued
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the sparsity level at 0.7. Missing values were imputed within the cross-validation process using a
k-nearest-neighbours approach (k=5). SPLS analyses were performed using the package spls version 2.2-3
run in R version 3.5.0 from CRAN.

Results
Patient disposition, demographic and clinical characteristics
The patient disposition flowchart (figure 1) shows the number of patients and analytes for the DETECT
Discovery Cohort and the Sheffield Confirmatory Cohort. The demographic and clinical characteristics of the
two cohorts are summarised and the two groups compared as shown in tables 1 and 2, respectively. A
comparison of the two cohorts is included as supplementary figures S1–S9. This comparison confirmed, as
expected, that the DETECT samples (collected from rheumatology clinics) were slightly more heterogeneous
with less advanced PAH than the Sheffield samples collected from a specialist PH referral centre.

Protein biomarker selection using RFs
Analyses of serum samples from PAH (n=77) and non-PH patients (n=80) from the DETECT Discovery
Cohort identified 271 of the 313 protein analytes on the Myriad RBM Discovery platform that passed
quality control (supplementary table S1). RF analysis identified proteins that segregated PAH from
non-PH patients with SSc with an average ROC-AUC of 0.71. Figure 2a shows the top 20 variables
(proteins) of importance to distinguish PAH, as ranked by the mean decrease in the Gini index. To
determine whether this could be replicated in a distinct cohort of treatment-naive patients with samples
collected at diagnostic RHC, we ran 44 serum samples (PAH n=22 and no-PH n=22) from Sheffield on
the same Myriad RBM Discovery platform. In this cohort, 258 out of 313 protein analytes passed quality
control (supplementary table S1). An independent RF analysis identified proteins that predicted PAH with
a ROC-AUC of 0.83. Figure 2b shows the top 20 variables (proteins) of importance in the Sheffield
Confirmatory Cohort.

Encouragingly, 238 common analytes were consistently measured in both the DETECT and Sheffield
cohorts, and an accuracy of 86% was observed when applying the RF trained on the DETECT Discovery

TABLE 2 Continued

Non-PH PAH All

PAWP mmHg
Patients 22 22 44
Mean±SD 9.1±3.8 11.7±4.9 10.4±4.5
Median (IQR) 8.5 (7.0–11.8) 12.0 (8.0–14.0) 10.0 (7.8–13.2)

p=0.071
log10(NT-proBNP) pg·mL−1

Patients 22 22 44
Mean±SD 2.6±0.5 3.3±0.5 3.0±0.6
Median (IQR) 2.7 (2.4–2.9) 3.3 (3.0–3.7) 2.9 (2.6–3.3)

p=9.3e-05
Pulmonary function tests
FVC % pred
Patients 22 22 44
Mean±SD 90.8±22.6 101.2±15.7 96.0±20.0
Median (IQR) 94.7 (73.4–107.9) 100.8 (90.9–111.5) 96.3 (80.9–110.9)

p=0.13
DLCO % pred
Patients 21 22 43
Mean±SD 56.2±13.4 43.9±12.7 49.9±14.3
Median (IQR) 55.1 (46.7–67.3) 43.6 (39.6–47.0) 46.7 (42.0–56.5)

p=0.002

Data are presented as n, n (%) or n/N (%), unless otherwise stated. IQR: interquartile range; BMI: body
mass index; CTPA: computed tomography pulmonary angiography; MRI: magnetic resonance imaging; TRV:
tricuspid regurgitant velocity; PVR: pulmonary vascular resistance; mPAP: mean pulmonary arterial
pressure; PAWP: pulmonary arterial wedge pressure; NT-proBNP: N-terminal pro-brain natriuretic
peptide; FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide. Comparison of
PAH and non-PH groups performed using the Wilcoxon rank-sum test for continuous variables (and for the
“qualitative evaluation of right ventricle pump” after conversion of the ordered factor levels to 1–4 values)
and Fisher’s exact test for categorical variables.
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Cohort to the Sheffield Confirmatory Cohort. Specifically, collagen IV, endostatin, insulin-like growth
factor binding protein (IGFBP)-2, IGFBP-7, matrix metallopeptidase (MMP)-2, neuropilin-1, N-terminal
pro-brain natriuretic peptide (NT-proBNP) and RAGE (receptor for advanced glycation end products)
were identified as common PAH biomarkers. All results and summary statistics of the biomarkers that
were analysed in the DETECT Discovery Cohort and in the Sheffield Confirmatory Cohort are shown in
supplementary tables S2 and S3, respectively. Although eight of the top 20 variables of importance were
identified in both cohorts after independent RF analysis, a different ranking of the common biomarkers in
the two cohorts was noted (figure 2a and b). We therefore performed a new RF analysis on the DETECT
Discovery Cohort dataset using the 238 common analytes identified in both cohorts. The 20 top-most
important variables of this RF analysis are shown in figure 2c. The eight common PAH biomarkers from
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with Pulmonary Hypertension, Cardiovascular and Lung Disease; CTD: connective tissue disease; ILD: interstitial lung disease. #: enrolled 2008–
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quality control in the Sheffield Confirmatory Cohort (238 protein analytes were suitable for investigation in both cohorts).
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the independent analysis of each cohort were again selected in the top 20 variables of importance. The
average ROC-AUC for this new analysis in the DETECT Discovery Cohort was 0.72.

The individual protein levels of the conserved eight biomarkers were significantly higher in SSc patients
with PAH compared with non-PH patients in the DETECT Discovery Cohort and the Sheffield
Confirmatory Cohort (figure 3).

Performance of the eight-protein panel to classify PAH
To determine the potential of the eight protein biomarkers to classify PAH from a mixed cohort of
patients with SSc, we performed further RF analyses for all 255 possible combinations of the eight
biomarkers identified to determine the panel with the best performance. Panel performance was estimated
by repeated cross-validation and a subset panel of six biomarkers, including RAGE, IGFBP-7, collagen IV,
endostatin, MMP-2 and IGFBP-2, classified PAH with the best ROC-AUC (0.751) in the DETECT
Discovery Cohort with a sensitivity of 66.8% and a specificity of 71.4% (figure 4a). We next assessed the
performance of this six-protein biomarker panel in the Sheffield Confirmatory Cohort, which gave a
ROC-AUC of 0.866 (figure 4b) and balanced accuracy of 0.705 with a sensitivity of 54.5% and a specificity
of 86.4%.

Given the decrease in sensitivity observed with our six-protein biomarker panel in the Sheffield
Confirmatory Cohort, we tested whether adding back NT-proBNP or NT-proBNP plus neuropilin-1 (since
NT-proBNP is already part of the DETECT algorithm) would improve the reproducibility of the panel. As
expected from our previous analysis, adding NT-proBNP (seven-biomarker panel; figure 4c) or
NT-proBNP plus neuropilin-1 (eight-biomarker panel; figure 4d) produced a reduced performance in the
DETECT Discovery Cohort, generating a ROC-AUC of 0.741 with a sensitivity of 65.2% and a specificity
of 68.9% for the seven-biomarker panel (figure 4c) and a ROC-AUC of 0.741 with a sensitivity of 65.1%
and a specificity of 69.0% for the eight-biomarker panel (figure 4d). We next tested the performance of
both the seven- and eight-protein panels in the Sheffield Confirmatory Cohort. For the seven-protein
panel including NT-proBNP we achieved a balanced accuracy of 0.77 with a sensitivity of 68.2% and a
specificity of 86.4%. This was slightly improved in the eight-protein panel including both NT-proBNP and
neuropilin-1, generating a balanced accuracy of 0.81 with a sensitivity of 77.3% and a specificity of 86.5%.
Therefore, while the addition of NT-proBNP or NT-proBNP plus neuropilin-1 slightly decreased the
sensitivity and specificity in the derivation cohort, the addition of the two biomarkers improved the
accuracy, sensitivity and specificity in the validation cohort.

Identifying biomarkers that predict clinical variables related to PAH
The combination of serological biomarkers and clinical variables to create composite scores has
strengthened the conventional diagnostic approach in SSc patients [12]. Identifying additional biomarkers,
beyond NT-proBNP and uric acid, that could predict clinical variables related to PAH would be highly
advantageous and reduce the need for repeated invasive procedures, e.g. RHC. To investigate whether any
of the protein biomarkers measured could accurately predict any of the recorded clinical variables we
applied a SPLS regression analysis to the DETECT Discovery Cohort. Of the clinical variables tested (table
1), the association with our biomarker composite panel was generally weak, with PVR providing the best
R2 (R2=0.321): NT-proBNP, RAGE, IGFBP-7, pyruvate carboxylase (cFib), vascular cell adhesion molecule
(VCAM)-1 and surfactant protein D (SP-D) (figure 5). The highest correlation for PVR was obtained with
NT-proBNP (r=0.46), RAGE (r=0.43) and IGFBP-7 (r=0.41). To verify the relevance of the identified
variables we applied a RF analysis as an alternative to the SPLS analysis. RAGE, NT-proBNP, IGFBP-7,
SP-D and VCAM-1 that were selected by SPLS to predict PVR were also among the 10 most important
features according to a RF approach. When looking at these biomarkers in relation to all clinical variables,
we observed that RAGE also showed a relevant correlation with FVC % pred (r=0.51, p=8.63e-12)
(supplementary figure S10).

Discussion
PAH is a devastating complication of SSc, and there is evidence that early detection and treatment can
improve the outcomes. The DETECT algorithm is a frequently used screening model for the detection of
PAH in SSc patients [12]. It contains eight variables, including clinical variables from multiple tests and two
circulating biomarkers, i.e. NT-proBNP and serum uric acid, both reflecting cardiac dysfunction [15–17].
The sensitivity for the detection of PAH using DETECT is high (96%), but the specificity is relatively low
(48%). Much effort is therefore currently given to the discovery of diagnostic biomarkers for the accurate
and noninvasive prediction of PAH in SSc patients and other “at-risk” populations.

In this study we used serum samples from the DETECT study and an unbiased high-throughput assay
platform to discover novel protein biomarkers with the potential to aid screening and diagnosis. We have
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identified and validated a panel of eight biomarkers, i.e. RAGE, IGFBP-7, collagen IV, endostatin, MMP-2,
IGFBP-2, NT-proBNP and neuropilin-1, with potential for classifying patients with PAH in a mixed
population of patients with SSc.

Several of the proteins identified have been previously found to play significant roles in pulmonary
vascular remodelling (RAGE and MMP-2), angiogenesis and cellular growth (collagen IV, endostatin,
IGFBP-2 and neuropilin-1), and cardiac dysfunction (NT-proBNP and IGFBP-7). Among the top-ranking
proteins, RAGE plays an important role in the accumulation of extracellular matrix proteins and
particularly in vascular remodelling [18–23]. RAGE expression has been shown to be upregulated in
pulmonary arteries that were isolated from Sugen 5416 plus hypoxia (SuHx)-induced PH mice and
deletion of RAGE protects these mice from PH. Serum levels of soluble RAGE were also shown to be
higher compared with controls in patients with idiopathic PAH and chronic thromboembolic pulmonary
hypertension [24, 25] and in SuHx PH mice [22], and in vitro soluble RAGE has been shown to regulate
bone morphogenetic proteins and calcium binding protein S100A4-induced proliferation and migration in
pulmonary artery smooth muscle cells [20, 26]. The diagnostic value of RAGE was maintained when
adjusted for age in our study (data not shown), negating a response to increasing advanced glycation
products with age. We also found that RAGE levels were lower in serum of patients with diffuse compared
with limited SSc, which excluded a relationship between RAGE expression levels and the extent of skin
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and organ fibrosis involvement (supplementary figure S11). MMP-2, the other marker of vascular
remodelling, is a metalloproteinase involved in the breakdown of the extracellular matrix and collagen IV,
and contributes to the degradation of basal membranes [27]. Interestingly, hypoxia can attenuate the
physiological postnatal increase of MMP-2 expression, which impacts alveolar development and associated
pulmonary arterial remodelling [28]. It was recently shown that MMP-2 expression increased under
hypoxia in pulmonary artery endothelium concomitant with a thickening of blood vessels. Inhibition of
MMP-2 in a mouse model of PH prevented the development of PH and the proliferation of pulmonary
artery endothelial cells under hypoxia [29].

IGFBP-7, the protein ranked second in our panel, has been associated with cellular senescence and cardiac
dysfunction [30–33], and has the potential to complement the role of NT-proBNP, an established marker
of cardiac stress [34]. Endostatin (collagen XVIII) and collagen IV, ranking at positions 3 and 4 in our
panel, are important components of the extracellular vascular basement membrane that separates, for
instance, epithelial cells and endothelial cells in the heart [35–37]. Endostatin was previously reported as a
potential biomarker in PAH that could predict adverse outcome [38]. Although the role of collagen IV in
PAH has not been described specifically, collagen IV synthesis can be promoted by nitric oxide production
and collagen IV increase was shown to contribute to angiogenesis of lung endothelial cells [38].
Neuropilin-1, another molecule involved in angiogenesis, interacts with vascular endothelial growth factor
(VEGF) family members to stimulate angiogenesis in endothelial cells [39, 40]. VEGF receptors are
expressed by endothelial cells within the plexiform lesions in patients with PAH [41, 42]. These different
markers of angiogenesis have therefore direct implication in the pathology of PAH and may relate to the
early development of PAH in SSc patients. The potential role that these proteins could play in various
aspects of PAH pathobiology provides encouragement that the proteins selected may have sensitivity to
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disease-modifying therapies, although a further study on longitudinal samples would be required to
demonstrate this.

The loss in performance of the six-protein panel derived from the DETECT Discovery Cohort when tested
in the Sheffield Confirmatory Cohort most likely relates to disease heterogeneity in both SSc and PAH.
Other contributing factors could be reflective of different sample processing or that the Sheffield
Confirmatory Cohort was obtained from patients referred to a specialist PAH centre and they therefore
had a higher probability of having PAH; indeed, the Sheffield Confirmatory Cohort may have also had
more advanced PAH (supplementary figures S1–S9) as reflected by the 2-fold higher median NT-proBNP
when compared with the DETECT Discovery Cohort. However, it is also encouraging that the protein
panel performs well within both the general rheumatology setting where PAH may be less severe and the
specialist PH centre with potentially more advanced disease. It is important than any biomarker/panel has
sensitivity across the spectrum of disease. NT-proBNP is a widely used biomarker for PAH, reflecting an
elevated right ventricle overload. However, raised NT-proBNP is not specific to PAH since other
pathological conditions can lead to an increase in right ventricle overload and NT-proBNP levels [7].

As well as identifying a biomarker panel to assist early diagnosis of patients with PAH and SSc, we also
examined whether we could identify potential protein biomarker surrogates for clinical variables
commonly used to diagnose PAH. Among those tested, PVR was the clinical parameter best predicted by a
biomarker panel. This panel, consisting of five proteins (RAGE, NT-proBNP, SP-D, VCAM-1 and cFib),
contained two proteins (RAGE and NT-proBNP) that overlapped with the most reproducible eight-protein
diagnostic panel (RAGE, IGFBP-7, collagen IV, endostatin, MMP-2, IGFBP-2, NT-proBNP and
neuropilin-1). While cFib was not confirmed using a second analytical method (RF), all other markers
were confirmed. SP-D has a well-recognised role in regulating inflammation and VCAM-1 has a
well-recognised role in the mediation of leukocyte–endothelial cell adhesion, supporting the concept that
the proteins may influence pulmonary vascular remodelling and therefore PVR. PAH is characterised by
progressive pulmonary vascular remodelling leading to increased PVR, and eventually to right heart failure
and death [43, 44]. Since PVR reflects the progressive pathogenesis of PAH [45], monitoring PVR in
response to treatment by any method, but particularly a noninvasive method, is highly desirable. The use
of this panel may therefore provide valuable information on ongoing pathogenic processes in SSc-PAH
patients.

In this study, our biomarker panel identifies patients with SSc-PAH in a superior manner to NT-proBNP
alone (ROC-AUC 0.689) (data not shown), perhaps suggesting that our panel detects early PAH before
cardiac stress becomes dominant. It is interesting therefore to examine how this panel might perform
under the new 2018 World Symposium on Pulmonary Hypertension recommended classification (mPAP
21–24 mmHg) to identify patients that have mild or early PAH [46]. However, this would have to be
tested in larger relevant cohorts of patients. Since our initial cohort selection and analysis it has been
recognised that patients with a borderline elevation of mPAP (i.e. mPAP 21–24 mmHg) can develop
symptoms comparable to patients with mPAP ⩾25 mmHg. Specifically, they have increased risk of
progression to ⩾25 mmHg and had a higher mortality rate than patients with mPAP <21 mmHg [47, 48].
Given the recent recommendation to change the cut-off for the definition of PH to include patients with
mPAP >20 mmHg [46] we reran the analysis with this new criteria (mPAP >20 mmHg, PVR ⩾3 WU and
PAWP ⩽15 mmHg). Reassuringly, only two biomarkers, i.e. IGFBP-7 and neuropilin-1 (the two weakest
variables of importance), were dropped from the eight variables identified, suggesting that the remaining
six proteins are particularly sensitive to early changes associated with PAH in the context of SSc.

A previous study by RICE et al. [49] identified both midkine and follistatin-like 3 as two proteins that
might serve as SSc-PAH biomarkers, albeit in a small discovery cohort of only 13 patients, all with limited
SSc. Our study included patients with diffuse, limited and mixed SSc in the DETECT Discovery Cohort,
which is more reflective of the patient population within the rheumatology setting. Unfortunately, neither
protein was within the Myriad DiscoveryMAP version 3.3 platform, so we were unable to determine
whether these proteins could classify PAH in both of our cohorts. Future prospective studies should look
to compare or incorporate these proteins.

A limitation of our current study is the lack of longitudinal data. Testing whether the protein panel
changes in response to treatment and disease progression is an important next step. This is pertinent not
only to PAH-specific therapies but also to background immunosuppressive therapies that many of these
patients will be treated with. One other significant limitation of our study is the matched PAH and
non-PH cohort size. With an estimated 10% transition of patients with SSc to develop PAH, future studies
looking to validate these models would ideally have a more representative 1:10 PAH:no-PH proportion.
We also acknowledge that our patient cohorts do not fully reflect the SSc patient population. The patients
in the Sheffield Confirmatory Cohort were more advanced in their diagnosis process and had a high
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suspicion of having PAH for referral to a specialist centre, and the improved performance of the
biomarker panel trained on the DETECT Discovery Cohort may reflect this. However, this study provides
important proof-of-concept data that applying machine learning tools to proteomic data can identify
protein biomarkers to help screen patients at risk of PAH. Although not directly tested here, it is highly
possible that this protein panel, developed on PAH in the context of SSc, may have utility in other forms
of PAH or identify patients in other non-PAH diagnostic groups who have some pulmonary vascular
remodelling.

The ultimate aim of this study is to identify a screening protein panel that can be incorporated into a
future iteration of the DETECT algorithm to enhance the sensitivity and specificity of the current
DETECT algorithm. Clearly, before this can be achieved the current protein panel will require further
validation and “tuning” in a prospective and longitudinal SSc cohort within the rheumatology setting.
Although challenges remain, integrating proteomic profiling into an existing screening programme such as
DETECT should be achievable.
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