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Magnetic resonance imaging (MRI) has been emerging as an imaging modality to assess interstitial lung diseases
(ILD). An optimal chest MRI protocol for ILDs should include non-contrast breath-holding sequences, steady-
state free-precession sequences, and contrast-enhanced sequences. One of the main MRI applications in ILDs is
the differentiation between areas of active inflammation (i.e. reversible stage) and fibrosis. Alveolitis presents
high signal intensity on T2-weighted sequences (WS) and early-enhancement on contrast-enhanced MR se-
quences, while fibrotic-predominant lesions present low signal and late-enhancement in these sequences, re-

spectively. MRI can be useful in connective tissue diseases, idiopathic pulmonary fibrosis, and sarcoidosis. The
aim of this state-of-the-art review was to perform a state-of-the-art review on the use of MRI in ILDs, and propose
the optimal MRI protocols for imaging ILDs.

1. Introduction

Interstitial lung diseases (ILD) are a heterogeneous group of dis-
orders characterized by diffuse damage of the lung parenchyma, af-
fecting mainly the most peripheral and delicate interstitium in the al-
veolar walls [1-3]. There are more than 200 ILDs described, including
infectious, immunologic, environmental, toxic and genetic mechanisms,
whereas an etiological agent cannot be identified in many ILDs [1-4].

Diffuse ILDs mostly encompass inflammatory processes of the lung
interstitium, which comprehends the space between the epithelial and
endothelial basement membranes [1,4-6]. However, these disorders
frequently affect not only the interstitium, but the airspaces, peripheral
airways, and vessels along with their respective epithelial and en-
dothelial linings [5,6]. A repeated injury may lead to progressive in-
terstitial fibrosis, either in the form of abnormal collagen deposition or

proliferation of fibroblasts capable of collagen synthesis [1,7]. Re-
gardless of the underlying etiology, lung fibrosis is considered an irre-
versible process, representing a cardinal feature of many ILDs [4-6].
Significant pulmonary fibrosis compromises respiratory function and
may lead to respiratory failure and death if the injury continues with
progressive amount of fibrosis.

Computed tomography (CT) has been the gold standard imaging
method for ILDs evaluation. As clinical presentation and histopatho-
logic patterns can show significant overlap in ILDs, and significant
heterogeneity of disease throughout the lung may be present, chest CT
is considered critical tool in the initial evaluation of ILDs [8,9]. How-
ever, CT is associated with ionizing radiation exposure, what should be
a concern especially for patients with ILD as multiple CT scans might be
necessary through the chronic course of these pathologies.

With recent technical developments, magnetic resonance imaging
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(MRI) has been emerging as an imaging modality to assess the chest.
Combining functional and morphological information, MRI has been
arising as a radiation-free alternative, comparable to CT in many in-
stances [10,11]. However, evidence available in the literature is weak
for the use of MRI in the assessment of ILD [12]. The aim of this study
was to perform a state-of-the-art review on the main applications of
MRI in ILD, and discuss the optimal MRI protocols for evaluating these
diseases.

2. Chest MRI protocol

A standard chest MRI protocol is mainly based on non-contrast
breath-holding sequences and takes approximately 15min [13]. The
imaging protocol usually begins with a gradient echo (GRE) localizer
during inspiration (two-dimensional fast low-angle shot, 2D-FLASH).
After this localizer sequence, a coronal T2-weighted is usually the first
sequence to be acquired using single shot techniques (e.g., Half-Fourier
Acquisition Single-shot Turbo spin Echo imaging, HASTE, by Siemens;
Single-shot fast spin echo, SS-FSE, by General Electrics, GE) [13,14].
T2-weighted HASTE is useful to demonstrate pulmonary infiltrates,
mucus and fluid accumulation and inflammatory bronchial thickening.
Air-space infiltrates are demonstrated as hyperintense areas on the T2-
weighted images contrasting against the dark background of the normal
lung parenchyma [11]. Fast T2-weighted spin-echo sequences with re-
spiratory triggering are a reasonable alternative to patients that cannot
cooperate or breath-hold [15-17]. Following T2-HASTE, a transverse
T1-weighted sequence is obtained using spoiled three-dimensional (3D)
GRE (e.g., volumetric interpolated breath-hold examination, VIBE, by
Siemens). T1-3D-GRE is helpful for the evaluation of pulmonary no-
dules, masses, consolidations, and mediastinum [13]. However, T1-GRE
images do not provide enough information about infiltrative processes
for diagnostic purposes [14].

Afterwards, a steady-state free-precession GRE sequence may be
acquired during free breathing (e.g., true fast imaging with steady-state
precession, TrueFISP, by Siemens; fast imaging employing steady-state
acquisition, FIESTA, by GE; balanced fast field echo, balanced-FFE, by
Philips). Steady-state free-precession acquisitions have advantage over
some single-shot fast spin echo sequences, such as HASTE, due to
shorter echo and acquisition times, lower sensitivity to motion artefacts
and mixed T2/T1 contrast weighting [18]. In a study that used a two-
dimensional balanced steady-state free-precession sequence, MRI re-
vealed a sensitivity of 89% in the identification of pulmonary fibrosis,
depicting 75% of ground-glass opacities, 67% of traction bronchiectasis
and 45% of cystic fibrosis [18]. TrueFISP sequences also can display
lung vessels with excellent contrast, and several studies have demon-
strated a great accuracy in the detection of pulmonary embolism
[19-22]. As patients with ILDs are at higher risk for PE, the inclusion of
a steady-state sequence is recommended [23,24].

The standard protocol can be extended to included contrast-en-
hanced sequences. Post-contrast scans markedly improve the diagnostic
yield of 3D-GRE sequences by clearer visualization of vascular and hilar
structures, pleura, and solid nodules/masses. Contrast-enhanced images
are also helpful to characterize lung fibrosis represented by late-en-
hancement areas in T1-weighted 3D-GRE acquisitions from 1 to 10 min
after contrast administration [6,25-27]. T1-weighted 3D-GRE se-
quences with the use of parallel imaging and echo sharing allow for
short acquisition times of approximately 1.5s for a 3D dataset (so-called
4D or 3D + t) needed to visualize perfusion during the peak en-
hancement of the lung parenchyma [13].

In patients with ILDs at moderate-advanced stages, breath-hold
might be problematic, and some techniques to prolong breath-hold may
be necessary, such as the use of nasal canulla for oxygen delivery, hy-
perventilation of the patient before sequence acquisition, and reduction
in the number of phase encoding steps of the sequence [27]. Parallel
imaging techniques are recommended as they allow substantial im-
provement in image acquisition speed by using arrangements of
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multiple coils to acquire additional information along the phase en-
coding direction [13,14]. When parallel imaging techniques are not
available, multi-breath hold acquisitions can be used instead. ECG is not
required on a routine basis, but ECG-triggered sequences can be
planned when it is necessary to enhance details of structures close to
the heart. Half-Fourier acquisition or ultra-short echo times (UTE) are
recommended [28]. UTE sequences can limit signal decay and produce
high signal-to-noise and high-resolution images. Using a UTE of 192 ps,
Ohno and colleagues found an excellent diagnostic performance of MRI
in the identification of ILD and/or pulmonary fibrosis, with no sig-
nificant difference compared to standard or low-dose CT [29].

Another sequence using UTE that has been investigated for chest
MRI is the pointwise encoding time reduction with radial acquisition
(PETRA) sequence, which is a noiseless prototype hybrid approach to
UTE three-dimensional imaging capable of achieving the shortest pos-
sible encoding time for a given imaging unit [30,31]. Dournes et al.
investigated the use of PETRA sequence with respiratory gating in
healthy lung MR imaging compared to conventional T1-weighted VIBE
and found significant differences in the visibility of fine lung structures,
such as lung fissures, bronchi, and small vessels [31]. Despite sig-
nificantly higher cardiac and respiratory motion artefacts with PETRA,
all bronchi could be visualized up to the sub-segmental generation in
this sequence, whereas conventional VIBE segmental could only iden-
tify all bronchi up to the lobar generation [31]. The authors also in-
cluded three patients with cystic fibrosis and found a 100% agreement
between the CT and PETRA-MR images, despite motion artefacts due to
moderate-severe dyspnea [31]. However, till now, the PETRA sequence
has not been investigated in ILD.

Chest magnetic resonance elastography (MRE) is another technique
that has also been studied as a promising biomarker of ILDs. This non-
invasive technique can quantify the topographical distribution of shear
stiffness in tissues and is already widely used in the assessment of liver
fibrosis [32]. In a study by Marineli et al., MRE could quantitatively
differentiate healthy controls and patients with ILDs, as the par-
enchymal shear stiffness was increased in fibrotic zones of the lung at
both the residual volume and the total lung capacity (Fig. 1) [33].

3. Evaluation of inflammation and fibrosis predominant lesions

Many ILD have a clinical course characterized by an alternation of
acute exacerbations and chronic stable disease, with variable degrees of
inflammation and fibrosis [1,6,25]. Differentiation of inflammation and
fibrosis-predominant lesions is important to predict prognosis of ILDs
which could determine specific target-treatments. The presence of al-
veolitis in ILDs, a marker of active disease, could predict response to
treatment with immunosuppressive or anti-inflammatory drugs, while
fibrotic changes are irreversible. At high-resolution CT, areas of active
inflammation and fibrosis can have similar patterns, presenting as
ground-glass opacities for example, and lung biopsy might be required.

Usually, lesions with high metabolic activity, such as inflammation
and tumors, are associated with high water content within the tissues.
For this reason, active alveolitis could be demonstrated on T2-weighted
MRI as areas of high signal, whereas fibrotic-predominant lesions
would present a low signal (Figs. 1 and 2). The presence of high signal
intensity lesions has been reported as a helpful predictor of treatment
response and prognosis [34].

Contrast-enhanced MRI sequences are also useful in the evaluation
of ILDs. In previous series, early-enhanced lesions were an accurate
indicator of active disease, while late-enhancement was a characteristic
of fibrotic-predominant lesions [25,27,35]. Molecules of gadolinium
can freely diffuse across the capillary's endothelium into the extra-
vascular spaces of lung interstitium and later reenter the intravascular
space [36,37]. Inflammatory-predominant lesions present an increased
extravascular interstitium volume and increased angiogenesis, what
would explain the earlier and faster enhancement on MR images com-
pared to normal lung interstitium [25]. On the other hand, late-
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enhancement associated with fibrotic-predominant lesions might be a
result of the destruction of the lung interstitium microvasculature due
to fibrosis, impairing contrast washout (Fig. 3). In a recent proof-of-
concept study, Lavelle et al. tested a segmented inversion-recovery
turbo low-angle shot MRI sequence (turboFLASH) to evaluate lung fi-
brosis, adjusting the inversion times individually to null the blood pool
in the pulmonary artery, hence nulling the signal from contrast within
the pulmonary circulation. They found significantly higher late-en-
hanced MRI signal for lung fibrosis, presenting a 204.8% higher signal
compared to the normal lung [27].

4. Magnetic resonance imaging in specific interstitial lung
diseases

4.1. Connective tissue diseases

Several connective tissue diseases (CTD) can course with lung in-
volvement, such as systemic lupus erythematosus, rheumatoid arthritis,
systemic sclerosis, Sjogren syndrome, dermatomyositis, polymyositis,
and mixed connective tissue disease [38,39]. ILD usually is the most
common pulmonary complication in CTD and can be the first compli-
cation of these diseases, preceding in years other manifestations
[38,39].

Parenchymal pulmonary abnormalities found in CTD-related ILDs
(CTD-ILD) are classified with the same pathologic-radiologic system
than other ILD [40]. Non-specific interstitial pneumonia (NISP) and

/
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Fig. 1. 61-year-old woman with non-specific inter-
stitial pneumonia. high-resolution CT (HRCT) axial
(A) and coronal (B) images demonstrate diffuse re-
ticulation and traction bronchiectasis, and mild
ground-glass opacities in the left upper lobe. In the
MRI, the corresponding areas of ground-glass opa-
cities are seen as hyperintense lesions in the axial T2-
weighted sequence (C). In the T1-weighted post-ga-
dolinium sequence, these areas demonstrate an early
enhancement (arrowheads) in the early acquisitions
(D) most likely zones of active inflammation, which
were further confirmed through left upper lobe
biopsy. Combined MRI magnitude and elastogram
axial images (E) demonstrate an increased par-
enchymal shear stiffness in the areas of fibrosis.

usual interstitial pneumonia (UIP) are the most common patterns de-
scribed in patients with CTD-ILD [41]. In NISP, both interstitial in-
flammation and fibrosis can occur at the same time [42] (Fig. 4). MRI
has also been shown to accurately detect inflammation areas within
lung tissue of patients with systemic sclerosis with great agreement
with CT findings [43] (Fig. 5). In a study by Pinal-Fernandez et al., MRI
presented an area under the curve of 0.96 to detect ILD in systemic
sclerosis, also presenting good intra- and inter-reader agreement and
good significant correlations to forced vital capacity, diffusing capacity
of carbon monoxide, and HRCT [44].

The use of quantitative MR imaging in patients with CTD-related
ILD has also been investigated. In a 3T scanner, Ohno et al. used echo
times lower than 100 ps, minimizing the signal decay due to short
transverse relaxation time (T2/T2 star [T2*]) [42]. The authors found
significantly higher T2* values in patients with CTD-ILD compared to
normal controls with significant correlations to pulmonary function
tests and serum levels of KL-6 (a marker of pneumonitis) [42]. These
results suggested that quantitative MRI might be as effective as thin-
section CT for assessment of disease severity in terms of pulmonary
involvement in CTD patients [42]. In a study by this same research
group, the authors also found oxygen-enhanced MRI to be as useful as
thin-section CT for pulmonary functional loss and disease severity as-
sessment of CTD patients with ILD [45].

Fig 2. 47-year-old man with rheumatoid arthritis.
High-resolution CT image (A) shows mild subpleural
interlobular septal thickening. T2-weighted MRI (B)
shows mild hyperintense areas along with the sub-
pleural interlobular septal thickening, which were
further confirmed as active inflammation in histo-
pathology. These findings could also be seen in the
PETRA sequence (C), despite the known limitation of
this MRI sequence in susceptible areas to respiratory
motion, such as the lung bases.
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Fig 3. 64-year-old man with idiopathic pulmonary fibrosis. CT axial image (A)
and T1-weighted VIBE post-gadolinium images (B) demonstrate late enhance-
ment in the subpleural zones of lung fibrosis.

4.2. Idiopathic pulmonary fibrosis

The most common form of idiopathic interstitial pneumonia is
idiopathic pulmonary fibrosis (IPF). The main imaging modality in IPF
is HRCT which plays an essential role in the initial assessment of sus-
pected IPF, considerably influencing subsequent management deci-
sions. The primary role of HRCT is to distinguish chronic fibrosing lung
diseases with a UIP pattern from those presenting a non-UIP pattern,
suggesting an alternative diagnosis when possible [46]. The presence of
a typical UIP pattern on HRCT in the absence of any evidence for an
alternative etiology for the ILD is enough for the diagnosis of IPF [47].
In the absence of a typical UIP CT pattern, surgical lung biopsy is ad-
vised for the final diagnosis [47]. However, lung biopsy is an invasive
procedure, and associated mortalities rates from 2% to 7.1% have been
reported in ILDs [48,49].

Thus far, evidence on the use of chest MR imaging in IPF is weak
[50]. Some studies have investigated MRI as a complementary tool to
HRCT that could possibly provide more data to obviate the need for
invasive diagnostic procedures. A case with typical UIP HRCT pattern
and the corresponding MR images demonstrating the honeycombing
and reticulation is shown in Fig. 6. In a series with patients with pa-
thologically proven UIP and nonspecific interstitial pneumonia (NSIP),
quantitative MRI findings were able to differentiate active-in-
flammatory and stable-fibrotic lesions in NSIP [26]. In NSIP, patients
with suspected inflammatory activity presented significantly higher T2
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Fig 4. 58-year-old man with CTD-related ILD. HRCT axial image (A) demon-
strates a probable usual interstitial pneumonia pattern with subpleural re-
ticulation and traction bronchiectasis. T2-weighted BLADE image (B) shows
areas of hyperintensity in the right lower lobe, which were confirmed as in-
flammatory lesions in histopathology. After a three-month course of anti-in-
flammatory drugs, the findings remain mostly unaltered in the HRCT control
scan (C), while in the MRI control scan (D) the hyperintense areas previously
seen are resolved.

Fig 5. 80-year-old woman with systemic sclerosis. Active-inflammatory biopsy-
confirmed pulmonary lesions in the lower lobes presenting hyperintensity in
T2-weighted BLADE MRI (A) and ground-glass opacities in the HRCT scan (B).

Fig 6. 61-year-old man with idiopathic pulmonary fibrosis. HRCT axial image
(A) shows a typical usual interstitial pneumonia pattern with reticular opacities
with subpleural and basal predominance and honeycombing. The corre-
sponding T2-weighted MRI (B) also shows the same findings. Note that it is not
possible to find any hyperintense active-inflammatory lesion that could re-
present a reversible stage of the disease.

relaxation times and proton density values than those with stable dis-
ease. However, these parameters were not able to differentiate UIP and
NSIP individually, and the only significant difference between these
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two patterns on proton densities was for advanced lesions with dorsal
location [26]. The authors hypothesized that air-containing cystic le-
sions in UIP such as honeycombing would contribute to a lower proton
density in a dorsal distribution of the lungs.

A promising modality that can reveal subtle changes in lung ven-
tilation and microstructure is MRI with hyperpolarized gases, such as
helium (°*He MRI) or xenon (}>°Xe MRI) [51]. Historically, one of the
major drawbacks of lung MRI has been the much lower density of hy-
drogen protons in the lungs compared to other anatomical structures,
limiting the signal available for MRI. Hyperpolarization of external
gases, such as *He and '*°Xe, increase their magnetization, allowing
them to work as gaseous contrast media to image the airways and
airspaces [52]. Although *He MRI has been studied for diseases such as
chronic obstructive pulmonary disease, asthma, and cystic fibrosis, the
use of *He MR imaging is not economically sustainable due to *He low
availability and high costs, with prices per liter varying from $800 to
$2000 [52-56]. On the other hand, MRI hyperpolarized with '>°Xe has
been demonstrated to be a well-tolerated and fast technique, allowing
evaluation of the gas uptake in the microstructures of the lungs. 12°Xe
present different resonance frequency shifts for every tissue it crosses
through diffusion in the alveoli (alveolar epithelial cells, interstitial
tissues, capillary endothelium, plasma, and capillary red blood cells
(RBCQ)), which can be measured on MR spectroscopy [52,57-59]. Due to
these proprieties, >°Xe MRI has been studied for IPF assessment, pro-
viding both structural and functional information on fibrotic change
and gas exchange [60-62]. In a study by Wang et al., the authors found
that the ratio of the signal from the '?°Xe uptake in RBCs by the signal
of the gas uptake in the alveoli barrier was significantly reduced in
patients with IPF, reflecting interstitial thickening and poor gas transfer
to RBCs [61]. Moreover, the 12°Xe indices were correlated to monoxide
carbon diffusion factor (DLco), a direct marker of global gas exchange
used in the assessment of ILDs, suggesting that both techniques reflect
similar underlying gas exchange pathophysiology RBCs [61]. Likewise,
Weatherley et al. also found similar correlations, sensitive to long-
itudinal changes in IPF in a follow-up period of 12 months, demon-
strating that 12Xe MR spectroscopy maybe could be useful for diag-
nosing and monitoring IPF disease progression [62].

4.3. Sarcoidosis

Sarcoidosis is an inflammatory autoimmune multisystemic condi-
tion with diffuse collections of noncaseating granulomas throughout the
body. In most cases, the disease affects the lungs (> 90% of patients)
and the lymphatic system (about one-third of cases) [63,64]. The di-
agnosis of sarcoidosis is usually done as a diagnosis of exclusion when
no other identifiable cause of granulomatous inflammation can be
found, such as mycobacterial and atypical mycobacterial disease and
some lung mycoses, such as coccidioidomycosis and histoplasmosis
[65]. Non-caseating granulomas with epithelioid and giant cells are the
histological hallmark of sarcoidosis [64,65]. On imaging, pulmonary
sarcoidosis usually presents as perilymphatic nodularity commonly
with symmetric hilar and mediastinal lymphadenopathy, and in chronic
cases, lung involvement can progress to fibrosis [64,66,67]. HRCT is
one of the main imaging modalities in sarcoidosis, as it is the standard
for assessment of pulmonary findings, lung fibrosis, and mediastinal
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Fig 7. 42-year-old woman with pulmonary sarcoi-
dosis. Non-contrast HRCT axial images (A and B)
show reticulation, nodules, masses, and mediastinal
lymphadenopathy. The same findings can be seen as
hyperintense areas in T2-weighted BLADE (C). The
enlarged calcified lymph node located in the right
lower paratracheal station presents a hypointense
core with a thin rim of hyperintensity in the T2-
weighted MRI (arrow), characterizing the “dark
lymph node sign”.

lymph nodes [66,67]. HRCT presents better efficacy in assessing subtle
parenchymal modifications even in the early stages of sarcoidosis that
may be unnoticed in chest radiographies [66,67].

As sarcoidosis is a chronic disease with an early onset age, between
25 and 40 years, many patients will undergo several imaging in-
vestigations, raising concerns on cumulative exposure to ionizing ra-
diation [63,64]. As a radiation-free alternative, chest MRI applications
in sarcoidosis have been widened in the previous years. Studies have
reported a good correlation between MRI and HRCT in pulmonary
sarcoidosis [66,68,69]. In a study by Chung et al., MRI was comparable
to HRCT in the assessment of parenchymal opacification and reticula-
tion in sarcoidosis [66] (Fig. 7). However, MRI sensitivity for nodules
evaluation and fine reticulation was lower, a limitation that might have
occurred due to the inherent lower spatial resolution of MRI and the
acquisition protocol adopted in the study, non-optimal for nodules as-
sessment on MRI [13,66,70]. In a study using late-enhanced chest MRI
with individual nulling of the pulmonary blood pool signal (turbo-
FLASH sequence), MRI could detect and determine the extension of
fibrotic pulmonary sarcoid, accurately comparing to the anatomical
characterization on HRCT [69].

Another advantage is that MRI can accurately detect subtle en-
hancement and necrosis within mediastinal and hilar lymphadenopathy
(Fig. 8). Presence of necrosis within mediastinal and hilar lymph nodes
is a feature commonly found in tuberculosis but not in sarcoidosis, what
can help in the differential diagnosis [67]. A characteristic MRI ap-
pearance of lymphadenopathy in sarcoidosis has been described in the
literature as the “dark lymph node sign” [71]. This feature represents
hilar and mediastinal lymph nodes with an internal hypointensity and
peripheral rim of hyperintensity on T2-FSE (BLADE) and post-gadoli-
nium 3D-GRE (VIBE) images (Fig. 7). The dark lymph node sign was
present in up to 49% of patients with sarcoidosis and probably corre-
sponds to areas of central nodal fibrosis [71].

5. Summary

In this state-of-the-art review, we have discussed several applica-
tions of MRI in the evaluation of interstitial lung diseases, such as CTD,
IPF, and sarcoidosis. Despite still being mostly restricted to research
purposes, the field of use of MRI in thoracic imaging continuously in-
creases with recent improvements of acquisition techniques and

™

Fig 8. 37-year-old man with pulmonary sarcoidosis. MR images show enlarged
lymph nodes in the subcarinal and hilar regions, presenting low signal intensity
in T2-weighted BLADE (A) and prominent homogeneous enhancement in T1-
weighted VIBE post-gadolinium (B).



L. Longetti, et al.

imaging resolution. Although more robust evidence is needed, MRI will
very likely start to be featured in the management of interstitial lung
diseases.
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