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ABSTRACT

Purpose/Objectives

Interstitial Lung Disease (ILD) is a major complication of Systemic Sclerosis (SSc), with high
morbidity and mortality. Computed tomography is the gold standard for ILD imaging assessment.
However, recent Ultra-Short Echo-Time (UTE) Magnetic Resonance Imaging (MRI) sequences are
promising for lung parenchyma evaluation. Moreover, different Dynamic Contrast Enhancement
(DCE) MRI patterns seems able to identify prevalent inflammatory and fibrotic ILD, with possible
implications in the management of the therapy. We aimed to verify the reliability of respiratory
triggered UTE Spiral VIBE-MRI sequence in SSc-ILD assessment, compared to Computed

Tomography (CT). Moreover, we tested the feasibility of DCE-MRI ILD analysis.

Materials and methods

54 SSc patients performed chest CT and MRI in the same day. The MRI protocol included a UTE
Spiral VIBE sequence before contrast administration and a VIBE sequence, scanned pre and post
contrast administration (after 1, 3, 5 and 10 minutes). Two radiologists, independently and in
consensus, analyzed CT and UTE verifying ILD presence/absence and performing a
semiquantitative analysis (sQA) of ILD, Ground Glass Opacities (GGO), Reticulations and
Honeycombing (HC) extents on CT and UTE. A CT software quantitative texture analysis (QA) of
alterations extents was also performed. Then, in patients with ILD on CT, the two readers assessed
the prevalent CE pattern as following: pattern 1) early enhancement and washout with discernible
peak enhancement at 1 or 3 min; pattern 2) slight enhancement with no discernible peak
enhancement at a specific time-point; and pattern 3) delayed persistent enhancement with

discernible peak enhancement at 5 or 10 min. Pattern 1 was considered inflammatory, patterns 2



and 3 fibrotic. For ILD detections as well as for DCE MRI analysis, intra- and inter-reader
agreements were computed with Cohen’s K coefficient. UTE sensitivity and specificity for ILD
detection against CT were assessed. For extents analysis, intra-/inter-reader agreements and UTE

performance against CT were computed by Lin’s concordance coefficient (CCC).

Results

51 subjects were included for visual assessment, as 3 UTE were discarded for low quality. ILD was
diagnosed in 39/51 CT. 16 out of the 51 included patients accepted to underwent VIBE pre and
post contrast administration scans: 14 patients had ILD on CT and DCE-MRI were analyzed (no one
discarded for low quality). UTE intra and inter-reader K in ILD diagnosis was 0.56 and 0.26,
respectively. UTE showed 92.8% sensitivity and 75.0% specificity in ILD detection. 42 out of 51 QA
segmentations were accepted. ILD, GGO and Reticulations extents were 14.8%, 7.7% and 7.1% on
CT sQA and 13.0%, 11.2% and 1.6% on CT QA. HC was <1% and not further considered. UTE intra-
and inter-reader CCC was 0.92 and 0.89 for ILD extent and 0.84 and 0.79 for GGO extent,
respectively. UTE RET extent intra and inter-reader CCC was 0.22 and 0.18, respectively. ILD and
GGO extents CCC were 0.95 and 0.93 against CT sQA and 0.89 and 0.88 against QA. RET extent CCC
were 0.35 against CT sQA and 0.22 and against CT QA. DCE-MRI analysis has intra- and inter-
reader K of 1 and 0.63 (disagreement in one patient), respectively. Only one patients

demonstrated a prevalent inflammatory pattern.

Conclusions

In SSc patients, UTE Spiral VIBE-MRI sequence may suffer of low inter-reader agreement in ILD
detection, but it is a reliable tool in assessing ILD and GGO extents in ascertained ILD. DCE-MRI ILD

evaluation seems feasible could add information on inflammatory ILD activity.



1. INTRODUCTION

1.1 Interstitial Lung Disease in Connective Tissue Disorders: definition, epidemiology,

pathogenesis

Connective tissue disorders (CTD) are a heterogeneous group of diseases including rheumatoid
arthritis (RA), systemic sclerosis (SSc), polymyositis / dermatomyositis (PM / DM), systemic lupus
erythematosus (SLE), Sjogren’s syndrome and mixed connective tissue disorders. Pulmonary
involvement is a common complication of CTD and may affect various anatomical compartments of
the lung: pleura, parenchyma, interstitium, vessels and airways may be interested, determining
different manifestations of lung disease. Among these, Interstitial involvement is one the most
frequent lung complication in CTD patients?®. The frequency of Interstitial lung disease (ILD) in CTD
depends on subject selection and detection methods, but its prevalence seems to be higher than
previously thought, leading to significant mortality. ILD may precede or follow the onset of
rheumatic symptoms, and their early recognition is important, in order to start an appropriate
therapy. The etiology of CTD-ILD is still unknown, and the current hypothesis regarding its
pathogenesis are mainly based on data extrapolated from studies of SSc: inflammation triggered by
external pathogens may cause the influx of inflammatory cells into the interstitial and alveolar
spaces, giving rise to alveolar epithelial damage. The inflammation and epithelial damage lead to
the recruitment and activation of lung fibroblasts and myofibroblasts, which produce increased
amounts of extracellular matrix proteins and determine scarring within the lung. Pulmonary
epithelial cells may also contribute to the pro-fibrotic mesenchymal cell population in lung fibrosis.
Another hypothesis is that certain subtypes of CTDs begin with a lung-based process. It has been
proposed that a lung injury triggering local inflammation induces auto-antigen expression, which
can lead to the generation of autoantibodies in the lung. This may be perpetuated by the

subsequent binding of disease associated autoantibodies and antigens, thus leading to further lung



inflammation and fibrosis.? Possible manifestation of Interstitial lung disease (ILD) are usual
interstitial pneumonia (UIP), nonspecific interstitial pneumonia (NSIP), bronchiolitis obliterans
organizing pneumonia (BOOP), diffuse alveolar damage (DAD) and lymphocytic interstitial
pneumonia (LIP), identical to those of their idiopathic counterparts.® Though there are variations in
prevalence of histological patterns between the individual connective tissue disorders, NSIP is
recognized as the most common pattern in CTD-ILD?, particularly in SSc, PM/DM and mixed
connective tissue disorders. In PM/DM BOOP is already common. On the other hand, UIP is the usual

pattern in RA, while DAD in SLE and LIP in Sjégren’s syndrome3.

1.2 Role of Computed Tomography in Interstitial Lung Disease related to Connective

Tissue Disorders

Chest computed tomography (CT), particularly high resolution computed tomography (HRCT), is
currently considered to be the best clinically applicable modality for assessment of chest diseases
in patients with CTD, permitting the evaluation of both individual patterns and extent of disease, as
well as monitoring ILD*. NSIP features on CT are mostly sustained by ground-glass opacities and
reticular abnormalities, associated to traction bronchiectasis or bronchiolectasis in fibrotic
evolution. The involvement is predominantly in basal and peripheral. The parenchyma immediately
adjacent to the pleura may be spared. Other findings such as consolidation and honeycomb cysts,
are less common. Typical CT features of UIP are reticulations and honeycombing, with basal and
peripheral distribution, frequently associated with traction bronchiectasis and bronchiolectasis.
Ground- glass opacities may be seen, but they are usually less extensive than those in patients with
NSIP. BOOP usually manifests as bilateral patchy areas of consolidation, often triangular or
polygonal, in peripheral zones or in peribronchovascular regions, predominantly in the lower lung

zones. Alterations may vary in dimensions tend to expand and migrate over time. Associated



ground-glass opacities are commonly associated, configuring the atoll sign or reverse halo sign®. IN
LIP, ground-glass opacities are the dominant abnormality, and thin-walled perivascular cysts may
be present. Lung nodules, reticulations, interlobular septal and bronchovascular thickening and
widespread consolidation may also occur®. Lastly, DAD is often represented by bilateral ground-
glass opacities with some sparing of individual lobules, producing a geographic appearance. In the
organizing phase, architectural distortion, traction bronchiectasis, cysts, and reticular opacities may

appear®.

On the other hand, the extents of ILD extent or main ILD alterations, such as ground glass opacities,
reticulations and honeycombing, can be analyzed with both visual scoring methods and dedicated
software, demonstrating also significant correlations with pulmonary function tests (PFT) 78,
Furthermore, the extent of ILD detected on CT is recognized as a predictor of mortality®.

Most patients with CTD-ILD do not undergo a lung biopsy: it’s now accepted that a UIP pattern on
CT is virtually pathognomonic of underlying UIP at biopsy, while predominantly inflammatory
histological patterns such as organizing pneumonia and lymphocytic interstitial pneumonia are
generally associated with typical appearances on CT8. However, different patterns can be revealed
in the same patient in histologic specimens, also in the same lobe!%!!, Thus, discriminating between
UIP and NSIP on CT may be challenging. Moreover, ground glass opacities can reflect both
inflammation and fibrosis on CT*?, making impossible to distinguish cellular from fibrotic NSIP in
absence of architectural distortions. Ground glass opacities are increasingly considered early fibrosis
in SSc patients, that may progress into defined reticulations and, eventually, towards clearly fibrotic
alterations, depicted as architectural distortions, traction bronchiectasis and/or honeycombing®3.
However, in SSc patients treated with cyclophosphamide, ground glass opacities and reticulations

revealed to be partially reversible. The reason that lies behind this observation remains unclear, but



it could account for different coexisting phenomena (fibrosis and inflammation) that can cause on

CT same alteration®?.

1.3 Interstitial lung disease related to Connective Tissue Disorders: new frontiers of

therapy and limits of CT

Nowadays, the therapy of CTD-ILD mostly consists of corticosteroids and immunosuppressive
therapy, since the control of inflammation is considered the main target?. On the other hand,
idiopathic pulmonary fibrosis (IPF), a purely primitive fibrotic ILD with a bad prognosis, deserve IPF
antifibrotic drugs®®. Thus, a correct and prompt diagnosis in patients with ILD is fundamental, in
order to address the right management. However, also secondary ILD may rapidly evolve in fibrotic
alterations and the term Progressive Fibrosis is taking field, irrespectively of classification and causes
of fibrosis'®. This concept has been leading to test antifibrotic drugs also in non-IPF with fibrotic ILD,
with interesting results. The rationale that lies behind these studies is that all ILD that turn into
fibrosis could benefit of drugs targeted on fibrogenesis suppression?. From this perspective, the
identification of fibrotic and inflammatory alterations may become pivotal and CT has some intrinsic
limitation: being its evaluation predominantly morphologic, if clear signs of fibrosis, i.e. traction
bronchiectasis, are absent, distinguishing between inflammatory or fibrotic ILD alterations, or mixed
conditions, may be challenging!®. On the other hand, Magnetic Resonance Imaging, could be able

to identify inflammation and fibrosis irrespectively to the morphologic appearance of alterations?’.

1.4 Magnetic Resonance imaging in Interstitial lung disease related to Connective Tissue

Disorders: potential applications and purpose of the study

MRI has been considered as an oxymoron for many years. The main reason is that lung has a low
proton density because it is 90% composed by air and the presence of air-water interfaces, forming

8



magnetic susceptibility gradients that cause rapid signal decay and image artifacts. Moreover, the

cardio-respiratory movement determine numerous artifacts*é,

However, recently developed MRI sequences, called ultra-short echo-time (UTE) sequences, are
promising?®. Ultra-short echo-time limits signal decay thanks to echo-time in the range of
microseconds instead of milliseconds, providing high SNR and high-resolution images. Image quality

of ultra-short echo-time has been described to be almost comparable to HRCT?®

Moreover, several functional MRI techniques might be complementary to CT in ILD.

Ventilation techniques with and without gaseous contrasts could provide important information
regarding ventilation mismatch in ILD patients. The oxygen-enhanced MRI can be applied to assess
regional ventilation, alveolar—capillary gas transfer of molecular oxygen, oxygen uptake per
respiratory cycle and airflow limitation?%22, This method uses the paramagnetic effect of pure
oxygen to shorten T1 relaxation times, leading to a signal enhancement?3. Several studies have
tested oxygen-enhanced MRI in patients with ILD. Molinari et al.?* demonstrated a statistically
significant correlation between oxygen-enhanced MRI and PFTs in patients with UIP (n=1), NSIP (n=8)
and sarcoidosis (n=1). Ohno et al.?> found that oxygen-enhanced MRI was comparable to HRCT to
determine pulmonary functional loss and disease severity in ILD patients with CTD. Oxygen-
enhanced MRI is a cheap and safe technique, but so far it has been performed in small groups of
patients and in research settings, because it remains quite challenging with long scan acquisitions
and poor SNR. Hyperpolarised gas-MRI, using helium (3He) or xenon (129Xe) as gaseous contrasts
provides quantitative regional information on pulmonary ventilation and lung microstructure
changes. Currently, hyperpolarised gas-MRI has not been used in ILD and to date, no studies have
been conducted in ILD with fluorinated gas MRI. Moreover, Stadler et al.2® showed a shortening of

the T1 relaxation time in patients with lung fibrosis, suggesting that T1 measurements could be used



to monitor disease progression and quantify the amount of lung fibrosis. Using T1 maps, Stadler et
al.?” investigated how the breathing status influenced T1 values of the lung parenchyma and
demonstrated a statistically significant difference of inspiratory T1 values in comparison to
expiratory ones both in healthy individual and patients with emphysema and fibrosis. Moreover,
both pathological groups showed lower average T1 values in inspiration and expiration compared
to healthy individuals while the average expiratory T1 was significantly higher in the fibrosis group

than the emphysema group.

Active lung inflammatory tissue could be assessed with T2-weighted sequences or contrast-
enhanced MRI. Lutterbey et al.?® evaluated the feasibility of lung MRI at high magnetic field
strengths (3.0T) using a fat suppressed (Fat-Sat) T2 Fast Spin Echo sequence to assess active versus
non-active lung disease in ILD patients. This sequence is extremely sensitive to fluids. Since
inflammation is accompanied by higher water content in the inflammatory tissue, they
hypothesized a higher T2-weighted signal in active inflammatory lung lesions compared to chronic
and fibrotic lung tissue. The results of their study showed that normal lung tissue appeared long T2
component signal free, that of fibrotic tissue was comparable to the muscle signal (intermediate
signal), while inflammatory tissue showed high T2 (water-like) signal. Signal intensity was calculated
by placing the region-of-interest in multiple lung areas with abnormalities and with different T2
signal intensity. HRCT was used as a reference standard to correlate morphological changes. Those
lung areas with signal intensity twice higher that of the intermediate-signal areas were the lung area
having the typical features of active ILD disease, such as GGO. These findings were also confirmed
by pathological evaluation obtained on lung biopsy specimen. Similarly, Yi et al.? evaluated T2
intensity of ILD alterations in the area of the following biopsy, observing that a T2 intensity higher
than paravertebral muscles may identify inflammatory components of ILD. Moreover, Buzan et al.3°,

with T2 quantitative mapping, characterized and differentiated GGO, reticulation and HC in UIP and
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NSIP. T2 sagittal maps were generated using a multi-echo single-shot, turbo spin echo sequence.
Furhermore, they observed that T2 relaxation time tended to increase significantly with progression
of fibrotic changes in ILD. On the other hand, T2 signal intensity proved to correlate with pulmonary
function tests in patients with idiopathic pulmonary fibrosis3!. Lastly, UTE sequences with a double
echo acquisition should allow a quantification of the water content in lungs, that could be related
to inflammatory activity in interstitial lung diseases. With regards to contrast-enhanced MRI, Yi et
al.?? studied the utility of 3.0T Dynamic Contrast Enhanced (DCE) MRI for differentiating
inflammation and fibrosis predominant lesions in the UIP and NSIP, biopsy proven. DCE MRI
consisted of T1-weighted three-dimensional turbo field-echo sequence using an intravenous bolus
injection of gadopentetate dimeglumine. Enhancement pattern was visually assessed prospectively
and classified into three categories using the dynamic contrast images: pattern 1) early
enhancement and washout with discernible peak enhancement at 1 or 3 min; pattern 2) slight
enhancement with no discernible enhancement at a specific time-point throughout dynamic phases;
and pattern 3) delayed persistent enhancement with discernible peak enhancement at 5 or 10 min.
Qualitatively analysis showed that 82% of inflammation-predominant lesions exhibited early
enhancement (pattern 1) and that 94% of fibrosis-predominant lesions exhibited slight
enhancement (pattern 2) or delayed persistent enhancement (pattern 3). The frequency of pattern
1 was significantly higher in the inflammation-predominant lung lesions (82% confidence interval).
Quantitative assessment of dynamic enhanced MRIs were obtained by measuring the mean signal
intensity of the lung lesions with regions-of-interest positioned by a radiologist in correlation to the
HRCT findings. The following parameters were evaluated: maximum peak enhancement; time to
peak; slope of enhancement; and extent of washout. Inflammation-predominant lesions sites had
higher percentage signal intensity at 1 min, shorter time to peak and faster slope of enhancement

than fibrosis- predominant sites. In summary, qualitative analysis of dynamic T1-weighted three-
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dimensional turbo field-echo MRIs obtained at 3.0T proved helpful for differentiating inflammation-
and fibrosis- predominant lesions. Gaeta et al.?? evaluated the gadolinium-enhanced MRI in the
assessment of disease activity in 25 consecutive patients with chronic infiltrative lung diseases. They
assumed that gadolinium enhancement might correlate with disease activity, because pulmonary
insults inducing lung fibrosis disrupt capillary endothelium and permit the extravasation of contrast
into the interstitial and alveolar spaces. Two radiologists retrospectively evaluated MRI and
analyzed the studies for the presence (group 1) or absence (group 2) of pulmonary lesion
enhancement. The presence of enhancement was considered predictive of active inflammation; the
absence of enhancement was considered predictive of inactivity. The presence of enhanced
pulmonary lesions was seen in 14 out of 17 patients with active disease. Negative enhancement was
seen in all eight (100%) patients with inactive disease, and in three (18%) out of 17 patients with
active disease. In both groups the difference was statistically significant (Fisher exact test, p<0.05).
These data showed that the presence of enhancing lesions on gadolinium-enhanced T1-weighted
MRI studies may be a reliable indicator of inflammation and, consequently, potentially influence

treatment choice and follow-up.

Lastly, the development of progressive parenchymal fibrosis in ILD patients causes lung restriction
as a result of increased lung stiffness and reduced compliance. Recently, Marinelli et al.33
investigated the use of magnetic resonance elastography in the quantitative assessment of
pulmonary fibrosis by comparing quantitative shear stiffness measurements of lung parenchyma in
patients with a diagnosis of ILD and normal controls. A 1.5 T two-dimensional spin-echo, echo planar
imaging magnetic resonance elastography pulse sequence was utilized to assess absolute lung shear
stiffness in 48 patients diagnosed with ILD and in 11 healthy controls. Lung shear stiffness was
evaluated at residual volume and TLC. Prior to scanning all patients underwent spirometry. Patients

with ILD exhibited an average shear stiffness of 2.74 kPa at TLC and 1.32 kPa at residual volume. The
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corresponding values for healthy individuals were 1.33 kPa and 0.849 kPa, respectively. The
difference in shear stiffness between residual volume and TLC was statistically significant (p<0.001).
This study demonstrated that the shear stiffness in patients with ILD, measured by magnetic
resonance elastography, is increased when compared to healthy individuals at both residual volume
and TLC. Because in this study the lung stiffness increases in ILDs with increasing transpulmonary
pressure (i.e. from residual volume to TLC), the most significant difference in shear stiffness was

demonstrated at TLC.

Given this background, we aimed to test reliability of a UTE MRI sequence (called Spiral VIBE) in ILD

assessment, compared to CT, and to verify the feasibility of a DCE MRI analysis in patients with SSc.
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2. MATERIALS AND METHODS

2.1 Study design
This was a prospective observational multicentric study (Departments of Radiology of AUOC
Hospital, Florence, and Ca’ Foncello General Hospital, Treviso). From February 2019 to February
2020, consecutive SSc patients referred to the rheumatologic dept. of AUOC (Florence), with
suspected or ascertained ILD and in clinical need for a chest CT, were evaluated to undergo both
chest CT and MRI examinations on the same day. SSc diagnosis was performed according the 2013
ACR/EULAR criteria®*. The exclusion criteria were: age < 18 years, heart failure or pulmonary disease
other than ILD, contraindication to MRI, no inform consent, claustrophobia, impossibility lay supine
for the scan time and/or to follow breathing instructions, low quality images for visual assessment
or wrong software segmentation (see paragraph on Image analysis). Patients were referred to one
of the two radiological centers based on geographical proximity and were instructed on how to
perform the breathing manoeuvres. Recorded data included: age, gender, antibody subset, previous
and ongoing therapy, pulmonary function tests (i.e. forced volume capacity, FVC, and diffusing
capacity for carbon monoxide, DLCO) and presence of pulmonary arterial hypertension. The
research project was approved by the local Institutional Ethics Committees: Careggi, Florence,
protocol number 27299/2019, code 15220/0ss and CESC Treviso and Belluno, protocol number

641/CECEAV.

2.2 Imaging systems and acquisition protocol
Chest CT scans were performed as follows: tube voltage 120 kV, tube current 200 mAs, slice
thickness 1 mm, reconstruction kernels b35f and b60f and matrix 512x512. The CT scanners were a
Sensation 64 and a Somatom Definition Flash (Siemens, Forchheim, Germany). Each CT acquisition

took 3-5 seconds and was obtained at end of full inspiration, without contrast agent administration.
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UTE-MRI scans were performed with two 1.5 T MRI systems (Aera and Avanto Fit; Siemens, Erlangen,
Germany). The two MRI systems supported the same UTE sequence and the same parameters:
Repetition Time 3.73 ms, Echo Time 0.05 ms, flip angle 5°, field of view 480x480, matrix 320x320
and voxel size 1.5x1.5x1.5 mm. UTE scans were free-breathing coronal acquisitions with a fully
automated navigator trigger (Siemens-Dense), time of acquisition ranging 6-8 minutes. Images were
reformatted in axial sections. No contrast agent was administrated. An additional Volumetric
Interpolated Breath-hold Examinations (VIBE) sequence were acquired before and after contrast
administration (ProHance), at 1, 3, 5 and 10 minute after contrast injection. On both MRi scans the
parameters were the following: Repetition Time 4.1 ms, Echo Time 1.57 ms, flip angle 9°, field of
view 295x399, matrix 142x192 and voxel size 2.1x2.1x2.1 mm. The acquisition time was 14 seconds.
All examinations were acquired with patients in supine position. Prone acquisitions, that might be
performed to avoid the dependent atelectasis®> were considered uncomfortable and inefficiently
performable in a great percentage of our patients, given the MRI examination duration and patient

clinical conditions.

2.3 Image analysis
CT and MRI scans quality was assessed in consensus by two chest radiologists of 10 and 12 years of
experience in lung MRI (PC and GM). Scans were discarded as low quality images in presence of
significant blurring of airways and/or peripheral lung parenchyma, as previously reported?®. Then,
two thoracic radiologists with each 10 years of experience in thoracic imaging (NL and MO)
evaluated CT and MRI scans. Firstly, they visually assessed the presence of ILD by the analysis of the
whole parenchyma on CT and UTE. Then, they performed a visual semi-quantitative analysis (sQA)
on both CT and UTE to compute the disease extent of lung ILD related abnormalities: GGO, RET and

HC extents were scored as percentage of involved lung parenchyma (at the nearest 5%) at five
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anatomical levels3’28: 1) aortic arch, 2) carina, 3) confluence of pulmonary veins, 4) halfway
between level 3 and 5, 5) immediately above right hemi-diaphragm. The ILD extent at each level
was obtained summing the percentages of all abnormalities at that level. Then, the total GGO, RET,
HC and ILD extents were computed as the mean percentage of the five levels. For instance, if GGO
extent is 0%, 5%, 10%, 15%, and 20% for each of the five levels, the mean GGO extent was computed
as (0+5+10+15+20) /5=10% total lung parenchyma. Lung abnormalities were defined according to
the radiological glossary of term the Fleischner Society®. GGO was defined as hazy increased opacity,
with preservation of bronchial and vascular margins. RET was defined as a collection of innumerable
small linear opacities that, by summation, produce an appearance resembling a net. HC was defined
as clustered cystic air spaces that are usually sub-pleural, peripheral, and basal in distribution; the
walls of the cysts are well-defined and often thick (1-3 mm). CT images were analyzed with high-
resolution kernel, b60f, using a standard lung window, UTE window was visually adjusted to obtain
the best contrast-to-noise ratio. CT and MRI scans were analyzed separately. Then, in patients with
ILD on CT, VIBE Enhancement patterns were visually assessed and classified into three categories
using DCE images, as previously reported?®: pattern 1) early enhancement and washout with
discernible peak enhancement at 1 or 3 min; pattern 2) slight enhancement with no discernible peak
enhancement at a specific time-point throughout dynamic phases; and pattern 3) delayed persistent
enhancement with discernible peak enhancement at 5 or 10 min. Pattern 1 was considered
inflammatory, patterns 2 and 3 fibrotic. Readers were asked to define the predominant pattern in
ILD patients in terms of predominant inflammatory or predominant fibrotic. Readers assessed
images independently and, after one month, one reader (NL) repeated the analysis. Lastly, both
readers evaluated the images in consensus after an interval of 1 months. Discordances were
discussed with a third senior radiologist (SC) with 30 years of experience in MRI imaging. In addition,

an automated quantitative analysis (QA) of CT images was obtained on standard reconstruction
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algorithms (b35f) by using Imbio Lung Texture Analysis software (Imbio LLC, Minneapolis, MN, USA)
based on Computer Aided Lung Informatics for Pathology Evaluation and Rating (CALIPER) algorithm,
as previously performed in SSc-ILD38. The software segments the lung into 3 areas (upper, middle,
and lower area), then identifies and quantifies percentages of GGO, RET, and HC. The total ILD score
is computed as the sum of all abnormalities. One thoracic radiologist (MO) checked the software
segmentations, ascertaining the inclusion of the whole lung parenchyma and the exclusion of other

structures (i.e. trachea).

2.4 Statistical analysis
Cohen’s Kappa test was used to compute intra/inter-reader agreement for SSc-ILD diagnosis on CT
and UTE, as well as for DCE-MRI evaluation. Kappa values of 0.01-0.20, 0.21-0.40, 0.41-0.60, 0.61—
0.80, 0.81-0.99 and 1 represented poor, fair, moderate, substantial, almost perfect and perfect
agreement, respectively®. Sensitivity, specificity, positive and negative predictive values*® of UTE
were computed. Lin’s concordance correlation coefficient (CCC)*° was used to compute intra-/inter-
reader agreement for SSc-ILD extent analyses and to compare UTE consensus reading for disease
extent analysis with CT, namely UTE sQA vs CT sQA and QA CT. The CCC values of 0.00-0.10, 0.11—-
0.40, 0.41-0.60, 0.61-0.80 and 0.81-1.0 represented no, slight, fair, good and very good agreement,
respectively. Collected data were analyzed using the SPSS® v. 23.0 statistical analysis software (IBM

Corp., New York, NY; formerly SPSS Inc., Chicago, IL).
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3. RESULTS

3.1 Patients cohort
Seventy-six patients were initially screened by a rheumatologist (MaO) for CT and MRI examinations.
22 patients were excluded because of patient’s refusal (n=6), MRI contraindication (n=7),
claustrophobia (n=3), difficulty to perform respiratory maneuvers (n=3), and difficulty to maintain
supine position (n=3). 38 patients refused the contrast administration. Therefore, 54 patients
performed both CT and MRI scans on the same day. All 54 CT scans were considered adequate in
terms of image quality. 3 UTE acquisitions were discarded because of poor image quality. Thus, 51
patients were included in the study for morphological evaluation. Furthermore, 9 CT QA were
discarded because of wrong segmentations, thus 42 patients were considered to compare UTE to
CT QA. 16/54 patients accepted to underwent VIBE acquisitions pre and post contrast
administration. Demographical, serological, and clinical characteristics of patients are reported in

Table 1.

3.2 ILD presence and extent and contrast evaluation
SSc-ILD was detected in 76.5% (39/51) on both CT and UTE sequences. The percentage of lung
parenchyma affected by ILD, calculated as mean value of all patients, was 14.8% and 12.9% on CT
sQA and UTE sQA, respectively. The mean ILD extent on 42 patients with available CT QA mean
extents were 13.0% on CT QA and 12.8% on UTE sQA. All alterations extents are shown in Table 1.
HC extent was found to be lower than 1% in all extent assessments and therefore considered
irrelevant for further analysis. 14 out of 16 patients that underwent contrast administration had ILD.
1 of them (7%) demonstrated predominant areas of pattern 1, consistent with prevalent

inflammatory ILD.

18



Table 1. Clinical, functional and radiological characteristics of the SSc population

CLINIC CTsQA UTE CTQA UTE
(n=51) (n=51) p-value | (n=42) (n=42) p-value

Age median (IQR) 50 (45-59) - 49 (43-57) -
Female (%) 43 (84) - 38 (90) -
SCL (%) 25(61), n=41 - 22 (59), n=37 -
CENP-B (%) 13 (32), n=41 - 13 (35), n=37 -
FVC median (IQR) 92 (70-109) - 91 (70-104) -
DLCO median (IQR) 59 (41-69) - 57 (40-68) -
IS therapy (%) 26 (62), n=42 - 23 (62), n=37 -
Steroid therapy (%) 19 (45), n=42 - 18 (58), n=31 -
RADIOLOGY
ILD-Extent mean % (SD) 14.8 (22.8) | 12.9(19.2) | >0.05 13.0(19.7) 12.8 (19.9) | >0.05
GGO % (SD) 7.7(15.2) |9.8(17.4) | >0.05 |11.2(18.6) |9.7(17.7) |>0.05
RET % (SD) 7.1(10.0) |3.0(4.6) 0.012 |1.6(1.8) 3.1(4.6) |0.049
HC % (SD) 0.0 (0.2) 0 (0) 0.156 | 0.1(0.3) 0 (0) 0.003

Legend

CT: computed tomography; sQA: semi-Quantitative Analysis in consensus reading; QA: Quantitative

Analysis; UTE: Ultrashort Echo Time Spiral VIBE MRI sequence; ILD: Interstitial Lung Disease; GGO:

Ground Glass Opacity; RET: Reticulation; HC: Honey Combing; SCL: anti-topoisimerasel antibodies;

CENP-B: anti-centromere B antibodies; FVC: Forced Vital Capacity; DLCO: Diffusion Lung Capacity
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for carbon monoxide; IS: Immunosuppressive; IQR: Interquartile Range; SD: Standard Deviation; n:

patients’ number.

3.3 Observers Agreements

Intra-reader Cohen’s kappa for ILD diagnosis showed almost perfect agreement for CT (k 0.95) and
moderate agreement for UTE (k 0.56).

Intra-reader agreement for extent analyses was good to very good for total ILD, GGO, and RET on
CT sQA (CCCranging from 0.75 t0 0.96). UTE sQA showed good to very good intra-reader agreement
for ILD extent (CCC 0.92) and GGO extent (CCC 0.84), but poor for RET extent (CCC 0.22) (Table 2).
Inter-reader Cohen’s kappa for ILD diagnosis showed substantial agreement (k 0.74) for CT and fair
agreement for UTE (k 0.26). Inter-reader agreements for alterations extents was good to very good
(CCC ranging from 0.76 to 0.94) for total SSc-ILD, GGO, and RET on CT sQA. UTE sQA showed very
good inter-reader agreement for ILD extent (CCC 0.89) and good agreement for GGO extent (CCC
0.79), but poor inter-reader agreement for RET (CCC 0.18) (Table 2). Cohen’s kappa for intra-reader
and inter-reader agreement in dynamic contrast evaluation was 1 and 0.63 (disagreement in one

patient), respectively.
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Table 2. Intra-reader and inter-reader and agreement in semiquantitative extent analysis of total ILD and

ILD related abnormalities, expressed by Lin's Concordance Correlation Coefficients (95% Confidence

Interval).

INTRA-READER CTsQA UTE
AGREEMENT

ILD 0.95(0.94-0.96) | 0.92(0.89 - 0.95)
GGO 0.96 (0.95-0.97)  |0.84(0.81- 0.87)
RET 0.75(0.75-0.77)  |0.22(0.18-0.25)

INTER-READER

AGREEMENT

ILD 0.94 (0.94 - 0.94) 0.89 (0.89 - 0.90)

GGO 0.92 (0.92 - 0.93) 0.79 (0.78 - 0.80)

RET 0.76 (0.75-0.78) 0.18 (0.16 - 0.20)
Legend

CT: computed tomography; sQA: semi-Quantitative Analysis; UTE: Ultrashort Echo Time Spiral VIBE MRI

sequence; ILD: interstitial lung disease; GGO: Ground Glass Opacity; RET: Reticulations

3.4 UTE-MRI performance
UTE sensitivity, specificity, positive and negative predictive values (confidence interval) in
identifying SSc-ILD on consensus reading were 92.3% (79.1%-98.4%), 75.0% (42.8%-94.5%), 92.3%
(79.1%-98.4%) and 75.0% (42.8%-94.5%). In particular, UTE generated 3 false negatives, with ILD
extent on CT sQA of 1%, 3% and 3%, and 3 false positives, with computed ILD extent on UTE of 5%,

6% and 8%. The alterations extent analysis CCC between UTE and CT (sQA and QA, respectively) was
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very good for total ILD (0.95 and 0.89) and GGO extent (0.93 and 0.88), whereas it was poor for RET

extent (0.35 and 0.22) (Table 3).

Table 3. Lin's Concordance Correlation Coefficient between UTE and CT for ILD, GGO and RET extents (95%

Confidence Interval)

UTE vs CT sQA

UTEvs CT QA

ILD
GGO

RET

Legend

0.95 (0.94 - 0.95)
0.93 (0.93 - 0.94)

0.35(0.34-0.36)

0.89 (0.88 - 0.90)
0.88 (0.87 - 0.88)

0.22 (0.21- 0.23)

CT: computed tomography; UTE: Ultrashort Echo Time Spiral VIBE MRI sequence; sQA: semi-Quantitative

Analysis as obtained by consensus reading; QA: CT Quantitative Analysis; ILD: Interstitial Lung Disease; GGO:

Ground Glass Opacity; RET: Reticulation.

22



4. DISCUSSION

We tested the performance of UTE Spiral VIBE in the detection of SSc-ILD and in the assessment of
disease extent, using CT as the reference standard. UTE Spiral VIBE proved to be reliable in ILD and
GGO extent analysis (Figure 1 and 2). Thus, in our series the potential benefits deriving from new

chest MRI techniques, as reported in state-of-art reviews!”#2, are confirmed.

Fig. 1. CT and UTE sQA SSc-ILD extent analyses.
ILD was scored as 85% total lung parenchyma at level 5 on both CT (A) and UTE (B). Breath-hold CT and free-
breathing UTE acquisitions may lead to slightly anatomical differences at the same level, as it was showed by

left lower lobe bronchi (black asterisks): however, visualized segmental vessels are the same (white arrows).
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A B

Fig. 2. SSc-ILD, left lung: ground glass opacities on CT and UTE.

CT areas of ground glass opacities (A) may be easily recognized and quantified on UTE (B)
Legend

SSc: Systemic Sclerosis; ILD: Interstitial Lung Disease; CT: Computed Tomography; GGO: ground glass opacity

UTE: Ultrashort Echo Time Spiral VIBE MRI sequence

The first paper that investigated the use of UTE in ILD extent assessment on SSc patients*® used a
2D BH half-Fourier single-shot TSE sequence. This 2D sequence showed high sensitivity to detect
SSc-ILD, but it was less reliable in evaluating disease extent. Generally, UTE sequences help to
overcome the technical limits of MRI in the lung study by enabling both high signal-to-noise ratio
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and high-resolution 3D lung morphological imaging. In fact, UTE sequences reduce the minimum
time needed to cover k-space using a non-selective RF pulse. In particular, standard Cartesian phase
encoding and Spiral sampling in-plane encoding is performed in UTE Spiral VIBE studied by us**.
Previous studies found good agreement of UTE sequences with CT in ILD detection****, but none of
these assessed the ability to quantify disease extent. The current study is the first one, as far as we
know, that demonstrated the agreement between UTE sequences and CT in SSc-ILD extent
evaluation.

Moreover, UTE Spiral VIBE acquisitions did not exceed 8 minutes’ duration in our study and only 5%
of them (3/54) were discarded for motion artefacts. This was a relevant result, as short scan time is
pivotal in dyspneic patients, such those with SSc-ILD*®. Our Spiral VIBE exploits an improved
automated respiratory gating that should make the scan more robust against motion artefacts than
a previous zero-TE version, namely PETRA (Pointwise-Encoding-Time-Reduction-Radial-Acquisition).
In fact, PETRA relies on navigator positioning with possible steady state interruption and longer
acquisition time, depending on required resolution and actual breathing pattern of patients**.

We also observed high sensibility and positive predictive value of UTE in ILD diagnosis, but
intra/inter-reader agreements were lower than CT, for such task. As a matter of fact, especially in
mild or no ILD, the assessment of lung parenchyma in expiration could have artificially increased the
detection of GGO. The lung parenchyma in expiration has higher signal for partial collapse
(atelectasis), especially in the dependent peripheral lung regions, that may be also the zones
primarily affected by SSc-ILD3. This could justify the readers’ discrepancy, since dependent GGO
due to mild interstitial disease may be misinterpreted as partial alveolar collapse (atelectasis) and
vice versa, as well as it is reasonably the issue that lies behind UTE false negatives and false positives

against CT (Figure 3).
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A B

Fig. 3 SSc-ILD, right lung: false positive of ILD diagnosis on UTE.

CT (A) shows absence of ILD, but dependent atelectasis on UTE (B) may be interpreted as ground glass
opacities due to ILD.

Legend

SSc: Systemic Sclerosis; CT: Computed Tomography; UTE: Ultrashort Echo Time Spiral VIBE MRI sequence; ILD:

Interstitial Lung Disease

To overcome this problem, UTE could be acquired at full inspiration as recently shown by Veldhoen
et al.#’. They achieved the best spatial and temporal resolution compromise with a breath-hold UTE
of 2.3 mm (isotropic voxel) for a mean scan time of 115 seconds obtained with 5 breath-holds to
cover the entire thorax. However, the setting proposed by Veldhoen et al.*’ requires a significant

effort to the patient providing anyhow a spatial resolution lower than CT, since inspiration and small
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voxel size could reduce lung signal affecting ILD evaluation. Nevertheless, considering the good
performance in quantifying ILD and GGO extent, UTE could be now tested to monitor disease
progression, especially in young patients with ascertained ILD and GGO as the predominant feature.
In the clinical setting, a good policy to improve UTE diagnostic accuracy could be to acquire a
baseline MRl scan at the same time of CT. Then, in selected subjects, MRI could be alternated to CT,
adapting an imaging scheme adopted for other chronic lung diseases, such as cystic fibrosis*.
However, further studies are needed to confirm this hypothesis.

On the other hand, RET analysis in UTE sequences was scarcely reliable. Air-filled alveoli tend to
reduce lung signal® and might make the identification of thickened septa very challenging.
Moreover, adjacent or superimposed areas GGO, due to ILD or partial alveolar collapse, could

partially hide septal thickening (figure 4). Thus, the assessment of fine RET extent remains a

limitation of chest MRI, even with UTE sequences.

Fig. 4 SSc-ILD, particular of the right lung: UTE are less reliable in RET assessment.
On UTE (B) RET, that are easily recognizable on CT (A), may be misinterpreted because of partially
collapsed alveoli in free breathing acquisition.

Legend
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SSc: Systemic Sclerosis; CT: Computed Tomography; UTE: Ultrashort Echo Time Spiral VIBE MRI

sequence; ILD: Interstitial Lung Disease; RET: reticulations

Moreover, we decide to test the feasibility of DCE-MRI analysis, as proposed by Yi et al., trying to
identify pattern of prevalent inflammation, manifesting as an early enhancement pattern, or
prevalent fibrosis, manifesting as a no-peak of enhancement or a delayed enhancement. The
contrast evaluations demonstrated good intra- and inter-reader agreements, proving to be feasible,
even if a few patients accepted to perform DCE-MRI, maybe for the length of the entire protocol.
One chance could be perform only DCE-MRI in patients with ascertained ILD, with the only purpose
of adding functional data on morphologic CT evaluation. However, our preliminary results suggested
that fibrosis is quite always present in SSc-ILD (Figure 5), while predominant inflammatory ILD are
uncommon. Considerations on the effects of therapy were out of the aim of this work and we did
not correlated the MRI findings with therapeutic status. However, we could hypothesize that the
immunosuppressive therapy may reduce inflammatory components of ILD but, on the other hand,
that ILD alterations may rapidly turn into fibrotic alterations. This is in line with the recent attempts
to test antifibrotic drugs, that are accepted as the main therapy in idiopathic pulmonary fibrosis,
also for secondary ILD*°, assuming that a fibrotic component may be one more therapeutic target.
Thus, we confirm a potential role of MRI in providing additional that may support the therapeutic

strategy in SSc-ILD.
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Fig. 5 SSc-ILD, DCE-MRI, VIBE contrast enhancement evaluation (1, 3, 5 and 10 minutes after contrast

administration): delayed enhancement.

Images acquired 1, 3, 5 and 10 minutes after contrast administration did not show any peak of enhancement
in ILD alterations. This pattern is consistent with a delayed enhancement, related to the presence of fibrosis.
Legend

SSc: Systemic Sclerosis; VIBE: Volumetric Interpolated Breath-hold Examinations; ILD: Interstitial Lung Disease;

RET: reticulations

Strengths of our study included the same-day acquisition of CT and MRI, as well as the CT QA analysis.

However, we have to acknowledge some limits. Firstly, anatomical levels for sQA could have slightly
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differed between full inspiration on CT and free breathing scans on UTE. However, sQA performed
in the current study is a sampling method that should be representative of the whole lung
parenchyma®®, and small differences in anatomical levels (figure 2) should not be so relevant in
guantifying a diffuse lung disease such as SSc-ILD. Moreover, we tested UTE also against CT QA, that
is a whole lung parenchyma evaluation, and we obtained similar results than against CT sQA. To
avoid the possible levels mismatch in sQA, one solution could have been a whole lungs visual
evaluation for both CT and UTE. However, among visual ILD scoring systems that are usually
considered for SSc, if the whole parenchyma is evaluated by the analysis of each lobe, the total score
is based on wider ranges of involvement percentage (i.e. assigning one point for each 25%, per each
lobe)*°: this scoring system, in our opinion, may result in a more approximated quantification. On
the other hand, assessing the whole lobes to the nearest 5% of involvement would be really
challenging and scarcely feasible in a clinical setting. Secondly, the low extent of HC on CT images
made difficult to assess the full diagnostic potential of UTE for this kind of alterations, being HC less
common than GGO combined with RET in SSc-ILD3. Lastly, the small amount of patients with ILD and
contrast administration did not allow to extrapolate data that may allows general considerations on

the prevalence of inflammation and/or fibrosis in SSc-ILD population.
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5. CONCLUSIONS

The respiratory triggered Spiral VIBE MRI sequence is a reliable imaging tool in ILD and GGO extents
analysis in SSc-ILD patients, although it may suffer of a low inter-reader agreement in mild ILD
diagnosis. On the other hand, RET extent assessment remains challenging for this MRI sequence. A

dynamic CE MRI analysis is feasible and could add information on inflammatory ILD activity.
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