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Interstitial lung disease is a well-recognised manifestation and a major cause of morbidity and
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Introduction

Connective tissue diseases (CTDs) comprise several
immune-mediated systemic disorders that may cause
various thoracic abnormalities, of which interstitial lung
disease (ILD) is a well-recognised manifestation and a major
cause of morbidity and mortality.' The term ILD embraces a
group of parenchymal lung disorders in which damage to
the lungs results from different combinations of inflam-
mation, remodelling, and fibrosis.?

Idiopathic versus CTD-related ILD

The distinction between idiopathic and secondary ILD is
of major importance, as it impacts treatment and prog-
nosis.>* Secondary ILD may arise in the context of an
established CTD or be the first, or sole, manifestation of an
otherwise occult autoimmune disease. Serum antibodies,
extra-pulmonary manifestations (such as Raynaud phe-
nomenon and articular involvement) and multicompart-
ment thoracic involvement (lungs, airways, pleura,
cardiovascular system, and oesophagus) may aid the diag-
nosis (Electronic Supplementary Material Fig. S1). De-
mographic features should also be taken into account, as
idiopathic pulmonary fibrosis (IPF) is more frequent in male
patients in their sixth or seventh decade of life, while pa-
tients with CTD-ILD are usually younger, of female gender,
and less likely to have a smoking history.>°

The most common patterns of CTD-related ILD are non-
specific interstitial pneumonia (NSIP), usual interstitial
pneumonia (UIP), organizing pneumonia (OP), and
lymphoid interstitial pneumonia (LIP). The pattern and
frequency of ILD varies according to the underlying CTD
(Table 1).”8

Although NSIP is the histological hallmark of CTD-related
ILD, UIP is most commonly associated with IPF; however,
specific computed tomography (CT) features may signal the
possibility of CTD-related UIP, such as concentration of
fibrosis in the anterior aspect of the upper lobes with
concomitant lower lobe involvement (“anterior upper lobe
sign”; Electronic Supplementary Material Fig. S2), presence
of exuberant honeycomb-like cysts constituting >70% of
fibrotic portions of the lungs (“exuberant honeycombing”
sign; Electronic Supplementary Material Fig. S3), and

Table 1
Prevalence and patterns of ILD in CTD.

Prevalence and patterns of ILD in CTD

CTD SSc RA SLE PM/DM  MCTD SS

ILD overall 70%  20-30% 2-8% 20-50% 20—-60% Up to 25%
NSIP H=E A=F 4= T 4=+ Sinind

UIP + - + + 4 4

(03 3 4= + A < =

LIP - + + - - S

LIP, lymphoid interstitial pneumonia; MCTD, mixed connective tissue dis-
ease; NSIP, non-specific interstitial pneumonia; OP, organising pneumonia;
PM/DM, polymyositis/dermatomyositis; RA, rheumatoid arthritis; SLE, sys-
temic lupus erythematosus; SS, Sjogren syndrome; SSc, systemic sclerosis;
UIP, usual interstitial pneumonia; Adapted from references 58,

isolation of fibrosis to the lung bases with sharp demarca-
tion in the cranio-caudal plane (“straight-edge” sign; Elec-
tronic Supplementary Material Fig. $4).5

Some patients with ILD may present with serological
abnormalities or symptoms suggestive of an autoimmune
disease without fulfilling established criteria for a specific
CTD. These patients have recently been grouped under the
term “interstitial pneumonia with autoimmune features”
(IPAF). CT and histopathology patterns of NSIP, OP, NSIP
with OP overlap, and LIP, in a patient with features indica-
tive of, but not definitive for, CTD, should suggest this
diagnosis (Electronic Supplementary Material Fig. S5).°

Imaging techniques in CID-related ILD
Chest radiography

Chest radiography is usually the first-line imaging tech-
nique in routine clinical practice. The diagnosis of ILD on
chest radiography is based on the presence of reticular or
reticulonodular opacities with subpleural distribution,
usually with reduced lung volumes (Fig 1). Due to the low
sensitivity of this technique in the detection of ILD in
comparison with CT (39% versus 90—100%), most patients
will undergo CT imaging for diagnosis and disease charac-
terisation (Figs. S6, 57).1°

Computed tomography

CT is currently the imaging method of choice for ILD
diagnosis, characterisation, and follow-up, allowing detec-
tion of ILD even in subclinical stages. Although CT has the
disadvantage of using ionizing radiation (which is poten-
tially worrisome in younger patients that are screened
frequently),!’ technological refinement of CT systems,
modification of imaging parameters, imaging filtering, and
iterative reconstructions contribute to progressive reduc-
tion in radiation dose.”””'* Whereas a limited imaging
technique with only nine incremental sections has also
been advocated (with significant reduction in radiation
dose from 2.094-1.34 to 0.08+0.06 mSv in comparison with
standard-dose full-lung-length helical CT),"” it may limit the
evaluation of temporal progression of disease and detection
of lung cancer, which is not unusual in ILD patients. Low-
dose helical CT is thus preferred in most centres, allowing
reduction of radiation dose while maintaining the diag-
nostic capacity of the method.'®!”

Besides characterising the ILD pattern, CT is also funda-
mental to identify associated findings, namely bronchial
abnormalities, signs of pulmonary arterial hypertension
(PAH), pleural or pericardial effusion, or oesophageal dila-
tation. In patients with pulmonary fibrosis, the ratio of the
diameter of the pulmonary artery to the diameter of the
ascending aorta (dPA/dAA) should be used to evaluate the
possibility of PAH, as it is a more reliable indicator than the
absolute diameter of the pulmonary artery. A dPA/dAA ratio
>1 is suggestive of pulmonary hypertension in patients
with interstitial fibrosis.'®
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Figure 1 Chest radiographs of patients with CTD-ILD. Chest radiographs show basal reticular opacities in a patient with SSc (a) and basal
reticulonodular opacities with reduced lung volumes in a patient with anti-synthetase syndrome (b).

CT can also aid in the characterisation and differential
diagnosis of acute exacerbations (Electronic Supplementary
Material Fig. S8), pulmonary opportunistic infections, and
drug-related ILD (Electronic Supplementary Material
Fig. S9), as well as in the identification of possible
concomitant malignancies."”

CT findings in specific CTDs

ILD in systemic sclerosis (SSc) is said to be present in up
to 100% of patients at autopsy and up to 90% of patients by
CT imaging, being more common and more severe than in
any other CTD.”%?! NSIP is the most common pattern of ILD
(Fig 2), followed by UIP, the latter generally accounting for a
worse prognosis.’’

Patients can also present with PAH and cardiomyopathy,
both of which may be responsible for clinical deteriora-
tion.”>** PAH is a frequent and often severe manifestation
of SSc, which may be caused by small-vessel disease, be
secondary to ILD or to myocardial fibrosis (leading to left
ventricular dysfunction), or result from a combination of
these mechanism.”> Pulmonary veno-occlusive disease
(PVOD), which may also be a cause of PAH in SSc, is char-
acterized by intimal proliferation and fibrosis of the intra-
pulmonary veins and venules. This diagnosis should be
considered if centrilobular ground-glass opacities and
smooth interlobular septal thickening are seen in associa-
tion with mediastinal lymphadenopathy and signs of PAH.
This entity should not be overlooked, as patients will
frequently develop pulmonary oedema in response to va-
sodilators.”®?” Oesophageal dilatation is an extra-
pulmonary hallmark of SSc and should suggest the diag-
nosis when seen in combination with NSIP pattern and/or
signs of PAH (Electronic Supplementary Material Fig. $1).%

Conversely to other CTDs, patients with rheumatoid
arthritis (RA)-related ILD most frequently present with

UIP pattern (Fig 3).”° Once the UIP pattern is established,
the prognosis is said to be similar to that of idiopathic
UIP>%! Although RA is more frequent in females, rheu-
matoid arthritis (RA)-related ILD is more frequent in
males, particularly in smokers.*? As demographic features
and CT findings may overlap with those of IPF, a thorough
clinical and serological investigation should be per-
formed, particularly regarding musculoskeletal symptoms
and positivity for rheumatoid factor and anti-CCP anti-
bodies.**> Additionally, patients with RA may also present
with airways disease, pleural effusion or pleural thick-
ening (which is typically unilateral and may lead to
“trapped lung”), or with pulmonary necrobiotic rheuma-
toid nodules.**

ILD associated with polymyositis and dermatomyositis
usually presents as NSIP, OP (Fig 4), or the combination of
both.>> Although clinical features in anti-synthetase syn-
drome may overlap with those from other inflammatory
myopathies, it is associated with a higher prevalence and
increased severity of ILD (Electronic Supplementary
Material Fig. S10). The combination of NSIP and OP pat-
terns should raise awareness for this diagnosis.>®

The most characteristic pattern of Sjogren syndrome-
related ILD is LIP; however, the most common pattern is
NSIP (Fig 5). Additional findings include airway abnormal-
ities, such as bronchiectasis, follicular bronchiolitis, and
constrictive bronchiolitis.>”-*

ILD in patients with mixed connective tissue disease
follows that of the previous CTDs, with the most common
pattern being NSIP.”

Unlike in other CTDs, ILD is rare in patients with systemic
lupus erythematosus (SLE); however, pleural or pericardial
disease, parenchymal consolidations (alveolar haemor-
rhage, pulmonary oedema or lupus pneumonitis) or the
uncommon “shrinking lung syndrome” may occur.>**°
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Figure 2 Typical NSIP pattern in a patient with SSc. Images show homogeneous bilateral ground-glass opacities with basal distribution, sparing
the immediate subpleural lung (arrows). (b) Sagittal image shows reduced volumes of the right lower and middle lobes (indicated by
displacement of the fissures), demonstrating that the ground-glass opacities represent fine fibrosis. The NSIP pattern may also present as
irregular reticular opacities with traction bronchiectasis, mainly with central distribution (Fig 5b). Peribronchovascular predominance and
sparing of the subpleural lung are helpful signs in differentiating NSIP from UIP.

Disease staging and prognosis

In addition to its fundamental part in disease character-
ization, CT also has an established role in disease staging
and prognosis. In the last few decades several CT scoring
systems have been developed, most of which applied to
SSc,*! one of the better-known scores being the Warrick
score, which combines severity of ILD abnormalities with
extent of disease.*” Wells and colleagues first published a
comparative score, followed by a quantitative score that
estimated the extent of disease as a percentage of the
evaluated anatomical region. In both, higher CT scores were
correlated with low-diffusion capacity values of carbon

monoxide (DL¢g), forced vital capacity (FVC), and total lung
capacity (TLC).*>** More recently, Goh and Wells described
a simple staging system for SSc-related ILD, in which the
distinction between limited (<20%) and extensive (>20%)
disease (Electronic Supplementary Material Fig. S11) was
shown to be a strong predictor of mortality (HR=3.46;
p<0.0005), being more discriminatory than CT extent or
FVC in isolation.* Additionally, in a multivariate analysis,
the extent of honeycombing and the severity of traction
bronchiectasis have been defined as important independent
predictors of mortality. Moreover, patients with a histo-
pathological diagnosis of UIP and discordant radiological

Figure 3 Typical UIP pattern in a patient with RA. Images display interstitial fibrotic abnormalities with heterogeneous distribution, charac-
terised by honeycombing (circle) with basal and subpleural predominance, with peripheral traction bronchiectasis/bronchiolectasis (thin arrow).
The presence of subtle ground-glass opacities admixed with reticulation or dilated bronchi (thick arrow), in the absence of acute exacerbation, is
regarded as part of the fibrotic process and expected to represent fine fibrosis.
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Figure 4 Fibrotic OP pattern in a patient with dermatomyositis. (a) Initial CT demonstrates patchy consolidations with peribronchial (thin
arrows) and subpleural (thick arrow) distribution, in addition to subpleural perilobular opacities (circle). (b) CT 4 years later shows the fibrotic
evolution of OP. Imaging findings in OP are highly variable, with the most common features being patchy subpleural, peribronchial, or band-like
consolidations. The presence of migratory consolidation (Electronic Supplementary Material Fig. S5), perilobular opacities or reverse halo sign

increases the diagnostic confidence.

features had a more favourable prognosis than those with
radiological and histopathological UIP.>

Although disease progression in clinical practice is usu-
ally evaluated with visual assessment of CT imaging, there
are often difficulties in the evaluation of subtle changes, as
well as in the classification of the total disease burden.
Quantitative imaging, which includes methods such as
histogram analysis and texture-based analysis, is currently
used in the research setting alone; however, it is expected to
play a major role in the near future in disease staging and
follow-up, overcoming the above-described limitations.
Texture-based analysis associated with machine learning is
able to determine the type of abnormality (ground-glass
opacity, reticulation, honeycombing, and emphysema) as
well as the severity and extent of disease (Fig 6), with
several studies showing good correlation with lung function
tests.*>*” Although quantitative imaging has mostly been
applied to patients with IPF,**>C it has recently been vali-
dated for patients with CTD, in which pulmonary vessel
volume, a CALIPER (Computer Aided Lung Informatics for

Pathology Evaluation and Rating)-derived parameter, has
proven to be an independent predictor of mortality.”' The
quantification of ILD progression has also been shown to aid
in the differentiation between CTD-NSIP and IPF without a
typical UIP pattern, the latter demonstrating significant
increase in reticulation between CT scans.””

Ultrasound

Ultrasound (US) is a low-cost, radiation-free imaging
technique, which is usually used to study superficial pleural
conditions, such as effusion or tumours, or to guide invasive
procedures. Recently, US has also been applied to ILD,
through detection and quantification of “B-lines”, which are
defined as comet-tail artefacts fanning out from the lung
surface (Fig 7). These artefacts are visible when the lung
parenchyma air content is decreased or the interstitial space
expanded, with thickened subpleural interlobular septa,
namely in pulmonary oedema and ILD.>*

(b)

Figure 5 Sjogren syndrome-related ILD. (a) LIP, which is characterised by thin-walled perivascular cysts (arrows) and discrete reticular opacities
(circle), is the most characteristic pattern of Sjogren syndrome-related ILD. (b) NSIP is also frequent and may be associated with severe central

traction bronchiectasis (arrow).
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Figure 6 Texture-based CT quantification of ILD. In a patient with SSc-NSIP, (a, b) CT images and (c, d) corresponding parenchymal patterns
illustrate the distribution and pattern of interstitial abnormalities (colour coding and glyphs shown in the right-side of the image; Lung Texture

Analysis, Imbio, Minneapolis, MN, USA).

Lung US examination should be performed with a
2.5—3.5 MHz convex probe, and the number and location of
B-lines should be recorded. There is still no consensus on
the number and position of the intercostal spaces that
should be analysed, as well as on the definition of a positive
examination, ranging from two or more adjacent positive
regions with three or more B-lines each, to a total of 10 or
more B-lines (with this last criteria described as being
highly predictable of significant ILD in patients with
$5¢).5456

US demonstrated high sensitivity in the detection of ILD
in patients with SSc, even in patients with very early SSc, in
which a concordance rate of 83% with CT was achieved.
Discordant cases were due exclusively to false-positive re-
sults, providing a sensitivity of 100%.°” > US has also been
applied to other CTDs,°®®! namely RA°’ Sjogren syn-
drome,®® and anti-synthetase syndrome,®* with significant
correlation with CT findings. Although a validated scoring
system and a standardized US examination remains to be
determined, lung US has the potential to become a useful
tool for screening and guiding further investigation with CT,
particularly in young patients.®”

Magnetic resonance imaging
Magnetic resonance imaging (MRI) of the lungs has

long been disregarded as it is technically challenging due
to low lung proton density, susceptibility artefacts, and

cardiorespiratory movement.°® Although spatial resolu-
tion is still a relevant limitation, due to technical de-
velopments in MRI sequences and parallel imaging, the
sensitivity of conventional MRI in comparison with CT in
detection of interstitial abnormalities is generally satis-
factory (Fig 8).57.58 Ultrashort echo time (UTE) sequences,
while still in the research setting, provide high-resolution
images, with similar diagnostic performance to that of
CT.69.70

A routine MRI protocol for ILD should include unen-
hanced breath-holding sequences (coronal single shot fast
spin echo T2-weighted sequence; axial 3D gradient echo
[GRE] T1-weighted sequence; axial fast spin echo fat-
saturated T2-weighted sequence), and a steady-state free-
precession GRE sequence acquired during free breathing
(Electronic Supplementary Material Fig. S12). Contrast-
enhanced sequences may be performed for further disease
characterisation.”"’?

In addition to allowing radiation-free monitoring of
disease progression, MRI is able to add tissue contrast
characterisation, namely in the differentiation of
inflammatory-predominant and fibrotic-predominant ILD
(Figs 9 and 10). A study by Yi and colleagues, correlating
lung MRI and histopathology, demonstrated that
inflammation-predominant biopsy sites showed early
enhancement pattern on dynamic studies (82%, p<0.001)
and high signal intensity on T2-weighted images (53%,
p=0.001).”% Recently, T2 mapping has also been described
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(b)

Figure 7 Ultrasound “B-lines”. In a patient with interstitial pneumonia with autoimmune features (IPAF)-related ILD, comet-tail artefacts are
seen fanning out from the lung surface (arrow in b), due to the presence of subpleural reticulation (illustrated in a).

as a promising technique in differentiating active-
inflammatory from stable-fibrotic NSIP.”4”>

A further advantage of MRI over conventional CT is the
ability to provide functional information, particularly
regarding ventilatory mechanics. Fibrotic ILD is associated
with reduced elastic recoil, which increases the workload of
the respiratory muscles, ultimately leading to reduced lung
volumes. While diaphragmatic motion can be qualitatively

assessed with free-breathing steady state free-precession
GRE sequences, MR elastography can quantify pulmonary
fibrosis by evaluating parenchymal shear stiffness at total
lung capacity and residual volume.”®

Although MRI is not generally used in routine clinical
practice, it is expected to have a more active role in the near
future, namely by combining morphological and functional
information.

Figure 8 —MRI allows the identification of interstitial abnormalities with similar sensitivity to that of CT. In a patient with SSc, honeycombing
(arrows in a and b) and ground-glass opacities (circles in ¢ and d) are adequately depicted in both CT (a, c) and MRI images (b: fast spin echo T2-

weighted image; d: fast spin echo fat-saturated T2-weighted image).
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Figure 9 MRI is able to provide additional information regarding tissue characterisation. In a patient with anti-synthetase syndrome, fast spin
echo fat-saturated T2-weighted MRI image shows areas of increased signal intensity likely to represent inflammation (circle in b).

Figure 10 Dynamic contrast-enhanced MRI may contribute to the differentiation between inflammatory- and fibrotic-predominant interstitial
abnormalities. In a patient with IPAF, coronal GRE fat-saturated T1-weighted images before (a) and after gadolinium administration (b) show
enhancement of interstitial reticular abnormalities. Dynamic MRI (images acquired at 1, 3, 5, and 10 minutes) demonstrates early enhancement
and washout (c) of the interstitial reticulation, suggesting inflammatory-predominant abnormalities (circles in a and b indicate the region of
interest). Colour contrast scale (d) allows prompt detection of areas of maximum contrast enhancement.
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Positron-emission tomography

2-['8F]-fluoro-2-deoxy-p-glucose ~ (FDG)  positron-
emission tomography (PET) is widely used for clinical
oncologicimaging; however, it also has an established role in
the evaluation of systemic inflammatory conditions, such as
large-vessel vasculitis, and has recently been investigated as
a molecular imaging method in ILD. In a study by Jacquelin
and colleagues, FDG uptake was seen in all of the 18 patients
with NSIP evaluated using PET (15 of which with CTD-NSIP),
and the extent of FDG uptake was associated with lung
function improvement after specific treatment.”” Uehara
et al. evaluated 45 CTD-ILD patients with deep-inspiration
breath-hold FDG-PET, in which the maximum standardised
uptake value (SUVmax) and the extent of FDG uptake were
significantly higher in patients with active-phase disease,
irrespective of the underlying CTD and CT findings.”®

Although research on PET imaging in ILD is still in its
early days, it has the potential to aid in treatment stratifi-
cation and monitoring. Furthermore, research on novel PET
tracers and targets, such as inducible nitric oxide syn-
thase,” cathepsin protease,®” labelled leucocytes,®’ and
type I collagen,®” may advance the knowledge on patho-
physiology of lung inflammation and fibrosis and poten-
tially serve as biomarkers for treatment response.®*

Conclusion

CTD-ILD evaluation is challenging and requires a multi-
disciplinary approach. CT occupies a central role in diag-
nosis, staging, and follow-up of CTD-ILD, and is expected to
continue to be the imaging technique of choice in the near
future. Ultrasound, MRI, and PET may provide additional
valuable information, namely in screening and disease
characterisation, respectively; however, these imaging
techniques require further optimization for use in routine
clinical practice.
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