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Abstract

Introduction: Interstitial lung disease (ILD) is the leading cause of mortality in patients 

with systemic sclerosis (SSc). Risk of developing progressive ILD is highest among patients 

with diffuse cutaneous disease, positive anti-topoisomerase I antibody, and elevated acute phase 

reactants. With the FDA approval of two medications and a pipeline of novel therapeutics in trials, 

early recognition and intervention is critical. High resolution computed tomography of the chest is 

the current gold standard test for diagnosis of ILD. Yet, it is not offered as a screening tool to all 

patients due to which ILD can be missed in up to a third of patients. There is need to develop and 

validate more innovative screening modalities.

Areas covered: In this review, we provide an overview of screening and diagnosis of SSc-ILD, 

highlighting the recent innovations particularly the role of soluble serologic, radiomic (quantitative 

lung imaging, lung ultrasound), and breathomic (exhaled breath analysis) biomarkers in the early 

detection of SSc-ILD.
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Expert opinion: There is remarkable progress in the development of new radiomics and serum 

biomarkers in diagnosing SSc-ILD. There is an urgent need for conceptualizing and testing 

composite ILD screening strategies that incorporate these biomarkers.
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1. Introduction

Systemic sclerosis (SSc) is a heterogenous chronic inflammatory autoimmune disease 

with the highest case fatality among all systemic rheumatic diseases. Interstitial lung 

disease (ILD) can affect 50–70% of patients with SSc irrespective of the subtype [1]. 

Progressive ILD remains the leading cause of mortality in SSc, responsible for 17–35% of 

SSc-related deaths [2,3]. SSc-ILD related clinical symptoms occur late and are nonspecific. 

Sensitive diagnostic tests are essential as early detection and intervention is critical. Hence, 

early screening for ILD is essential in all SSc patients at initial evaluation. The clinical 

presentation can range from subclinical disease (with no clinical symptoms and normal 

lung function) on high resolution CT-scan (HRCT) to major pulmonary disease, respiratory 

failure requiring lung transplant and even death.

2. Screening for interstitial lung disease in systemic sclerosis is vital

The high prevalence of ILD in SSc patients supports screening all SSc patients. The risk of 

developing ILD is highest in the first 5 years after onset of SSc symptoms. There is high 

inter-individual variability in onset, severity, clinical trajectory, and risk of progression of 

ILD over time [4,5], necessitating ongoing monitoring during the disease course. Among 

those with progression in their ILD in the first year following diagnosis, nearly half continue 

to progress over the next 5 years [6]. Baseline screening has allowed the early identification 

of mild or ‘subclinical’ disease and when combined with risk factors that predisposed sees 

progression prompt initiation of targeted intervention to prevent progression. In fact, new 

treatment paradigms aim towards considering intervention prior to FVC decline occurs, with 

a goal to preserving lung function prior to irreversible fibrosis or scar setting in which may 

be a stage too late to intervene for potential gain. The clinical trajectory of SSc-ILD can 

be extremely heterogenous. In a report from the EUSTAR cohort assessing greater than 

800 SSc patients longitudinally, majority (58%) with progressive ILD had a pattern of slow 

lung function decline, with more periods of stability or improvement than decline, whereas 

only 8% showed rapid, continuously declining FVC; 178 (33%) experienced no episode of 

FVC decline. The strongest predictive factors for FVC decline over 5 years include male 

sex, positive anti-topoisomerase I antibody (ATA) , higher modified Rodnan skin score, 

and reflux/dysphagia symptoms [6,7]. In a US cohort of 312 well characterized SSc-ILD 

patients, ATA was the only predictor in the multivariable model that predicted statistically 

significant decline in FVC over time [7].
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3. Current screening modalities

3.1. High resolution CT-scan

The gold standard test to diagnose ILD is an HRCT. But fewer than 60% of physicians 

utilize HRCT in their practice to screen for ILD in newly diagnosed SSc patients [8]. 

Despite widespread educational efforts to increase awareness of HRCT as a key diagnostic 

tool, a recent international survey showed that only 65% physician responders are utilizing 

it as a routine screening tool at SSc diagnosis, while 30.7% pursue it based on clinical 

suspicion (presence of crackles on physical examination in 95% respondents or change in 

pulmonary physiology)[9].

Specific to SSc-ILD patients, detailed practical recommendations on performing HRCT 

scans have been published[10]. Volumetric acquisition with thin slices using the supine 

inspiratory scan acquisition is recommended to allow reconstruction in the coronal and 

sagittal planes; reconstructions should preferably be performed with less than 1.25 mm 

thick slices. Supine expiratory scans allow better detection of air trapping. It is important 

to provide specific breathing instructions to patients to allow repeatability of the scans. 

Prone images are recommended to assess for early ILD vs. gravitational changes. On 

prone imaging, atelectasis resolves whereas true opacities related to underlying ILD 

persist. Understanding the underlying diagnosis in patients with ILD often necessitates a 

multidisciplinary discussion, with thorough evaluation of clinical, imaging, and serological 

data, and in many cases a broncho-alveolar lavage and lung biopsy which can be time 

consuming and invasive with associated risks. Up to 25% of ILDs are known to occur 

in patients with undiagnosed CTD [11]. Patients with CTD-ILD are very highly likely 

to benefit from immunosuppressive medications, which may not impact disease course 

or could even be deleterious in some other ILDs, like IPF. HRCT also identifies other 

significant pulmonary conditions contributing to morbidity and mortality, including enlarged 

pulmonary arteries (signifying possible pulmonary hypertension), infection, esophageal 

dilation, emphysema, or lymphadenopathy. There is a clear need to identify accurate, 

safe, non-invasive, and quick high yield screening and diagnostic modalities for early 

identification, treatment planning and optimizing long term outcomes in these patients.

Among SSc patients without ILD on baseline HRCT, there is very limited guidance on 

repeating future HRCTs to detect ILD. In the above-mentioned survey, 170 of 819 (21%) 

SSc patients with negative baseline HRCT developed ILD during a 3.8 ±3 year follow 

up [9]. Only 14% survey respondents utilized follow-up HRCT in baseline negative cases 

routinely, and 65% repeated an HRCT based on development of dyspnea, crackles on 

physical exam and/or decline in lung function [9], an approach that can be a missed 

opportunity for early detection and intervention. Approximately 80% of SSc patients and 

ILD have a histologic pattern of non-specific interstitial pneumonia (NSIP) [Figure 1]. 

Other histologic patterns of ILD in SSc patients include usual interstitial pneumonia (UIP) 

[Figure 2: 2A, 2B, 2C, 2D], hypersensitivity pneumonitis (HP), organizing pneumonia 

(OP) [Figure 3], and acute interstitial pneumonia (AIP). HRCT is regarded as the gold 

standard for detection and characterization of ILD in SSc patients. Approximately 50% 

of patients diagnosed with SSc will have ILD on the initial screening HRCT. Findings of 
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NSIP may range from early interstitial abnormalities (ground glass opacity and interlobular 

septal thickening) to end stage fibrosis (traction bronchiectasis and bronchiolectasis and 

honeycomb cyst formation).

CT scans use ionizing radiation, which does carry some risks. These risks depend on the 

levels of radiation exposure associated with CT scans and are primarily related to radiation 

induced carcinogens basis. Although, these risks are small, they need to be acknowledged. 

Particularly, risks are higher in women, and they decrease with age [12]. Keeping these risks 

in consideration, there have been important advances to reduce HRCT associated radiation 

exposure including the use of more efficient detector systems, automatic exposure control, 

advanced image reconstruction methods which produced high-quality images, and other 

change in the techniques such as acquiring thin slices with large intervals (such as 1 mm 

with acquisition spaced every 10–20 mm)[13]. It is important to be aware of comparative 

radiation exposures from different imaging modalities and in specific population with 

occupational exposures. The estimated effective dose of radiation exposure to a standard 

HRCT scan is 2–4 mSv. This is lower than the estimated effective dose of routine diagnostic 

thoracic CT exam (estimated to be 5–7 mSv), but slightly higher to the low-dose lung 

cancer screening CT exam (1–2 mSv) or routine chest radiograph (0.02–0.1 mSv)[13]. In the 

United States, the estimated naturally occurring background annual radiation exposure is 3.1 

mSv and for airline grew operating long-haul flights, the annual exposure is 2–3 mSv. These 

exposures or comparable to what is estimated from an HRCT scan. The maximum allowable 

annual exposure to radiation for radiation workup in the health care sector (including 

radiologists, radiation technologists, medical physicists) is 50 mSv per year[13].

In summary, HRCT is the current gold standard to diagnose ILD in patients with SSc. With 

advances in the technique and the procedural protocol (images with supination, pronation, 

inspiration, expiration), the benefits in diagnosing ILD at baseline evaluation outweigh the 

risks of radiation exposure. Repetition of HRCT in patients negative for ILD at their baseline 

evaluation should certainly be based on consideration of the overall risk of progression 

including the clinical evaluation and PFT data.

3.2. Pulmonary function tests (PFT)

PFTs are widely available, noninvasive, and safe. PFTs are integral in the assessment of 

restrictive lung disease in SSc-ILD and are obtained at baseline evaluation. Given the low 

sensitivity for detecting SSc-ILD and notably high false negative rate, PFTs are not to be 

used as sole screening tests to diagnose SSc-ILD but in combination with HRCT [14]. Once 

diagnosed with SSc-ILD, serial monitoring of the forced vital capacity (FVC) on PFTs is a 

robust marker of progression and survival [7].

3.3. Chest radiography

For the evaluation of dyspnea and cough especially in the primary care setting, chest 

radiographs are commonly used. The advantage is that chest radiography is commonly 

available and inexpensive. However, compared to HRCT it has good specificity but modest 

sensitivity for detecting ILD [15]. Therefore, up to 30% of the cases of fibrotic ILD could 

be missed if chest radiography is relied on as the sole diagnostic tool. Further, failure 
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to mention ILD features on chest radiography is associated with a delay in pulmonology 

evaluation. Hence, chest radiography is not recommended as a screening tool for SSc-ILD.

Recently, consensus recommendations on different aspects of SSc-ILD management were 

independently developed in the United States and Europe [16,17]. In both these exercises, a 

modified Delphi process was completed by pulmonologists, rheumatologists, and internists 

with SSc-ILD expertise. Table 1 describes the recommendations pertaining to SSc-ILD 

screening and diagnosis based on these expert consensuses.

4. Innovative modalities for screening of SSc-ILD

4.1. Newer imaging modalities in SSc-ILD

4.1.1. Low dose CT—Volumetric protocols acquired during full inspiration are the 

preferred method of scanning for ILD, due to enhanced sensitivity to spatial heterogeneity. 

This is often augmented with volumetric images at expiration, and interval images in the 

prone position. HRCT imaging is limited by radiation dose, especially in young females 

most affected in SSc-ILD. Low dose techniques including low dose CT and interval 

imaging are limited by noise and spatial heterogeneity of disease, respectively [18]. There 

are no standardized approaches to low dose CT. Dose modulation is actively applied on 

modern CT scans, and iterative reconstruction decreases noise (increasing sensitivity and 

specificity). These variables may depend on different vendor algorithms for CT scanners. 

Additional approaches to decreasing dose and reducing noise applied for low dose CT 

include decreasing tube currents t below 50 mA (decrease dose) and increasing slice 

thickness to 3–5 mm (decrease noise). Volumetric LDCT sensitivity for ILD approaches 

HRCT with significant decrease in radiation dose. Alternatively, the number of slices can 

be reduced by performing a sequential CT protocol. In a cohort of 170 patients with 

SSc, Frauenfelder et.al, performed whole-chest HRCT (standard) and low-dose HRCT with 

nine slices allocated according to basal-apical gradient. The low-dose HRCT had a high 

sensitivity (88.3%), accuracy (91.8%, reader 1; 94.7%, reader 2), diagnostic confidence 

(98.8%, reader 1; 95.3%, reader 2) and image quality. Both minimal and extensive ILD 

were correctly quantified by visual read. Importantly, the reduced HRCT had a significantly 

lower radiation dose. Sequential LDCT is suboptimal for screening due to suboptimal 

characterization of spatial heterogeneity. While not for screening, low-dose CT when 

combined with Computer-Aided Lung Informatics for Pathology Evaluation and Ratings 

(CALIPER) technology can serve as an important adjunct to PFTs in disease monitoring in 

patients with idiopathic pulmonary fibrosis [19].

4.1.2. Quantitative and texture Analysis of ILD—Computer-aided diagnostic 

algorithms to better characterize HRCT patterns and quantify ILD was first reported in 2010 

in patients with SSc[20]. These algorithm times were developed using a machine learned 

texture feature classification to detect and quantify the amount of ground-glass changes 

(QGG), lung fibrosis (QLF), ILD (QLD), and honeycomb cysts in patients with SSc-ILD 

and have been utilized in Scleroderma Lung II and tocilizumab phase 3 trial. Quantitative 

CT (QCT) analysis techniques using measurements related to the density of discrete regions 

of the lung (voxels) allow for more precise quantification of different CT findings of 

Makol et al. Page 5

Expert Rev Clin Immunol. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interest (reticulations, traction bronchiectasis/bronchiolectasis, honeycombing, lung density, 

pulmonary vessel volume, etc). From whole-lung density histograms, parameters such as 

mean lung attenuation (MLA), skewness, kurtosis, and proportion of high attenuation areas 

(HAA) can be calculated which have demonstrated association with lung function and 

visual fibrosis scores in SSc-ILD [21]. Independent of the staging systems for quantifying 

interstitial lung disease (visual or QLF), the extent of QLD is a predictor of decline in 

the FVC over 1-year period [22,23]. In a retrospective study of 146 SSc-ILD patients, 

Ariani et al demonstrated the ability of QCT parameters in differentiating high vs low 

mortality subgroups as assessed by clinical mortality-risk prediction models (ILD-Gender, 

Age, Physiology score and DuBois index) supporting a prognostic role for QCT in SSc-

ILD [24]. In addition to determining types of parenchymal abnormalities and lung density 

maps, texture analysis software have been designed to recognize HRCT patterns. Robust 

and validated analysis may remove subjectivity inherent in qualitative reporting and allow 

greater objective measurements of change over time. This may more optimally characterize 

and quantify response to therapy and disease progression, from which morbidity and 

mortality may be inferred.

Quantitative CT has been used in IPF and SSc-ILD to access response to 

immunosuppressive therapy [25,26] and antifibrotics [27], and to predict disease progression 

and subsequent death [28–31]. In the scleroderma lung study II, treatment of SSc-ILD 

with either cyclophosphamide for 1 year, followed by placebo for a second year, or 

mycophenolate for 2 years was associated with a significant reduction (improvement) in 

the extent of HRCT SSc-ILD (QILD) assessed by computer-aided diagnosis scores, which 

correlated well with one or more other measures of treatment response [25].

Another computer-aided CT image post-processing lung texture analalysis with the use 

of CALIPER (Computer-Aided Lung Informatics for Pathology Evaluation and Ratings) 

technology has been used to identify CT features predictive of mortality and FVC decline, 

and to predict response to Pirfenidone therapy in IPF patients [27,30]. In SSc-ILD patients, 

CALIPER can quantify ILD features and asses for worsening of PFT parameters [32]. 

In this subgroup, ground glass opacity was identified as the main radiological finding to 

predict worsening of pulmonary function as assessed by PFTs. CALIPER has also been used 

to demonstrate radiographic response to mycophenolate therapy in SSc-ILD patients [33]. 

Pulmonary arterial hypertension (PAH) when co-exists with ILD in SSc patients worsens 

the overall prognosis [34]. The use of CALIPER has found it application in simultaneously 

quantification of pulmonary vascular parameters alongside ILD. Vascular parameters for 

total and separated pulmonary vascular volume (PVV) significantly correlate with functional 

parameters and increase in parallel with ILD extent and functional impairment [35]. 

Further, CALIPER technology allowed to identify heterogenous patterns of pulmonary 

vascular changes with PVV significantly increased in SSc patients with DLCO% reduction. 

Concomitant quantification of ILD patterns and PVV changes may serve as radiomic 

biomarkers for assessing disease severity, therapeutic response, and outcome measure in 

trials [36].

While availability of QCT is still limited clinically and believed to be expensive, there are 

free software, such as OsiriX and its 64-bit version, Horos, which are more accessible 
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and can help provide limited vs extensive SSc-ILD quantification [37]. Integration of 

QCT into ongoing clinical trials will also help better understand its utility in assessing 

progression over time in patients treated with placebo and understanding change in various 

QCT parameters in response to therapeutics in SSc-ILD to guide more focussed practice 

recommendations and its utility in day-to-day clinical care in the future.

4.1.3. Lung ultrasound—Lung ultrasound (LUS) for assessment of ILD was described 

as early as 2009 [38] and its usage has dramatically increased in the last decade [39–47]. 

Advantages of LUS include its smaller footprint improving patient accessibility as well 

as the lack of ionizing radiation. Aerated lung has a large acoustic impedance making 

it a strong acoustic reflector. Therefore, LUS assesses the parenchyma by means of 

imaging artifacts. A-lines, commonly seen in healthy lungs, are reverberation artifacts and 

are reproductions of the pleural line (Figures 4A and 4B). These A lines manifest as 

equidistant echogenic lines parallel to the pleural line. In contradistinction, B-lines have 

been described with various diseased conditions such as pulmonary edema, consolidation 

seen with pneumonia, or fibrosis. B-lines are vertical artifacts which arise from the pleural 

line that extend to the image edge (Figures 5A and 5B). These echogenic lines move 

with the underlying parenchyma during respiration. There is no definite anatomic correlate 

for B-lines but several studies have suggested that it is caused by structural alterations in 

the subpleural parenchyma causing discontinuity of the pleural surface[48]. This can be 

caused by several pathologies such as fluid within the interlobular septa or thickening of the 

interstitium seen with fibrosis. B- lines can have varied appearances and can be sharp and 

thin or may be coalescent and thick [48].

Early studies assessed the role of LUS in detecting ILD associated with CTD-ILD [40]. 

Evaluation of LUS specifically for SSc has been promising on several fronts. Some 

researchers have shown the potential for detecting early-stage ILD and have proposed its 

use as a screening tool [39–43]. Others have focused on assessing the degree of pulmonary 

fibrosis based on the number of B line artifacts [44,45]. Gigante et al compared LUS with 

HRCT and PFTs and found that the number of B-lines correlated with the results of HRCT 

[46]. Gargani et al compared the accuracy of LUS in sixty-nine patients with SSc who also 

underwent HRCT. Results showed that the number of B-lines significantly correlated with 

the HRCT score and concluded that a threshold of > 10 B- lines could be used to screen 

for ILD. A reticular pattern at HRCT correlated with B line artifacts and irregular pleural 

lines. Honeycombing at HRCT also correlated with B-line artifacts as well [47]. Although 

this research is promising, it still must be determined what role LUS is best suited for in the 

assessment of this disease. Further work is needed to validate these earlier studies as well as 

in imaging protocol and interpretation standardization.

4.1.4. Magnetic resonance imaging—High resolution CT-scans assess the character 

and spatial heterogeneity of ILD in SSc patients and is the current standard to assess and 

quantify morphological abnormalities. Recently, an interest in the role of MRI in evaluation 

of SSc-ILD has emerged. Lung MRI STIR and T1 values are significantly different between 

patients with and without SSc-ILD and may predict worsening lung involvement over 

time independent to HRCT assessment [49]. CT is also limited in its ability to provide 
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functional information. MRI can provide functional information without the use of ionizing 

radiation. MRI sequences can identify ILD and subtle changes in disease distribution and 

provide functional information, although it remains suboptimal in the definition of the 

underlying pattern of ILD. Ground-glass opacities (GGOs) defined as “hazy increased 

opacity, with preservation of bronchial and vascular margins” are a frequent CT scan finding 

in patients with SSc-ILD [50]. It is hard to differentiate whether GGOs are due to underlying 

inflammation or fibrosis. Other modalities like LUS cannot identify GGOs. Many sequences 

have been applied in MRI evaluation of ILD. The most promising sequences to date include 

Ultrashort-time-to-Echo (UTE) MR sequence which allows imaging of the pulmonary 

parenchyma and contrast enhanced MR sequences. UTE Spiral VIBE-MRI sequence may 

differentiate between areas of active inflammation (reversible) and fibrosis (non-reversible) 

and have shown to be reliable in assessing both the extent of ILD and GGO in SSc-ILD [51]. 

Areas of inflammation (alveolitis) demonstrate high intensity on T2 weighted sequences and 

early enhancement on post contrast sequences. Fibrosis demonstrates low signal intensity on 

T2 and late enhancement on post contrast sequences [52].

Gaseous non proton inhaled contrast agents (Xenon and Helium) have also been applied to 

MRI imaging of pulmonary function and structure. These modalities represent an emerging 

area of future advancement. Xenon MRI has demonstrated “functional” resolution with 

increased sensitivity for diffusion across the blood gas barrier, which is limited in ILD and 

may precede spatial changes seen on HRCT.

4.1.5. Positron emission tomography – CT studies—PET-CT studies have shown 

increased pulmonary FDG uptake in patients with SSc-ILD than in dose without SSc-

ILD and positively correlated with early severity [53–55]. 18F-FDG PET/CT may not 

differentiate the intensity of metabolic activity across HRCT patterns in chronic SSc patients 

especially in areas of ground-glass opacities and honeycombing [56]. A novel PET-CT 

approach with the use of 68Gallium-labeled selective inhibitor of fibroblast activation protein 

(68Ga-FAPI-04) showed that fibroblast activation assessed by FAPI correlated well with 

fibrotic activity and disease progression of SSc-ILD[57]. Increased 68Ga-FAPI-04 uptake 

at baseline was associated with progression of ILD within the next 6 months. Further, 
68Ga-FAPI-04 uptake was higher in patients with extensive lung disease with previous 

ILD progression. In a related but different disease population (idiopathic inflammatory 

myositis associated ILD), PET-CT based scoring system showed superior performance and 

discriminating between rapidly progressive ILD and non-rapidly progressive ID compared 

with HRCT visual analysis, and could stratify the risk of a subset of rapidly progressive 

ILD with positive anti MDA 5 antibody [58]. These findings guide us to explore combining 

imaging modalities in certain subsets of patients with SSc-ILD, like in the early phase or in 

patients with overlap of myositis.

4.1.6. Dual energy CT scan (DECT)—parameters have recently shown to achieve 

excellent performance in terms of differentiating extensive from limited extent of ILD 

associated with connective tissue disease (CTD ILD) and correlated with severity as 

assessed by symptoms, CT scan, and PFT [59].
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4.2. Impulse oscillometry

The forced oscillation technique (FOT) is commonly used in routine PFT due to the 

minimal need for patient co-operation[60]. The technique is meant to be useful in acquiring 

data of the respiratory system’s mechanical properties. The main components of an 

oscillometer include the loudspeaker, which produces a pulsatile stimulus through the 

adapter, through which pressures waves are transmitted to the airways with the airflow, and 

the pneumotachograph, usually attached to a mouthpiece, a face mask, or an endotracheal 

tube. Oscillometry may be a useful tool in assessment of small airways disease in ILD [61]. 

Oscillometry can be a sensitive complementary tool for diagnosing early stages of lung 

fibrosis.

4.3. The role of novel biomarkers in screening

Biomarkers are defined as indicators of normal and pathogenic biological processes and 

hold promise in the detection of ILD in patients with SSc. [62] The ideal SSc-ILD 

screening biomarker should have high accuracy for detecting early lung disease, prior to 

the development of respiratory symptoms or lung function decline. Blood-based biomarkers 

represent a promising non-invasive screening modality, carrying only the minimal risks 

of phlebotomy without the procedural risks of bronchoscopy or surgical lung biopsy or 

radiation risks of HRCT. Blood-based SSc-ILD biomarkers can be categorized into two 

categories: autoantibodies currently used in practice and novel biomarkers under study.

Autoantibodies represent the serologic hallmark of SSc, well-studied as diagnostic and 

prognostic markers of disease-related complications. They have also been shown to be 

associated with ILD in patients with known SSc. Among these, the autoantibody most 

often associated with the presence of ILD is ATA. [63–67] Additionally, anti Th/To 

ribonucleoprotein antibodies and anti PM/Scl have also been shown to be associated with 

ILD, though these antibodies are not as highly prevalent in SSc [68,69]. In two large 

multi-center cohorts, the Canadian Scleroderma Research Group registry and the German 

Network for Systemic Scleroderma Registry, the presence of Anti-SSA/Ro was found to 

be associated with at least a two-fold increased odds of ILD.[70,71] On the contrary, 

anti-centromere antibodies appear to be ‘relatively protective’ and associated with decreased 

likelihood of progressive ILD.[64,72] While these antibodies carry an association with the 

presence of ILD, they are not unique to lung-specific disease activity and also correlate 

with extrapulmonary SSc complications. Therefore, the use of blood-based biomarkers alone 

cannot replace gold-standard HRCT to evaluate for ILD. While we recommend that all 

patients with SSc be screened for ILD, there still exists some variation in practice pattern, 

with some clinicians and patients choosing to defer HRCT imaging. In these situations, 

elevated levels of these ILD-associated autoantibodies can be used as a risk stratification tool 

and when present should signal a higher risk of ILD in patients with SSc prompting HRCT 

acquisition.

There are ongoing investigations for new molecular biomarkers that may better detect ILD 

(Table 2). Among those with the best described test performance is Krebs von den Lungen 

6 (KL-6), which is thought to be a marker of epithelial injury [73]. Set at various cutoff 

thresholds, the sensitivity for detecting ILD in patients in SSc ranges 73%−86%, while 
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the specificity ranges 70–90%.[74–76] Another well-studied biomarker of lung epithelial 

damage and turnover is surfactant protein D (SP-D), whose sensitivity for detecting SSc-ILD 

ranges from 68% to 90% and specificity 70% to 80% depending on the cutoff threshold 

used [77]. There are several other emerging candidate diagnostic biomarkers, that include 

biomarkers of lung epithelial cell dysfunction, [76,78–82] aberrant immunity, [83–94] and 

abnormal lung remodeling. [95–103] Taken together, many novel blood-based biomarkers 

hold promise in SSc-ILD screening, but none have yielded adequate test performance or 

been validated for clinical implementation.

With the rise of large -omics platforms, we anticipate that larger numbers of blood-based 

biomarkers will be studied. We have seen that modeling large numbers of biomarkers 

in aggregate can achieve better test performance compared to single biomarkers in ILD 

associated with other connective tissue diseases, [89,122] and we anticipate that a similar 

approach will be essential to screening for SSc-ILD. Lastly, prior to clinical implementation 

in SSc-ILD screening, validation of biomarker test performance will need to be performed. 

Collaborations between scleroderma centers will be essential for external validation prior to 

biomarker implementation.

4.4. Nailfold capillaroscopy in ILD

Nailfold capillaroscopy (NFC) is a simple, non-invasive, low-cost tool that is now integrated 

into the classification criteria for SSc [123]. Besides its role in the early diagnosis of SSc, 

it has been recognized as an important tool to identify SSc patients at high risk for visceral 

complications and death[124]. Originally described by Maricq et al, the ‘Scleroderma’ 

pattern comprising a set of typical NFC features including dilated capillary loops (ectasias 

and/or giant capillary loops), loss of capillary density, avascular areas, microhemorrhages 

and neoangiogenesis can be seen in 83–98% patients with SSc [125]. Cutolo et al classified 

these changes into 3 stages – early, active and late reflecting theoretically the progression 

of SSc-related microangiopathy with disease evolution and suggesting a strong association 

with disease duration, but it is controversial if these stages correlate with disease duration 

or severity in SSc [126]. A recently published meta-analysis of 21 studies found that the 

prevalence of nailfold capillary abnormalities by nailfold videocapillaroscopy (NVC) was 

highest in CTD-ILD at 80.4% (95 CI 74.3%, 85.3%), followed by IPAF 27.4% (95% CI 

10.9%, 53.7%), and lowest in IPF 13.8% (95% CI 5.7%, 29.9%) [127]. Late SSc pattern 

was the most prevalent pattern in the CTD-ILD cohort 40.4% (28.1%, 54.1%). Among the 

CTDs, NVC abnormalities were highest among SSc-ILD (N=569 patients, from 7 studies) 

at 92.7% (88.8%, 95.3%). Despite these interesting findings, the role and utility of nailfold 

capillaroscopy in ILD evaluation remains unclear.

4.5. E-Nose technology

Exhaled air contains a complex mixture of volatile organic compounds (VOCs) that have 

recently been identified as a novel biomarker to discriminate healthy controls from patients 

with a variety of chronic lung conditions including asthma, COPD, and ventilator-associated 

pneumonia [128,129]. A recently published pilot study [130] using a thermal desorption gas 

chromatography-time of flight-mass spectrometry analysis [131] on concentrated samples 

of exhaled air demonstrated that the VOC profiles in exhaled breath from 53 patients 
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with CTD-ILD and 53 patients with IPF could differentiate these groups from each other 

and from 51 age-matched healthy controls. In patients with CTD-ILD, a set of 16 VOCs 

discriminated them from IPF patients, and their VOC profile strongly correlated with total 

lung capacity and the 6 min walk distance. In another study, VOC signatures obtained by 

electronic nose technology (Aeonose®) in 174 ILD patients, 23 patients with COPD and 

33 healthy controls showed potential in separating those with ILD from heathy controls 

but showed low specificity in distinguishing ILD subgroups (IPF, CTD-ILD, Cryptogenic 

organizing pneumonia) from one another [132]. Currently, there is no data to show if 

VOC profiles are different in SSc patients with or without ILD. It is also difficult to say 

if the difference in VOC profiles among CTD-ILD and IPF patients may be associated 

with medication usage (immunosuppressive and/or antifibrotic) which has previously been 

reported as a confounding factor affecting VOCs in other studies [133]. These breathomics 

biomarkers could potentially prove to be an important non-invasive step in precision 

medicine for patients with CTD-ILD but warrant further detailed study in larger cohorts 

of individual CTDs to understand their role and significance in screening, diagnosis, and 

monitoring of ILD.

4.6. Composite risk scores

Bruni et al recently developed and validated a composite risk score that can guide physicians 

in ordering both baseline and follow up HRCT to screen for SSc-ILD (ILD-RISC)[134]. 

This model using FVC%, DLCO%, digital ulcer (ever), age, and SSc autoantibody status 

in a derivation cohort of 533 SSc patients (43% ILD) showed an Odds ratio (OR) of 133.9 

(95% CI 53.4–335.9) with an AUC of 79.1% (95% CI 75.3–83%) for ILD on HRCT. A 

score of ≥ 0.3 had a sensitivity of 85.6%, specificity of 53.6%, NPV 83.2% and PPV of 

58.2%; that was replicated in a validation cohort of 247 SSc patients (48% ILD) and had 

similar performance when used for longitudinal follow-up. Using a composite risk-score 

strategy such as this, can be advantageous in resource limited practices and can help avoid 

unnecessary imaging and health care utilization.

High-dimensional image analysis or ‘radiomics’ utilizes computationally retrieved, 

quantitative data derived from radiological images that describe lung tissue in terms of 

its texture, intensity and statistical properties adding the ability to capture tissue phenotypes 

on different spatial scales. This adds noninvasive, novel, and complementary information 

to capture extent and severity of the heterogeneity of lung disease in SSc-ILD identifying 

phenotypes that provide a prognostic value add to risk stratification beyond that can be 

done by clinical, serological parameters and/or standard CT imaging alone. In a recently 

published study, using two independent, prospectively followed SSc-ILD cohorts (Zurich, 

derivation cohort, n=90; Oslo, validation cohort, n=66), the authors identified 1355 radiomic 

features from standard-of-care CT images, performed unsupervised clustering [135]. They 

identified based on radiomic features, two clinically and prognostically distinct SSc-ILD 

patient clusters, and derived a clinically applicable prognostic quantitative radiomic risk 

score (qRISSc) composed of 26 features that accurately predicted progression-free survival 

(PFS) and significantly enhanced clinical risk stratification in multivariable Cox regression 

analysis [135]. Radiomics-based risk stratification approaches using readily available 
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standard CT images could thus significantly impact clinical decision making in SSc-ILD, 

using a quantitative risk score that improves upon conventional risk factors.

4.7. Conclusion

There are myriads of radiological and biomarker innovations in the recent years to 

diagnose SSc-ILD. Although HRCT remains a gold standard, alternative modalities like 

lung ultrasound, MRI, PET-CT, and incorporation of image processing algorithms expand 

the investigative options, their specific applications in different clinical scenarios, and the 

potential to combine them with serum / lung biomarkers and breathomics. The future holds 

promise in testing and validating composite screening strategies.

5. Expert opinion

In a serious and complex disease such as SSc-ILD, an ideal screening test should reliably 

identify ILD even before symptoms develop. HRCT fits this requirement and is the 

current gold standard in diagnosing ILD. Screening for ILD in SSc is essential for early 

identification of ILD to initiate treatment and change the trajectory of the lung disease. 

PFTs, 6MWD, and patient reported outcome measurements complement in characterizing 

other dimensions of the ILD like lung function, functional capacity, and impact on the 

quality of life in SSc patients (Figure 6). The availability of HRCT should not prevent us 

from exploring innovative screening modalities. There is continued quest in identifying 

screening strategies that are inexpensive, safe (minimize radiation exposure), easy to 

administer, sensitive, reliable, valid, and cause minimal discomfort. A screening test with 

a high specificity should also prevent the need for repetitive ILD screening in a low-risk 

SSc patient. With the exciting new modalities described in this article (also refer Table 3), 

we can envision a composite multi-tiered approach to ILD screening that could incorporate 

the above-mentioned test characteristics and may be available even in resource limited 

settings in the future (Future state in Figure 6). The future state should encompass 

cost-effective screening strategies with comparable efficacy that can be used in different 

healthcare settings. Break-through developments in radiomics (lung ultrasound, computer-

aided CT interpretations, PET-CT, MRI) and biomarker discovery should force us to think 

beyond the current paradigm and address the unmet needs. There is immense potential in 

applying these new technologies in a composite approach to sub-type SSc-ILD phenotypes, 

differentiate inflammatory-predominant and fibrotic-predominant subsets, and through this 

differentiation direct the choice or combination of drug therapies (immunomodulatory with 

or without anti-fibrotic medications). Many imaging modalities have been described in this 

article. More guidance is needed in the unique case-based application of these modalities. 

For example, the computer-aided CT-scans allow quantitative texture analysis of fibrosis, 

ground glass opacities, and lung disease. These interpretations when amplified by the 

artificial intelligence algorithms could pave the way to consistency in baseline CT-chest 

interpretations and longitudinal comparisons. MRI of the lungs seem to better define 

the ground glass opacities. PET-CT chest, based on the marker used, could differentiate 

fibrotic from inflammatory lung diseases. This could potentially guide the choice of 

pharmacotherapy. Lung ultrasound has the advantage of portability and limited office space 

requirement make it an attractive option to be used in office visit and complement clinical 
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evaluation. Impulse oscillometry is a relatively inexpensive technique that can be combined 

with PFTs in identifying early disease and concomitant small airway disease. The evolution 

of new biomarkers that predict ILD (like KL-6) strengthen the composite approach in 

screening ILD. Continuing research activities and collaborations between different centers is 

critical in defining the optimal screening / diagnosis algorithms in SSc-ILD that will help in 

sub-typing high-risk vs low-risk patients and identifying progressors vs non-progressors and 

treatment responders vs non-responders, at baseline evaluation. These innovations thus have 

a vital role in prognosticating the course of ILD at the time of diagnosis enabling decision 

making and advise to the SSc patients.
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Article highlights:

• Interstitial lung disease (ILD) is highly prevalent in patients with systemic 

sclerosis (SSc) and early screening is essential.

• Despite the availability of high-resolution CT-scans of the chest universal 

baseline screening is not performed routinely.

• Recent interests and innovations in different radiologic evaluation modalities 

expand the diagnostic options for screening.

• Computer-aided image processing algorithms allow consistency in 

quantifying aspects of ILD.

• An expanding repertoire of serum or blood-based biomarkers link to different 

dimensions of the ILD.

Makol et al. Page 21

Expert Rev Clin Immunol. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
37-year-old female with dysphagia, sclerodactyly, Raynaud’s phenomenon, and calcinosis. 

Prone images with diffuse ground glass opacity, architectural distortion, interlobular septal 

thickening, and traction bronchiectasis, favoring fibrotic non-specific interstitial pneumonia 

pattern. Patulous changes noted in the distal esophagus.
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Figure 2. 
69-year-old female with CREST syndrome (Calcinosis, Raynaud’s phenomenon, 

Esophageal dysmotility, Sclerodactyly, and Telangiectasia) and known interstitial lung 

disease. Usual Interstitial Pneumonia pattern noted.

2A. Anterior predominant fibrosis at the lung apices (anterior upper lobe sign).

2B. Exuberant honeycombing in the lower lobes (exuberant honeycombing sign).

2C. Sharply demarcated fibrosis on coronal images (straight-edge sign).

2D. Patulous esophagus and basilar reticular interstitial lung markings on Barium 

Esophagram. Note patulous esophagus in 2A and 2B.
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Figure 3. 
61-year-old female with systemic sclerosis related interstitial lung disease. Architectural 

distortion, patchy ground glass opacities, and traction bronchiectasis. Pattern Indeterminate 

for usual interstitial pneumonia. Organizing pneumonia pattern also noted.
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Figure 4. 
4A. Lung ultrasound using a curvilinear transducer showing A-line artifacts (arrows)

4B. Corresponding lung CT image
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Figure 5. 
5A. Lung ultrasound using a curvilinear transducer demonstrating B-line artifact (arrow).

5B. Corresponding lung CT image
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Figure 6. 
Screening for interstitial lung disease in systemic sclerosis: current vs. future state

ILD = interstitial lung disease, SSc = systemic sclerosis, HRCT= high resolution CT-scan, 

PFT = pulmonary function test, PRO= patient reported outcomes measures, PET = positron 

emission tomography
*HRCT is the current gold standard to diagnose ILD
^Defined as having positive anti-SCL70, male gender, high baseline skin score, early diffuse 

SSc with high CRP
ayet to be defined
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Table 1

Consensus screening and diagnosis recommendations for interstitial lung disease in patients with systemic 

sclerosis

Screen all SSc patients for ILD (Current screening modalities)

• Clinical

– Inquire about symptoms

– Chest auscultation for crackles

• PFTs

– including spirometry, DLco, and TLC (optional) at baseline

• HRCT chest scan

– (Gold standard)

• Functional capacity evaluation using 6MWD

Expert consensus agreement statements on SSc-ILD screening and diagnosis*

1 ILD screening in SSc should include:

a. Spirometry with DLco

b. Chest auscultation

c. PFTs

d. HRCT

e. Auto antibody testing

2 Determining which patient is to screen for ILD:

a. All patients with SSc

b. High-risk patients (eg: dcSSc, +anti-Scl-70, African American ethnicity, and / or high modified Rodnan skin score)

c. SSc patients with respiratory symptoms (cough or dyspnea)

3 Diagnosis and severity assessment

a. The primary tool to diagnose ILD in SSc patients is HRCT

b. FVC and DLco are effective other diagnostic tools

c. ILD severity can be assessed using:

i. FVC (absolute and percentage predicted values)

ii. DLco (absolute and percentage predicted values)

iii. FVC value variation from baseline

iv. HRCT fibrosis score

v. Exercise-induced blood oxygen saturation

d. ILD severity has to be measured with mora than one indicator

SSc = systemic sclerosis, ILD = interstitial lung disease, PFT = pulmonary function test, DLco = diffusion capacity for carbon monoxide, TLC 
= total lung capacity, HRCT = high-resolution CT scan, 6MWD = 6-minute walk distance, dcSSc = diffuse cutaneous systemic sclerosis, FVC = 
Forced Vital Capacity

*
Expert consensus statements from United States and Europe based pulmonologists, rheumatologists, and internists with expertise in SSc-ILD 

(from a primary Delphi exercise)
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