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ABSTRACT  

Objective 

In patients with systemic sclerosis (SSc), we investigated composite serum biomarker panels 

for the diagnosis and risk-stratification of SSc-associated interstitial lung disease (SSc-ILD). 

Methods 

Twenty-eight biomarkers were analysed in 640 participants: 259 with SSc-ILD and 179 SSc-

controls without ILD (Australian Scleroderma Cohort Study), 172 idiopathic pulmonary 

fibrosis (IPF)-controls (Australian IPF Registry), and 30 healthy controls. A composite index 

was developed from biomarkers associated with ILD in multivariable analysis derived at 

empirical thresholds. Performance of the index to identify ILD, and specifically SSc-ILD, and 

its association with lung function, radiological extent, health-related quality of life (HRQoL) 

were evaluated in derivation and validation cohorts. Biomarkers to distinguish SSc-ILD from 

IPF-controls were identified. 

Results 

A composite biomarker index, comprising SP-D, Ca15-3 and ICAM-1, was strongly associated 

with SSc-ILD diagnosis, independent of age, sex, smoking and lung function (index=3: pooled 

adjusted OR 12.72, 95%CI 4.59–35.21, p<0.001). The composite index strengthened the 

performance of individual biomarkers for SSc-ILD identification. In SSc patients, a higher 

index was associated with worse baseline disease severity (index=3 relative to index=0: 

adjusted absolute change in FVC% –17.84% and DLCO% –20.16%, both p<0.001).  

Conclusion 

A composite serum biomarker index, comprising SP-D, Ca15-3 and ICAM-1 may improve the 

identification and risk-stratification of ILD in SSc patients at baseline.  
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INTRODUCTION 

Interstitial lung disease (ILD) comprises a heterogeneous group of parenchymal lung disorders 

characterised by varying degrees of inflammation and fibrosis. ILD is detectable in up to 80% 

of patients with systemic sclerosis (SSc), and a leading cause of morbidity and mortality [1]. 

Risk factors for SSc-ILD include older age, male sex, African American ethnicity, diffuse 

cutaneous SSc, short disease duration and positive anti-Scl70 autoantibodies, whilst anti-

centromere autoantibodies confer a lower risk [2]. However, a definitive diagnosis of SSc-ILD 

may remain elusive until after irreversible lung injury has occurred. Timely, accurate 

identification of SSc-ILD to guide early management decisions is increasingly important, with 

effective therapies to stabilise and slow disease progression [3-7]. 

 

To reduce diagnostic delays, screening SSc patients with high resolution computed tomography 

(HRCT) and regular pulmonary function testing has been advocated [7]. The risk of ILD is 

highest in the first three years after SSc onset, but can develop several years later [2]. The 

cumulative radiation exposure from repeated HRCT screening poses an unacceptable risk in a 

predominantly young to middle-aged, female population. Alternative modalities, including low 

dose CT and lung ultrasound, require further validation [8, 9]. Lung function testing may not 

detect change until after significant fibrosis has become established, and extra-parenchymal 

factors, especially pulmonary hypertension (PH), skin thickening, and muscle weakness, may 

confound results.  

 

To address these challenges, serum biomarkers have been explored as minimally invasive 

markers to identify SSc-ILD. Molecular biomarkers identified in SSc-ILD and its idiopathic 

counterpart, idiopathic pulmonary fibrosis (IPF), have provided mechanistic insights into the 

pathogenic pathways that drive fibrogenesis in these clinically distinct ILDs. To date, small 
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sample sizes, the cost and access to specialised assays, complex models and a lack of validation 

across diverse populations have hampered clinical translation. We hypothesised that a 

combination of serum biomarkers would more accurately reflect the heterogeneity of SSc-ILD 

and assist the identification of ILD in diverse SSc populations.   

 

We assessed the ability of 28 prespecified blood biomarkers to identify ILD (SSc-ILD and a 

control group of IPF), using development and validation cohorts derived from the Australian 

Scleroderma Cohort Study (ASCS), Australian IPF registry (AIPFR), and healthy controls. Our 

primary objective was to identify a panel of serum biomarkers able to accurately distinguish 

SSc-ILD from non-ILD controls at baseline. Secondary objectives included evaluation of the 

biomarker panel for disease severity and health-related quality of life (HRQoL). 

 

METHODS 

SSc participants 

The ASCS is a national, multicentre, longitudinal observational cohort established in 2007 by 

the Australian Scleroderma Interest Group (ASIG) to study cardiopulmonary outcomes in SSc  

[10]. All Australian physicians are invited to refer SSc patients to 12 national screening centres. 

Patients fulfilling American College of Rheumatology/European League Against Rheumatism 

classification for SSc are eligible for enrolment [11]. Participants provide written consent at 

recruitment. Utilising a standardised protocol, comprehensive de-identified data are recorded 

on consecutive patients at baseline and every 12 months including clinical assessment, 

investigations, immunomondulatory therapy, HRQoL, and outcomes (vitality, lung 

transplantation). Disease extent on HRCT was available on a subset of patients from prior 

studies. Selected centres have baseline and serial serum stored in a linked biobank. Clinical 

management remains as per the referring physician.  
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SSc participants were identified through the ASCS. Baseline was defined as the time of first 

serum collection. All patients with sufficient sera, HRCT confirming the ILD status, and lung 

function within 12 months of baseline at the time of study commencement (1 February, 2017) 

were included. SSc-ILD was defined as SSc with radiologically-confirmed ILD on HRCT. SSc-

controls, age and sex-matched with SSc-ILD patients, included SSc patients without ILD on 

HRCT, and FVC ≥85%. Patients with insufficient data to confirm ILD status or serum (see 

“serum samples and biomarker measurement”) were excluded. 

 

Non-SSc participants 

To control for non-SSc ILD, IPF-controls were identified from the AIPFR – a national, 

multicentre, observational registry established in 2012. IPF diagnoses were re-reviewed by a 

central ILD multidisciplinary meeting in accordance with American Thoracic Society/European 

Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association 

guidelines [12]. Participants provide written consent at recruitment. Comprehensive clinical 

and outcome data are recorded at baseline and every six months. A subset of patients have 

baseline and serial serum stored in linked biobanks. All AIPFR patients with sufficient baseline 

serum at the time of study commencement were included.  

 

Thirty healthy controls (no history of smoking, lung disease or major comorbidities) were 

identified at a tertiary referral centre, consented for participation and a single serum sample 

taken.   
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The ASCS and AIPFR have human research ethics approval from all participating centres and 

approval for this study was granted by the Research Ethics and Governance Office (Protocol 

numbers X16-0311 & LNR/16/RPAH/406 RPAH zone, 99057A Monash).  

 

Definitions 

“ILD” included all patients with SSc-ILD and IPF-controls for the purposes of analysis. SSc 

disease duration was defined as time from first non-Raynaud symptom until baseline. All 

percentage predicted values for forced vital capacity (FVC%) and diffusing capacity for carbon 

monoxide corrected for haemoglobin (DLCOc%) were calculated from absolute measurements 

for FVC and DLCO, using the Quanjer Global Lung Initiative 2012 and Miller 1983 predictive 

equations respectively [13, 14]. Composite physiologic index (CPI), a model validated for 

mortality prediction in IPF and extrapolated to other ILDs, was calculated from clinical and 

physiological variables [15]. Disease extent was defined as per Goh et al., with “limited 

disease” considered <20% involvement on HRCT and “extensive disease” >20% involvement 

or FVC <70% in indeterminate cases [16]. Immunosupressive therapy included past or current 

treatment with any of corticosteroids, mycophenolate, azathioprine, cyclophosphamide, 

methotrexate, rituximab, TNFα antagonists, tocilizumab, abatacept, or leflunomide. HRQoL in 

SSc patients was reported using Scleroderma Health Assessment Questionnaire (SHAQ) and 

36-item short form survey instrument (SF36) [17, 18].  

 

Follow-up data (vitality, lung transplantation) were censored on 1 May, 2019.  

 

Serum samples and biomarker measurement 

Serum samples were obtained from the ASCS and AIPFR biobanks and stored at -80°C until 

assayed. Sera with >2 freeze-thaw cycles were excluded. Twenty-eight biomarkers were 

selected by comprehensive literature review [19], and analysed at a single laboratory following 
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manufacturer’s protocols by magnetic Luminex (SP-D, MMP-1, MMP-3, MMP-7, MMP-12, 

TIMP-1, Ca15-3, periostin, CCL-2, IL-6, VEGF, IL-8, CXCL-10, CXCL-12, CXCL-13, E-

selectin, CXCL-4, CCL-18, ICAM-1, VCAM-1), bead (TGF-β1, -β2, -β3) and enzyme linked 

immunosorbent assay (ELISA; amphiregulin, KL-6, fibulin-1, LOXL-2, ET-1). Non-

abbreviated biomarker labels and assay details are shown in Table S1. Any biomarkers with 

>25% of results below detectable range in initial analysis were re-tested with higher sensitivity 

assays. Thereafter, biomarkers with ≥80% missing data were excluded from analysis (n=2: KL-

6, MMP-12). Individuals with missing biomarker values were imputed at half the lower limit 

of detection, with all such values below the lower limit. 

 

Statistical analysis 

All study participants were randomly partitioned to derivation and validation cohorts based on 

diagnosis to create largely balanced cohorts for development and internal replication, with the 

exception of healthy controls who were all considered in the derivation cohort (further detail in 

Supplementary Methods in the online data supplement).  

 

Continuous biomarker measures with an area under the receiver operator characteristic (ROC) 

curve (AUC) >0.6 in univariable analyses were assessed for an empirical threshold in the 

derivation cohort using Youden index to maximise the sum of sensitivity and specificity. 

Biomarker thresholds with an AUC >0.6 on ROC analyses were included for further 

multivariable analysis. Least Angled Regression (LARS) was used to select a parsimonious 

number of biomarkers that could predict ILD outcome respective to a-priori defined clinical 

covariates (baseline age, sex, smoking, FVC%) to retain in a multivariable model. The optimum 

prediction error for balance between bias and variance in LARS was determined using the Cp 

statistic, biomarkers beyond the optimal error were not retained. Association of the retained 
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biomarker threshold with ILD was tested univariably, and in mutually adjusted models with 

retained biomarkers and clinical covariates. A biomarker index was developed comprising of 

retained biomarkers significantly associated with ILD in the multivariable model, ranging from 

0 (no biomarkers above threshold) to 3 (three biomarkers above threshold).  

 

Univariable and multivariable logistic regression (adjusted for baseline age, sex, smoking, 

FVC%) were used to evaluate associations between the index and ILD. In a sensitivity analysis 

restricted to SSc diagnoses, multivariable adjustment was further extended to include disease 

duration and Scl-70 positivity. Generalised linear models were constructed to investigate 

associations of the index with physiology, disease extent and HRQoL metrics in univariable 

and multivariable analyses adjusted for clinical covariates and immunosuppression. Analyses 

were performed separately in the derivation blinded to the validation cohort, with multilevel 

modelling and random intercept over cohort to test associations in pooled analyses.  

 

Continuous variables are reported as mean (SD, standard deviation) or median (IQR, 

interquartile range) as appropriate, and categorical variables as an absolute number (relative 

frequency). Regression models are presented with 95% confidence intervals (95%CI). P-values 

<0.05 were considered statistically significant. All statistical analysis was performed using 

Stata statistical software (versions 14.2–16.1). 

 

RESULTS 

Baseline characteristics 

A total 640 patients met inclusion criteria, including 259 with SSc-ILD (40.5%), 179 SSc-

controls (27.9%), 172 IPF-controls (26.9%) and 30 healthy controls (4.7%). Overall mean age 

was 60 years, 32.7% male, 55.9% never smokers with mild-to-moderate lung function 
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impairment (mean FVC 87.9% and DLCO 59.2% predicted). Lung function impairment was 

less severe in SSc-ILD patients compared with IPF-controls, but more severe compared to SSc-

controls (Table 1). Disease duration did not differ between SSc-ILD and SSc-controls 

(p=0.765). SSc-ILD patients compared with SSc-controls demonstrated a higher prevalence of 

anti-Scl70 autoantibodies (38.5% vs. 9.3% respectively, p<0.001), lower prevalence of anti-

centromere autoantibodies (18.8% vs. 49.4% respectively, p<0.001), and were more likely to 

have received immunomodulatory therapy (63.7% vs. 46.9% respectively, p=0.001; see Table 

1). 

 

The derivation cohort included 292 patients (111 SSc-ILD [38.0%], 77 SSc-controls [26.4%], 

74 IPF-controls [25.3%], 30 healthy controls [10.3%]) and the validation cohort included 348 

patients (148 SSc-ILD [42.5%], 102 SSc-controls [29.3%], 98 IPF-controls [28.2%]). 

Derivation and validation cohorts demonstrated no difference in baseline characteristics or lung 

function (Table S2). 

 

Outcomes 

Median follow-up time was 60.7 months (IQR 53.2−73.3) and 69.7 months (IQR 56.8−74.9) in 

the derivation and validation cohorts respectively. There were 166 deaths (25.9% overall; 70 

SSc-ILD, 21 SSc-controls, 75 IPF-controls) and 25 lung transplants (3.9% overall; 3 SSc-ILD, 

22 IPF-controls). 

 

Development and validation of the biomarker index for ILD and SSc-ILD 

Median biomarker concentrations by patient cohort are shown in Table S3. Development of the 

biomarker index is summarised in Figure 1. ROC curve analysis, empirical biomarker 
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thresholds and LARS model specification for the selection of biomarkers to include in the 

biomarker index are shown in Table S4 and Figure S1.  

 

In univariable logistic regression, SP-D, Ca15-3, ICAM-1, TIMP-1 and MMP-7 were 

associated with ILD (Table 2). After multivariable adjustment, SP-D, Ca15-3 and ICAM-1 

remained associated with ILD for inclusion in the final index. A biomarker index score (0–3) 

was calculated from the number of these biomarkers above the empirical threshold in any 

combination, and taken forward for validation. Distribution of index scores by patient group is 

shown in Figure 2. 

 

Performance of Biomarker Index to distinguish ILD and SSc-ILD 

Performance of the biomarker index to discriminate ILD (SSc-ILD or IPF-controls) from no-

ILD (SSc without-ILD and healthy controls) is shown in Table 3. After adjustment for age, sex, 

smoking and FVC%, an index of ≥2 was strongly associated with ILD in derivation, validation 

and pooled analyses (index=2 pooled adjusted OR [aOR] 3.59, 95%CI 1.91–6.77, p<0.001; 

index=3 aOR 15.61, 95%CI 5.81–41.61, p<0.001; unadjusted OR shown in Table S5). 

 

In sensitivity analysis limited to SSc patients, the biomarker index remained robust to 

effectively discriminate SSc-ILD from SSc-controls. An index of 3 was strongly associated 

with SSc-ILD in derivation, validation and pooled analyses (aOR 12.72 in pooled analysis, 

95%CI 4.59–35.21, p<0.001; Table 3). An index of 2 was also strongly associated with SSc-

ILD in the derivation cohort and pooled data (aOR 3.24, 95%CI 1.67–6.30, p=0.001). Similar 

results and direction of effect were observed in multivariable logistic regression further adjusted 

for SSc disease duration and Scl-70 positivity (Table S6) and when stratified by diffuse-

cutaneous and limited-cutaneous SSc (Table S7).  
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Biomarker index and disease severity in SSc  

In SSc patients, a biomarker index ≥2 was associated with more severe physiological 

impairment by FVC%, DLCOc% and CPI (Figure 3; Table S8). In pooled analysis adjusted for 

age, sex and smoking, an index of 3 was associated with a lower FVC% (–17.84%, 95%CI –

24.73−–10.94, p<0.001), DLCOc% (–20.16%, 95%CI –26.23−–14.08, p<0.001) and higher CPI 

(17.77 points, 95%CI 12.85−22.69, p<0.001) compared with an index of 0. The ability of the 

index to distinguish lung function was not impacted by immunomodulatory therapy (Table S9). 

 

Of 139 SSc-ILD patients with available HRCT-extent data, extensive disease was present in 48 

patients (34.5%; derivation n=18 [30%], validation n=30 [38.0%]). An index ≥2 was associated 

with extensive disease in pooled analysis (aOR 1.33−1.46; Table S10). 

 

The biomarker index was not associated with HRQoL metrics, SHAQ or SF36 (Table S11). 

 

DISCUSSION 

In 640 patients with well-defined SSc-ILD, SSc-without ILD, IPF and healthy controls, we 

identified and validated a simple three-biomarker index, comprised of SP-D, ICAM-1 and 

Ca15-3, as a baseline marker of ILD and disease severity, independent of clinical variables. To 

our knowledge, our study is the first and largest multicentre study to evaluate a comprehensive 

array of serum biomarkers in SSc-ILD, including development and validation analysis. Our 

findings support the use of a composite serum biomarker index as a minimally invasive, 

objective tool to support current diagnostic modalities and multidisciplinary discussion for ILD 

diagnosis and risk-stratification in SSc. 
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We identified three independent serum biomarkers associated with ILD, (SP-D, Ca15-3, 

ICAM-1), which as a composite index were able to robustly discriminate SSc-ILD from SSc-

controls at baseline, independent of age, sex, smoking and FVC%. SP-D plays an important 

role in innate immune defence, Ca15-3 in epithelial cell recognition and adhesion, and ICAM-

1 mediates migration of transendothelial leucocytes into the interstitium and activation of 

downstream signalling pathways including TGF-β1 [20-22]. Our findings are consistent with 

prior studies identifying elevated levels of these biomarkers in response to epithelial and 

endothelial cell injury, identified as a common trigger of fibrogenesis in both SSc-ILD and IPF 

[23]. Similar to the PROFILE study in IPF patients, we found that SP-D and epithelial-based 

biomarkers were superior to markers of extracellular matrix remodelling, including MMP-7, to 

distinguish ILD from controls [24]. Importantly, building on prior studies of SP-D, Ca15-3 and 

ICAM-1 as individual metrics for SSc-ILD diagnosis, we demonstrated that combining these 

biomarkers into a simple composite index strengthened their performance characteristics in a 

robust, easy to calculate tool [19]. We believe this composite approach is more reflective of the 

complex clinical and molecular heterogeneity of SSc-ILD, and less liable to environmental or 

genetic confounders compared with individual markers. This may improve the accuracy and 

generalisability of the index in heterogeneous SSc populations, a concept supported by White 

et al.’s biomarker index for IPF [25]. Assessment in external cohorts and combination in a 

multidimensional model with existing demographic, physiologic, serologic and histo-

pathologic risk factors for SSc-ILD is vital. 

 

The inclusion of Ca15-3 in our biomarker index is of particular interest. Ca15-3, most 

commonly recognised as a tumour marker, is an epitope of mucin 1 (MUC-1), expressed on the 

surface of various epithelial cells including type II alveolar, breast, hepatic, gastrointestinal and 

genitourinary cells [26]. Ca15-3 is encoded for by the same MUC-1 gene as KL-6, which is 
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among the most frequently reported biomarkers in ILD [26]. Despite promise, several 

limitations have limited wider clinical application of KL-6. Specialised assays for its 

measurement are not widely available outside of the research setting in many countries, and 

there is a lack  standardisation or validation in geographically diverse cohorts, with markedly 

different KL-6 levels reported in ethnically and genotypically disparate populations [27]. 

Supporting our findings, prior studies have demonstrated elevated Ca15-3 in SSc-ILD and other 

ILDs, with good sensitivity and specificity for differentiating ILD from no-ILD, and an 

association with ILD-extent by HRCT and FVC [22, 28-31]. Good correlation between Ca15-

3 and KL-6 levels in ILD patients has been described and robust validation in broad SSc 

populations is required [26]. The expression of Ca15-3 in non-pulmonary and malignant disease 

may limit its specificity alone, providing further rationale for its combination with other 

biomarkers in a combined index. In sum, our data supports further investigation of Ca15-3 as a 

lower cost, more accessible surrogate for KL-6 in future biomarker panels for SSc-ILD 

assessment.  

 

In our study, higher biomarker index scores were strongly associated with more severe lung 

function impairment, increased disease extent on HRCT (acknowledging small numbers), and 

higher CPI, independent of clinical variables. The positive relationship between the number of 

elevated biomarkers and magnitude of ILD risk may provide an additional benefit over 

traditional risk factors, such as Scl-70, which denotes an increased risk of SSc-ILD, but not the 

degree. Baseline SSc-ILD severity assessment is critical to early risk-stratification, prognosis 

and clinical management. Extensive disease on HRCT and lower FVC at baseline are risk 

factors for progressive SSc-ILD and increased mortality [1, 2, 7, 16]. However, visual HRCT 

evaluation is subject to inter-observer variability, and automated quantitative methods await 

validation [32]. Lung function in SSc-ILD patients may be confounded by concomitant PH 

 23265205, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/art.42491 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [25/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

contributing to a reduced DLCO, or muscular weakness and/or thoracic skin thickening 

reducing lung volumes independent of parenchymal involvement. Serum biomarkers are 

unlikely to replace HRCT or lung function for diagnosis or severity assessment in SSc-ILD. 

Rather, the biomarker index may provide an additional objective, point-of-care test to guide 

ILD assessment in SSc patients when standard modalities are indeterminate or confounding 

factors present. The additional benefit of biomarkers further to HRCT and lung function for 

ILD diagnosis and risk stratification in multidimensional models requires external validation in 

prospective SSc cohorts. 

 

The need to identify early, progressive SSc-ILD has been amplified by the emergence of 

antifibrotics as effective disease-modifying agents in non-IPF progressive-fibrosing ILDs [3-

6]. Analysis of our biomarker panel to predict progressive disease is ongoing. The utility of 

serial biomarker index measurements to monitor disease severity over time requires 

longitudinal assessment. However, this should not diminish the need to accurately identify and 

treat the primary clinical diagnosis at baseline. Immunomodulation remains first-line therapy 

in SSc-ILD, with antifibrotic therapy for progressive-ILD in non-IPF ILD based on disease 

behaviour after conventional therapy. Furthermore, antifibrotics for non-IPF ILDs are not 

universally available. The utility of biomarkers to guide the selection of SSc-ILD patients for 

immunomodulatory therapy, antifibrotics, or both, remains an urgent unmet need. 

 

Our study has several limitations. Our two large cohorts were recruited from observational 

registry data, thus diagnostic procedures were performed when clinically indicated and datasets 

had variable timing between sera collection, lung function and HRCT testing. Radiological 

subtypes of SSc-ILD (e.g. usual interstitial pneumonia (UIP) pattern, non-specific interstitial 

pneumonia (NSIP), etc.) could not be accounted for. Nevertheless, sensitivity analysis of the 
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biomarker index limited to SSc patients and excluding IPF-controls, the latter all with 

radiological UIP by definition, remained robust for SSc-ILD diagnosis. This suggests that a 

UIP pattern was less likely to be driving these findings. The precise impact of 

immunomodulation on biomarker levels in this cohort could not be determined. Considerable 

evolution of SSc and ILD treatments over time, a lack of universal guidelines for the treatment 

of ILD in SSc, and considerable variability between centres precluded analysis. Nevertheless, 

immunomodulation did not have an impact on the biomarker index’s ability to distinguish lung 

function, suggesting therapy was not driving biomarker effects. Studies suggest most 

degradation of serum biomarker levels occurs after three freeze-thaw cycles [33], thus 

biobanked sera with >2 cycles were excluded.  

 

Strengths of our study include the utilisation of large, well-characterised cohorts of SSc and 

IPF patients referred from multiple tertiary and community centres across Australia, allowing 

derivation of empirical thresholds and internal validation of a wide spectrum of serum 

biomarkers in diverse, real-world ILD populations. To improve comparability in lung function, 

all FVC% and DLCOc% predictive values were calculated from absolute measurements using 

standardised reference equations. 

 

In conclusion, we identified a simple composite biomarker index, comprised of SP-D, Ca15-3 

and ICAM-1, which strengthened the performance of individual biomarkers to robustly 

discriminate ILD in SSc and was associated with disease severity, independent of clinical 

variables. Our data supports further investigation of composite biomarker indices as objective, 

minimally-invasive, point-of-care tests to complement current diagnostic modalities to enhance 

diagnostic precision and risk-stratification of ILD in SSc. Ca15-3 may be a lower cost, more 

accessible surrogate for KL-6 in future biomarker assessment.  
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FIGURE LEGENDS 

 

Figure 1. Selection of biomarkers and development of the fibrosis index 

 

ELISA = enzyme linked immunosorbent assay. ROC = receiver operator characteristic. AUC 

= area under the curve. LARS = least angled regression. Non-abbreviated biomarker labels and 

assay details are shown in Table S1. 

 

Figure 2. Distribution of index by patient group in the derivation cohort 

 

SSc-controls = systemic sclerosis without ILD. SSc-ILD = systemic sclerosis with ILD. IPF = 

idiopathic pulmonary fibrosis. 

 

 

Figure 3. Association of the biomarker index with physiology 

 

Absolute change in physiology relative to an index of 0 (red horizontal line) in derivation (blue 

vertical bars), validation (red vertical bars), and pooled (green vertical bars) analyses, adjusted 

for age, sex and smoking history. (A) Percentage predicted FVC, (B) Percentage predicted 

DLCO, (C) Composite physiologic index (CPI). Dots demonstrate coefficient values, vertical 

bars demonstrate 95% confidence intervals. FVC% = percentage predicted forced vital 

capacity; DLCO% = percentage predicted diffusing capacity for carbon monoxide CPI = 

composite physiologic index. 
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TABLES 

 

Table 1. Baseline characteristics by patient group 

 SSc-ILD 

n=259 

SSc-controls 

n=179 

IPF-controls 

n=172 

Healthy 

controls 

n=30 

TOTAL 

n=640 

p-value* 

SSc-ILD 

vs SSc-

controls 

p-value* 

SSc-ILD 

vs IPF-

controls 

Frequency        

Derivation n(%) 111 (38.0) 77 (26.4) 74 (25.3) 30 (10.3) 292 — — 

Validation n(%) 148 (42.5) 102 (29.3) 98 (28.2) 0 (0) 348 — — 

Baseline characteristics 

Age years 57.3 (12.7) 57.9 (12.3) 70.3 (8.1) 36.8 (9.8) 60.0 (13.7) 0.628 <0.001 

Sex        

Male n(%) 53 (20.5) 31 (17.3) 120 (69.8) 5 (16.7) 209 (32.7) 0.411 <0.001 

Female n(%) 206 (79.5) 148 (82.7) 52 (30.2) 25 (83.3) 631 (67.3) 0.411 <0.001 

Never smoker, 

n(%) 

111 (42.9) 103 (57.5) 114 (66.3) 30 (100) 358 (55.9) 0.001 <0.001 

White, n(%) 220 (84.9) 168 (93.9) 151 (87.8) 18 (60.0) 557 (87.0) 0.004 0.403 

BMI kg/m2 26.0 (5.3) 27.1 (7.0) 28.8 (4.8) NA 27.1 (5.8) 0.105 <0.001 

FVC% 86.8 (21.4) 100.8 (21.0) 77.9 (19.7) NA 87.9 (22.5) <0.001 <0.001 

DLCOc% 59.5 (18.7) 69.5 (18.3) 48.3 (15.7) NA 59.2 (19.4) <0.001 <0.001 

CPI 34.5 (15.3) 24.1 (14.5) 45.7 (12.4) NA 34.6 (16.4) <0.001 <0.001 

PH n/N (%) 35/257 

(13.6) 

23/179 (12.9) 28/160 

(17.5) 

NA — 0.886 0.325 

SSc specific        

Disease 

duration† 

(years) 

10.9‡ 

(10.2) 

11.2§ (10.2) NA NA — 0.765 — 

Diffuse SSc, 

n(%) 

103 (39.8) 42 (23.5) NA NA — <0.001 — 

ANA positive 

n/N (%) 

248/258 

(59.8) 

167/179 (40.2) NA NA — 0.190 — 
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Anti-centromere 

autoantibody 

n/N (%) 

48/255 

(18.8) 

88/178 (49.4) NA NA — <0.001 — 

Anti-Scl-70 

autoantibody 

n/N (%) 

99/257 

(38.5) 

16/173 (9.3) NA NA — <0.001 — 

Immunosuppres

sion ever n(%) 

165 (63.7) 84 (46.9) NA NA — 0.001 — 

Shown as mean(SD) unless stated. *Bonferroni adjusted p-value <0.0028 considered significant. †Time from first non-Raynaud 

symptom to baseline. ‡N=248.  §N=171. SSc=systemic sclerosis. IPF=idiopathic pulmonary fibrosis. HC=healthy controls. 

BMI=body mass index. FVC%=percentage predicted forced vital capacity. DLCOc%=percentage predicted diffusing capacity 

for carbon monoxide corrected for haemoglobin. CPI=composite physiologic index. PH=pulmonary hypertension. NA=not 

applicable. 
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Table 2. Association of serum biomarkers for the discrimination of interstitial lung disease (SSc-ILD or 

IPF) at empirical thresholds  

 

   Unadjusted   Adjusted*  

Biomarker Threshold (pg/ml) OR 95%CI p OR 95%CI p 

SP-D 32603.10 11.08 6.28–19.55 <0.001 4.21 1.99–8.92 <0.001 

Ca15-3 35.90 8.11 4.71–13.96 <0.001 4.53 2.11–9.71 <0.001 

ICAM-1 649531.15 4.78 2.81–8.14 <0.001 2.38 1.11–5.12 0.026 

TIMP-1 149065.16 2.79 1.71–4.56 <0.001 1.97 0.90–4.29 0.088 

MMP-7 1749.35 5.89 3.49–9.34 <0.001 1.22 0.55–2.71 0.621 

*Mutually adjusted for biomarker threshold, age, sex, smoking, FVC%. OR=odds ratio. 
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Table 3. Multivariable logistic regression of the index for a diagnosis of interstitial lung disease and SSc-

ILD: derivation, validation and pooled cohorts 

 

  Derivation   Validation   Pooled  

Index aOR* 95%CI p aOR* 95%CI p aOR* 95%CI p 

For identification of interstitial lung disease† 

0 1 — — 1 — — 1 — — 

1 1.54 0.55–4.34 0.414 1.65 0.76–3.61 0.205 1.41 0.77–2.59 0.264 

2 7.79 2.55–23.80 <0.001 2.40 1.11–5.18 0.025 3.59 1.91–6.77 <0.001 

3 95.50 10.74–849.18 <0.001 6.72 2.01–22.47 0.002 15.61 5.85–41.61 <0.001 

For identification of SSc-ILD from SSc-controls 

0 1 — — 1 — — 1 — — 

1 1.19 0.42–3.36 0.774 1.45 0.64–3.27 0.374 1.25 0.66–2.36 0.489 

2 6.07 1.99–18.53* 0.002 1.77 0.95–5.00 0.067 3.24 1.67–6.30 0.001 

3 66.33 7.45–590.96* <0.001 5.32 1.33–21.25 0.036 12.72 4.59–35.21 <0.001 

*Adjusted odds ratio (aOR) for age, sex, smoking history and FVC%. †Interstitial lung disease includes the presence of SSc-

ILD or IPF; excludes healthy controls due to missing lung function. aOR = adjusted OR. 
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ART_42491_Figure 3. Physiology plot.tiff
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