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Abstract
Purpose of the Review Novel imaging approaches, such as quantitative computed tomography (CT), magnetic resonance
imaging (MRI), and molecular imaging, are being applied to interstitial lung diseases to provide prognostic, functional, and
molecular information. Here, we review such imaging approaches and their applicability to systemic sclerosis-associated inter-
stitial lung disease (SSc-ILD).
Recent Findings Quantitative CTcan be used to quantify the radiographic response to SSc-ILD therapy. Due to advances inMRI
sequence development, MRI can detect the presence of SSc-ILD with high accuracy. MRI can also be utilized to provide
functional information as to SSc-ILD and paired with molecular probes to provide non-invasive molecular information. MRI
and ultrasound have promising test characteristics for diagnosing ILD in SSc without the use of ionizing radiation.
Summary Novel imaging approaches can detect SSc-ILD without the use of ionizing radiation, provide non-invasive functional
and molecular information, and quantify treatment response in SSc-ILD. These techniques hold promise for translation into
clinical care and clinical trials.

Keywords Systemic sclerosis . Interstitial lung disease . Pulmonary fibrosis . High-resolution computed tomography . Magnetic
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Introduction

Interstitial lung disease (ILD) is a well-known complication of
systemic sclerosis (SSc) affecting over 60% of patients with
SSc [1, 2]. SSc-ILD is most accurately diagnosed using com-
puted tomography (CT) of the chest given the high false-
negative rates of pulmonary function testing (PFT) as a
screening modality for ILD [2]. Recognition of SSc-ILD is

crucial because a diagnosis of SSc-ILD carries important
prognostic and treatment implications. The mortality associ-
ated with SSc-ILD is increasing given a decline in the mortal-
ity associated with scleroderma renal crisis and advances in
the treatment of pulmonary arterial hypertension [3]. ILD is
now the leading cause of death in patients with SSc by some
estimates [3]. Despite many advances in our understanding of
SSc-ILD, several important challenges remain. First, individ-
ual disease courses are difficult to predict. While certain fea-
tures have been associated with more rapid progression, prog-
nostication of an individual’s ILD disease course is challeng-
ing due to the considerable heterogeneity of disease progres-
sion. Pulmonary function testing (PFT) and CT can assess the
degree of pulmonary function impairment and the extent of
disease involvement but are not able to inform as to disease
activity unless performed repeti t ively over time.
Determination of response to ILD-targeted treatment can be
difficult as well. While some patients may have a more robust
response to immunosuppressive therapies, for others response
to treatment may be more subtle and very difficult to deter-
mine based on PFT and CT-based assessments alone. Lastly,
the demonstrated benefit from currently utilized SSc-ILD
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treatments, including cyclophosphamide and mycophenolate
mofetil, is modest [4, 5], and more effective treatments are
needed.

Novel imaging and analysis techniques hold great poten-
tial for addressing some of the unmet needs within the field
of SSc-ILD. Advanced imaging modalities such as magnet-
ic resonance imaging (MRI) and positron emission technol-
ogy (PET) have been utilized to obtain important biomarker
information as to disease activity and treatment response in
the fields of cardiac disease, neurodegenerative disease, and
oncology and are beginning to be applied more often to
pulmonary diseases, including ILD. In addition, advanced
analysis techniques, such as quantitative CT, are emerging
as important methods of providing prognostic information
as to ILD with potential for their use as imaging-based bio-
markers for clinical trials [6•]. While within the field of ILD
many of these novel imaging and analysis-based techniques
have been applied to the ILD of idiopathic pulmonary fibro-
sis (IPF), due to similarities between IPF and SSc-ILD such
methodologies may prove equally meaningful across both
conditions. Here, novel imaging approaches as applied to
SSc-ILD will be reviewed with a focus on recent advances
in the fields of quantitative CT, MRI, and molecular imag-
ing. In addition, radiation dose reduction techniques for CT
and non-radiation-based imaging modalities for SSc-ILD
screening will also be highlighted.

High-Resolution Computed Tomography

High-resolution CT (HRCT) is currently the imagingmodality
of choice for ILD (Table 1). With HRCT, thin-sliced cross-
sectional imaging of the lung is obtained that provides detailed
anatomic assessment of the airways and the secondary pulmo-
nary lobule. HRCT performed at expiration enables the pres-
ence of air trapping to be determined.While HRCT informs as
to the extent of ILD and the radiographic pattern of such, the
radiation dose required is not trivial. Depending on the type of
CT scan used the radiation dose from one CT acquisition can

be greater than that provided by over 100 chest X-rays [7].
Concerns exist as to the amount of radiation exposure afforded
with CT and the potential adverse long-term effects [7], espe-
cially in a patient population like SSc-ILD where repetitive
imaging is usually needed [8]. Low-dose CT confers lower
radiation exposure than HRCT but the anatomic resolution is
less.

Slice-reduced HRCT has been proposed as a means of
performing HRCT with a reduced radiation exposure yet
still affording high diagnostic quality images for the as-
sessment of ILD [9]. Slice-reduced HRCT using a total of
nine axial slices had a sensitivity of 88.3% for diagnosing
ILD in patients with SSc with the highest diagnostic char-
acteristics for extensive disease extent [10]. Of the nine
predefined slices, the majority were located in the basilar
portion of the lungs—the anatomic location most likely to
be affected in SSc-ILD. This reduction in the number of
slices to nine would have resulted in a reduction in the
mean radiation exposure per CT acquisition from 2.09 to
0.08 mSv [10]. In another study, slice-reduced HRCT with
a total of nine axial slices detected ground glass,
subpleural lines, and honeycombing to a similar degree
as HRCT in SSc-ILD; however, the ability to detect bron-
chiectasis was reduced [11]. The main advantage of a
slice-reduced technique is the substantial reduction in ra-
diation exposure, to that on par with a chest radiograph
[10, 11]. The main disadvantage, however, is the potential
for lung nodules to go undetected. Given that patients
with SSc are increased risk of lung cancer [12], a sliced-
reduced HRCT technique may fail to detect potentially
important incidental abnormalities.

Quantitative Computed Tomography

Quantitative CT employs the use of computerized algorithms
to perform precise and objective quantification of CT findings
of interest, for example the extent of fibrosis. Quantitative CT
analysis techniques, including adaptive multiple features

Table 1 Imaging modalities for use in SSc-ILD

Modality Use in SSc-ILD Advantages Disadvantages

Computed tomography (CT) –
including high-resolution
CT (HRCT)

-Standard of care for ILD imaging,
including SSc-ILD

-Very high spatial resolution,
especially HRCT

-Established quantitative CT
algorithms for advanced CT
analyses

-Ionizing radiation exposure
-Limited functional information

provided

Magnetic resonance
imaging (MRI)

-Mainly investigational at
current time

-No radiation exposure
-Can provide functional information
-Can be paired with molecular probes

-Spatial resolution is less than CT
-Lung MRI less readily available

than chest CT

Ultrasound -Mainly investigational at
current time

-No radiation exposure
-Low cost
-Easily performed

-Primarily informs as to pleural
and subpleural space
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method (AMFM) and computer-aided lung informatics for
pathology evaluation and rating (CALIPER), have been dem-
onstrated to provide important information as to the risk of
subsequent disease progression and mortality in IPF [13, 14].
Quantitative CT has been utilized to assess the effects of im-
munosuppressive treatment in SSc-ILD [15, 16••].
Quantitative lung fibrosis (QLF) scoring was performed using
a texture-based analysis to determine CTchanges at 12months
in a subgroup of patients enrolled in the Scleroderma Lung
Study [15]. Patients treated with cyclophosphamide had a de-
crease of 2.6% in QLF scores from baseline compared to the
placebo group who had an increase of 9.1% in QFL scores.
Similarly, quantitative CT was performed to assess the treat-
ment effects of cyclophosphamide or mycophenolate mofetil
in the Scleroderma Lung Study II participants for whom base-
line and 24-month HRCTwere available [16••]. The extent of
total lung fibrosis as determined by the quantitative interstitial
lung disease (QILD) score was reduced by 2.51% in both
treatment groups with no difference in the degree of reduction
with cyclophosphamide versus mycophenolate mofetil. The
change in whole lung QILD correlated inversely with the ab-
solute change in FVC and DLCO at 24 months within each
treatment group. These data support a potential role for
imaging-based biomarkers as determinants of treatment re-
sponse for SSc-ILD.

Magnetic Resonance Imaging

While CT, especially high-resolution CT (HRCT), remains the
diagnostic test of choice for evaluation of the lung parenchy-
ma due to its superior ability to obtain detailed morphologic
information, CT is limited in its ability to provide functional
information. Thus, MRI emerges as a promising alternative to
CT as it can provide functional as well as structural informa-
tion without the use of ionizing radiation (Table 1). Proton
lung MRI has traditionally been difficult to perform because
of the low density of water protons in the lung compared to
other tissues and air-water interfaces forming magnetic sus-
ceptibility gradients that cause rapid signal decay and image
artifacts [17]. Advances in MRI sequence development now
allow for the pulmonary parenchyma to be imaged with en-
hanced resolution and improved clarity at short acquisition
times through use of ultrashort time-to-echo (UTE) sequences.
Such UTE techniques have been employed in patients with
cystic fibrosis to enable structural assessment of the lung pa-
renchyma without radiation exposure [18, 19].

Use of MRI of the lung to image pulmonary fibrosis has
been investigated in several studies with results promising as
to the ability of MRI to detect structural changes associated
with ILD [20–24]. The ability ofMRI, performed using a half-
Fourier single-shot turbo spin-echo sequence, to determine the
presence and degree of ILDwas assessed retrospectively in 18

patients with SSc who underwent MRI of the chest and HRCT
within a 12-month interval [23]. For SSc patients with greater
than 0.5% parenchymal involvement on MRI, MRI could de-
tect ILD with a very high sensitivity (93%) and perfect spec-
ificity (100%). The degree of MRI-detected ILD inversely
correlated with the pulmonary function testing parameters,
forced vital capacity (FVC) and diffusion capacity of the lung
for carbon monoxide (DLCO) and positively correlated with
the amount of ILD on HRCT. However, MRI under-measured
the degree of ILD as compared with HRCT. Whether or not
current MRI sequences can image the lung with enough clar-
ity and resolution to enable the underlying radiographic pat-
tern to be determined, for example determining the presence
of a usual interstitial pneumonia pattern, remains to be dem-
onstrated. Given that the spatial resolution of MRI remains
lower than CT, ongoing MRI sequence development is likely
needed for determination of the radiographic pattern with high
accuracy and confidence. MRI has the potential to become a
viable alternative to CT to assess for the presence of ILD
without conferring any radiation exposure. Ongoing research
is needed to determine the sensitivity of MRI to detect interval
morphologic changes over time or with ILD-targeted
treatment.

A major advantage of MRI is its ability to provide func-
tional information that would not be available with conven-
tional CT. Using the UTE sequence, spiral volume interpolat-
ed breath-hold examination (VIBE), MRI of the lung was
performed in seven SSc-ILD patients, nine SSc without ILD
patients, and nine healthy volunteers [25]. Images were ac-
quired during a breath hold after inspiration and after expira-
tion with the differences in two images analyzed with elastic
registration algorithms. With fibrosis, affected lung tissue
should be less distensible and thus determination of voxel
changes with respiration may serve as a surrogate measure
for detecting areas of fibrosis. When compared to healthy
volunteers and SSc without ILD patients, SSc-ILD patients
had an absence of what the authors define as “marked defor-
mation” (specifically a lack of a marked decrease) when com-
paring the change in voxel size from inspiration to expiration
in the poster lower lung regions with these regions corre-
sponding to areas of HRCT-determined fibrosis as reported
by the authors. These results demonstrate that functional
MRI can detect regional lung changes in SSc-ILD. MRI has
been utilized to detect early functional changes with treatment
in multiple disease processes including cystic fibrosis [26],
and further research is needed to determine if MRI can be
employed in a similar fashion to detect early treatment-
related changes in SSc-ILD as related to perfusion, permeabil-
ity, and ventilation.

MRI can also be performed with inhalation of
hyperpolarized xenon gas to obtain detailed regional function-
al information as to ventilation and 129Xe transfer across the
interstitial space and into red blood cells [27]. 129Xe MRI was
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performed using the technique of chemical shift saturation
recovery (CSSR) in four SSc-ILD patients, four IPF patients,
and ten healthy volunteers to assess alveolar microstructure by
measuring barrier thickness [28]. Both IPF and SSc patients
had increased alveolar septal thickness compared to healthy
volunteers; however, when corrected for age, only the differ-
ence in septal thickness between IPF and healthy volunteers
remained significant. 129Xe MRI has been demonstrated to
detect changes in gas diffusion over time in patients with
IPF [29]. While 129Xe MRI studies have predominately fo-
cused on IPF, its application to SSc-ILD may elucidate impor-
tant functional information not otherwise obtainable.

Molecular Imaging

Molecular imaging enables non-invasive characterization of
molecular processes in vivo. A molecular probe can be com-
bined with an imaging modality, such as MRI, single photon
emission computed tomography (SPECT), or positron emis-
sion technology (PET) and utilized to visualize and quantify
the location and expression of a molecular target of interest.
Growing interest exists in the use of molecular imaging for
non-invasive visualization of aberrant molecular pathways in
fibrosis [30•, 31]. Molecular probes have been developed that
target molecular pathways involved either directly or indirect-
ly in fibrosis pathogenesis. Several of these molecular probes
have been utilized in animal models of pulmonary fibrosis or
in humans with pulmonary fibrosis including SSc-ILD.

Endothelial injury is central to the pathogenesis of SSc and
results in increased capillary permeability or vascular leak
[32]. While a normal response to tissue injury [33], increased
capillary permeability has been shown to contribute to the
development of pulmonary fibrosis [34]. Using the clearance
rate of the inhaled radiolabeled molecule, technetium-labeled
diethylenetriamine pentaacetate (99Tc-DTPA), as a measure of
the integrity of the alveolar capillary membrane, patients with
SSc-ILD had fast 99Tc-DTPA clearance rates consistent with
increased permeability of the alveolar capillary membrane
[35]. In addition, the rate of 99Tc-DTPA clearance associated
with risk of SSc-ILD disease progression, as determined by
subsequent change in FVC, in two independent studies [36,
37]. Using the albumin-binding gadolinium-based contrast
agent, gadofosveset, molecular MRI was performed on six
patients with pulmonary fibrosis (one SSc-ILD and five idio-
pathic pulmonary fibrosis) and four healthy volunteers to de-
termine the degree of lung albumin extravasation [38•].
Albumin extravasation, as a surrogate measure of lung vascu-
lar leak, was increased diffusely in patients with pulmonary
fibrosis compared to healthy volunteers with the degree of
increase similar across upper, middle, and lower measured
lung regions. Comparisons with CT revealed that albumin
extravasation occurred in areas of “normal” lung in addition

to areas with interstitial abnormalities in both IPF and SSc-
ILD (Fig. 1).

Ongoing endothelial injury and immune system activation
result in fibroblast activation, a key feature of fibrosis patho-
genesis in systemic sclerosis as well as fibrosis in other disease
processes [39, 40]. The end result of activated fibroblasts is
excessive deposition of extracellular matrix, central to which
is type I collagen [40]. 68Ga-CBP8 is a PET tracer specific for
type I collagen [41]. 68Ga-CBP8 was demonstrated to bind
with high specificity to collagen in the lungs of bleomycin-
treated mice. 68Ga-CBP8 accurately quantified the degree of
collagen present in both mouse models of pulmonary fibrosis
and explanted lung tissue from IPF patients. In addition, 68Ga-
CBP8 was sensitive to detecting treatment response in a vas-
cular leak dependent model of pulmonary fibrosis. First-in-
human studies are underway to assess the ability of 68Ga-
CBP8 to detect increased collagen in IPF (ClinicalTrials.gov
Identifier: NCT03535545). As increased type I collagen is
also a key pathogenic feature of fibrosis in SSc, including
SSc-ILD, 68Ga-CBP8 has the potential for applicability to
SSc-ILD for non-invasive collagen detection. While adminis-
tration of PET tracers, including 68Ga-CBP8, do confer radi-
ation exposure, PETcan be paired withMRI as opposed to CT
thus limiting the total radiation dose per imaging session.

Other fibrosis-specific molecular probes have potential for
use in patients with pulmonary fibrosis, including SSc-ILD,
though many are still in the preclinical phase of development
at this time. The formation of mature collagen is dependent on
lysyl oxidase-mediated collagen cross-linking. Lysyl oxidase
gene expression is upregulated in fibroblasts from both SSc-
ILD and IPF patients [42]. TwoMRI probes, Gd-Hyd and Gd-
OA, have been developed to detect lysyl oxidase activity by
targeting allysine, an amino acid formed in collagen by the
action of lysyl oxidase [43, 44]. Both probes detected active
fibrosis generation, i.e., fibrogenesis, as well as response to
treatment with a lysyl oxidase inhibitor in the bleomycin
mouse model. Allysine imaging represents a potential non-
invasive biomarker of disease activity for use in fibrotic dis-
eases, like SSc-ILD.

The most readily available PET probe is fluorodeoxyglucose
(18F-FDG) which is utilized to quantify glucose uptake in tis-
sues. While its main application is for oncologic indications,
18F-FDG PET has been employed in fibrotic lung diseases.
Increased 18F-FDG uptake was demonstrated in patients with
diffuse parenchymal lung disease, some of whom had connec-
tive tissue disease-associated ILD [45] with higher uptake asso-
ciating with mortality in IPF [46]. 18F-FDG PET was recently
utilized to provide pharmacodynamic information as to an in-
vestigational IPF therapy, omipalisib, in an early stage trial in
IPF patients [47]. 18F-FDG PET detected a decrease in glucose
uptake with pirfenidone administration in the bleomycin model;
however, no change in 18F-FDG uptake was detected in patients
treated with pirfenidone or nintedanib at 3 months [48]. As
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interest in molecular imaging of fibrosis grows and more probes
are translated into humans, additional fibrosis-specific probes
will likely become available to allow early detection of response
to antifibrotic therapies in ILD patients. Use of molecular probes
may enable a precision medicine approach to be applied to ILD
patients similar to that which is beginning to be used in oncology
[49, 50].

Other Imaging Modalities

Lung ultrasound has been investigated as an imaging screen-
ing modality for the detection of ILD. Lung ultrasound offers
several advantages as an imaging modality as it is performed
without the use of ionizing radiation, is less costly than either
CT or MRI, and can be accomplished in a very short amount
of time (Table 1). Lung ultrasound to assess and quantify the
number of B lines, hyperechoic artifacts extending vertically
from the pleura that move in parallel with lung movement, has
been utilized to detect the presence of ILD with high accuracy
in connective tissue disease-associated ILD [51, 52]. Lung
ultrasound was initially performed in SSc patients to assess
the number of ultrasound lung comets, now referred to as B
lines, with good correlation demonstrated between the total
number of ultrasound lung comets and severity of ILD, as
measured by the Warrick score [53]. Lung ultrasound was
performed on 58 SSc patients who had undergone HRCT
[54]. SSc-ILD patients had a significantly increased number
of B lines compared to SSc without ILD. HRCT and lung
ultrasound has a concordance rate of over 80% for the detec-
tion of ILD. Using HRCT to define the presence of ILD, lung
ultrasound had a sensitivity of 100% and a specificity of
84.2% in a cohort of 48 SSc patients, 29 of whom had SSc-
ILD [55]. The number of B lines correlated with the extent of
ILD as determined by the Warrick score and inversely

correlated with FVC and DLCO. Together, these data suggest
that lung ultrasound may serve as an alternative to CT for
detecting the presence of ILD. However, lung ultrasound is
limited in its ability to provide morphologic information and
informs primarily as to abnormalities in the pleural space and
subpleural region of the lung. Whether or not lung ultrasound
is sensitive enough to detect changes in the extent of ILD over
time remains to be determined.

Optical imaging uses light to enable in vivo microscopy
imaging. It is performed with non-ionizing as opposed to ion-
izing radiation as is utilized with CT. Optical coherence to-
mography performed endobronchially was able to detect trac-
tion bronchiectasis and honeycombing in patients with ILD
who underwent lung biopsy via video-assisted thoracoscopic
surgery [56]. Optical imaging has the potential to be combined
with fibrosis-specific molecular probes to enable in vivo mo-
lecular imaging of fibrosis on a microscopic level [57].
Optical imaging using probe-based confocal laser
endomicroscopy (pCLE) has been utilized to image the alve-
olar space in diffuse lung disease such as pulmonary alveolar
proteinosis [58].

Future Directions

While considerable advances have occurred in the develop-
ment and application of novel imaging modalities for SSc-
ILD, ongoing sequence development, especially for MRI
and translational of fibrosis-relatedmolecular probes are need-
ed. Molecular imaging, in particular, has been proposed to
address several key unmet needs within the fields of fibrosis
research and clinical care [30•]. Such a modality, by enabling
direct visualization and non-invasive quantification of specific
molecular pathways critical to fibrosis pathogenesis, has po-
tential for utilization as a disease activity measure to better

Fig. 1 Molecular imaging of albumin extravasation in systemic sclerosis-
associated interstitial lung disease. Fused MRI color overlay images
(baseline pre-contrast images subtracted from images obtained 10–
12.5 min post-contrast injection super-imposed on baseline image) for a
healthy volunteer and b SSc-ILD patient. c CT scan of the SSc-ILD
patient. For the healthy volunteer (a), the majority of the lungs are
unenhanced with higher areas of signal intensity correspond to the
location of blood vessels. Findings are similar to an angiogram as
gadofosveset is bound to albumin in the blood. For the SSc-ILD patient

(b), signal intensity is markedly increased throughout the lung
parenchyma consistent with increased pulmonary albumin extravasation
or pulmonary vascular leak in the SSc-ILD patient. Albumin
extravasation was increased across the entire lung including areas that
were “normal” on CT scan performed within 5 months of MRI (c).
Images provided courtesy of Sydney Montesi. Study results published
in Montesi SB, Rao R, Liang LL, Goulart HE, Sharma A, Digumarthy
SR, et al. Gadofosveset-enhanced lung MRI to detect ongoing vascular
leak in pulmonary fibrosis. Eur Respir J. 2018; 1800171 [38•]
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inform as to SSc-ILD prognostication. Preclinical data for
several of the fibrosis-specific molecular probes, including
the ones discussed here [41, 43, 44], demonstrate their ability
to detect changes with treatment. The ability to determine
early response to current and investigational SSc-ILD treat-
ments would greatly inform patient care, such that individual
treatment plans can be tailored accordingly, and accelerate
drug development to advance that care by improving clinical
trial feasibility.

Conclusions

Recent advances have occurred in the development of novel
imaging approaches for SSc-ILD. These advances represent
important steps in the use of MRI to provide structural, func-
tional, and molecular information in SSc-ILD, the application
of quantitative CT to determine and quantify treatment re-
sponse, and the development of alternative imaging modali-
ties for SSc-ILD screening that are radiation-free or radiation-
reduced compared to conventional HRCT. Ongoing research
is needed to apply these and other techniques to obtain per-
sonalized information as to disease activity and treatment re-
sponse in patients with SSc-ILD to guide prognostication and
optimal selection of ILD-targeted treatments for individual
patients.
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