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Abstract

Purpose of Review Magnetic resonance imaging (MRI) has robust soft tissue characterization capability which was previously
limited to evaluation of the mediastinum, cardiac, and chest wall imaging. MRI has now progressed from an experimental tool to
complementary and alternate radiation free imaging modality for optimal identification and comprehensive evaluation of the lung
parenchyma including structural, functional, and real-time imaging covering lung nodules/masses, infections, interstitial lung
disease, airway diseases, and vascular and pleural abnormalities.

Recent Findings Recent use of fast imaging techniques and respiratory gating has overcome several of the previously reported
MRI technical difficulties such as respiratory, cardiac and diaphragmatic motion, as well as susceptibility related to air tissue
interface in the lungs.

Summary MRI is a viable tool to the imaging armamentarium for the identification and characterization of pulmonary paren-
chymal abnormalities, providing complementary diagnostic information to computed tomography (CT), improving the non-
invasive diagnostic accuracy and problem-solving for indeterminate lesions.

Keywords Pulmonary MRI - Lung MRI - Pulmonary nodule - Diffusion pulmonary MRI

Introduction

Computed tomography (CT) is the workhorse of thoracic imag-
ing and extensively used for pulmonary parenchymal, airway,
and vascular disease. However, the major drawback is radiation
and lack of soft tissue characterization even at times with contrast
on board [1-4]. This is further exacerbated by the different prac-
tices among medical centers, particularly in terms for over-
scanning in chest CT, which can result in increased effective
and organ radiation dose [5]. Historically, pulmonary magnetic
resonance imaging (MRI) has been sparsely utilized with limited
role of pulmonary parenchyma due to numerous technical diffi-
culties in the early developments [6, 7].

Tremendous improvements in MRI techniques including par-
allel imaging, ultrafast sequences, and respiratory and cardiac
gating have made possible the routine use of MRI in clinical
practice for the evaluation of pulmonary parenchymal
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abnormalities. In addition to being a viable alternative to ionizing
imaging modality, MRI has several advantages such as its ability
to provide structural and functional information due to inherent
and exquisite soft tissue resolution. MRI can aid in tissue char-
acterization as a non-invasive alternative to biopsy to help guide
medical management [8, 9]. In this paper, we will discuss appli-
cations and use of MRI in pulmonary imaging.

Pulmonary MRI Technique

A combination of sequences with different weighting is used to
identify specific tissue properties like the presence of fat (fat
suppressed sequence), hemorrhage (fat suppressed), cellularity
(diffusion), and flowing blood (steady-state). This allows for
diagnosis, assessing treatment response/recurrence in malignant
lesions, evaluating pulmonary thromboembolism and as a
problem-solving tool in some indeterminate lesions [9, 10].
Several questions regarding MRI chest technique are addressed.

Field Strength of Magnet

Higher field strength magnets, 3T, have been employed for
chest imaging which provides the potential benefit of better
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signal-to-noise ratio and improved temporal resolution.
Imaging at higher field strength does come at a cost particu-
larly increased artifacts associated with susceptibly and field
heterogeneity [10e, 11]. Nevertheless, chest MRI for evalua-
tion of pulmonary parenchyma can be reliably performed on
1.5T scanners with satisfactory image quality [10e, 12¢¢].

MR Imaging Protocol

Based on a consensus from an expert panel, Biederer et al.
proposed and recommended a lung MRI protocol. This in-
cludes T2-weighted images (T2WI) with and without fat sat-
uration and inversion recovery techniques to identify infil-
trates and nodules with high fluid content. A 3D gradient echo
T1-weighted images (T1WI) fat suppressed pre- and post-
contrast sequence to identify nodules/lesions with high
T1WI signal and to evaluate the perfusion characteristics of
malignant lesions [12¢¢]. High-resolution pulmonary angiog-
raphy with 3D gradient echo T1WI sequence along with first
pass perfusion for evaluation of pulmonary embolism and
arteriovenous malformations. In patients with poor renal func-
tion, balanced steady-state free precision can be used to eval-
uate the pulmonary vasculature instead of administering con-
trast (Fig. 1) [13].

Evolving Role of Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) was initially used in neu-
roradiology for stroke imaging, but its applications have
broadened since its advent in body imaging as it requires no
contrast and can be obtained with multiple and single breath
hold [14, 15]. DWI technique investigates diffusion of water
molecules within tissues [10e, 15]. This has a wide variety of
application in body imaging.

In our practice, we have used DWI has a screening tool to
identify and characterize lesions. Current studies are investi-
gating the role of DWI in differentiating benign from

Fig. 1 Coronal MIP (maximum intensity projection) image of normal
pulmonary arterial vasculature, similar to conventional angiography

@ Springer

malignant lesions with variable results [16]. In a meta-
analysis of DWI for the differential diagnosis of lung lesions,
Chen et al. concluded that DWI is a non-invasive, accurate
technique for distinguishing benign from malignant lung le-
sions but requires further large-scale studies for standardiza-
tion of the technique and cut off values [17¢]. Further utility of
DWI in the evaluation of treatment response and recurrent
tumor in the lung is also being explored [15, 16]. The feasi-
bility of DWI in detecting pulmonary embolism (PE) has been
studied and has been shown to have high sensitivity but cur-
rently lacks specificity [18].

Challenges in Thoracic MRI

Several limitations have been described in the literature
preventing widespread utilization of thoracic MRI. Air-filled
lungs pose a great challenge in pulmonary MRI due to local
field heterogeneities resulting in susceptibility MRI artifacts;
however, newer techniques relying on ultrafast echo time can
overcome this hindrance [10¢]. Currently, we can evaluate
interstitial abnormalities with great detail allowing for accu-
rate parenchymal diagnoses. Air-filled lungs are devoid of
protons resulting in inherent lack of signal, previously thought
to be a drawback, which has been found to be advantageous
when evaluating space occupying lesions such as neoplasms
or pneumonia that result in increased number or protons on
T2WI [8, 10¢].

Respiratory and cardiac motion has been a cited as a major
shortcoming in interpreting thoracic MRI. While breath hold
images can help overcome these issues, it is not feasible to use
such techniques in chronically and critically ill patients.
Respiratory and cardiac gating techniques along several other
acquisition approaches have now overcome this limitation
[10e, 19, 20]. Motion-resistant fluid sensitive sequences, such
as T1-weighted imaging with and without fat saturation and
steady-state free precision sequences, provide valuable infor-
mation in those instances.

Lung Function Analysis

To evaluate lung function, pulmonary MRI using
hyperpolarized inert gases have been studied. This is emerg-
ing as a clinical tool for the regional assessment of pulmonary
function as opposed to global evaluation with spirometry and
plethysmography. This is particularly helpful in early stages
when the pulmonary abnormalities are regional and not evi-
dent on conventional testing [21].

Initial research used helium (He 3+) gas; however, with
reduced availability and higher cost, it is now being replaced
by xenon (Xe 129) gas. Other gases have also been explored
including hyperpolarized oxygen (100% pure oxygen) and
perfluorinated gases (sulfur hexafluoride, hexafluoroethane,
perfluoropropane). Hyperpolarization of gases increases their
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magnetization so that the gases can be used as contrast agents
to image the airways and airspaces by increasing the T1 signal
and decreasing the susceptibility effects [21, 22].

Subjects inhale about 0.5-1 L of hyperpolarized gas, and
images are acquired in a single breath hold for ventilation-
weighted and diffusion-weighted imaging. Ventilation maps
shows areas with decreased ventilation as lacking enhance-
ment which can be used to calculate the ventilation defect
percentage (VDP)—defined as non-ventilated lung volume
normalized to normal lung volume. Ebner and colleagues pro-
posed the semiautomated linear binning model as a more ob-
jective way to quantify ventilation defects to reduce the oper-
ator dependence and increase reproducibility [21]. They
rescaled the MR images to the 99th percentile of the cumula-
tive distribution and used fixed thresholds to classify Xe
voxels—defect, low, medium, and high intensities. The areas
of defects and low signal intensity were used to calculate the
ventilation defect percentage in patients with airway disorders
such as COPD and asthma.

Xenon gas, similar to oxygen, dissolves in capillary mem-
branes and binds to RBC, a property that has led to utilization
of Xe as a surrogate marker for gas exchange, as identified on
CSI and spectroscopy. By measuring the relative ratios of the
spectral signal peaks in the alveolar gas, alveolocapillary
membrane (barrier tissue), and RBC, semiquantitative assess-
ment of gaseous exchange can be made which correlates well
with diffusion capacity of carbon monoxide (DLCO) [21].

Any pathologic process that increases the thickness of the
barrier tissue like pulmonary edema, inflammation, scarring,
lymphangitic spread of malignancy, idiopathic pulmonary fi-
brosis results in a decrease in the free diffusion of gas mole-
cules across the barrier tissue impairing gas exchange. In con-
clusion, pulmonary MRI with hyperpolarized gases would
serve as a valuable tool in the long-term management of pul-
monary disorders by combining ventilation images and gas
exchange maps and currently is the only modality able to
assess regional lung function.

Clinical Applications
MR Imaging of Pulmonary Parenchyma
Pulmonary Nodules

Pulmonary nodule is a well-defined opacity measuring up to
3 c¢m [23]. Increased utilization of CT in routine medical man-
agement has resulted in increased identification of incidental
pulmonary nodules. A recent study of 2479 CT coronary an-
giograms found incidental nodules in 13.9% of the patients
requiring follow-up imaging with high associated cost to med-
ical care and cumulative radiation dose [24].

The primary clinical and radiological objective is to iden-
tify benign from malignant nodules. The Fleischner Society, a
multidisciplinary international group, provides guidelines for
management of incidental pulmonary nodules to reduce un-
necessary follow-up examinations while capturing and man-
aging high-risk patients [25]. CT remains the primary recom-
mendation for evaluation of such nodules, as per ACR
Appropriateness Criteria [26]. Current Fleischner guidelines
recommend follow-up imaging for nodules greater than the
size of 6 mm and follow-up for more invasive measures in
patients with nodules greater than 8 mm depending on nodule
characteristics and patient risk factors [25]. MRI has been
shown to have 80% sensitivity in detection of a 4-mm nodule
which increases quite significantly for nodules larger than
8 mm [12¢¢]. A study of 113 pulmonary nodules with size
greater than 4 mm assessed MRI detection rate and accuracy
of size estimation as compared with CT. They found overall
sensitivity of 80.5% with a strong agreement between size
measurements between CT and MRI findings [27¢]. Given
these size requirements, MRI can be utilized for evaluation
of pulmonary nodules with reduction in invasive measures
and cumulative radiation from repeated CT studies. It is im-
portant to note that population studies that resulted in current
guidelines were performed with CT and data for MRI in large
population studies is currently lacking.

The superior contrast between nodules and the adja-
cent pulmonary parenchyma on CT allows for higher
detection rate of the nodules; however, further charac-
terization of the nodules can be difficult in absence of
obvious malignant features such as spiculated margins
or local invasion. MRI can aid in nodule characteriza-
tion. Malignant nodules demonstrate low or intermediate
signal on T1IWI and slightly high signal on T2WI
(Fig. 2). In a study of 49 patients with average nodule
size of 15 mm, authors reported 78% sensitivity for
detection of malignant pulmonary nodules using T2WI
[28]. A pilot study evaluating feasibility of MRI for
lung cancer screening by Meier-Schroers et al. conclud-
ed that malignant nodules, greater than 6 mm, have
distinctive characteristics on MRI [29]. Studies utilizing
machine learning have also found high sensitivity and
accuracy in classification of pulmonary lesions using
multiparametric MR sequences [30].

Perfusion characteristics of solitary pulmonary nod-
ules have been investigated; several studies have shown
early rapid enhancement in malignant and active inflam-
mation correlating with rapid washout in malignant le-
sions [31]. Higher signal on T2WI can help distinguish
malignant from surrounding inflammation. DWI has also
been applied in attempt to differentiate benign from ma-
lignant pulmonary nodules with malignant nodules
displaying a greater propensity to restrict diffusion as
compared with benign nodules [31].

@ Springer



134

Curr Pulmonol Rep (2020) 9:131-142

Fig. 2 Small nodules and
adenocarcinoma. a Axial T1-
weighted gradient echo image. b
Correspending axial CT shows a
small 4 mm nodule in the right
upper lobe (white arrow). ¢ and d
Axial T2- weighted image (c)
with corresponding axial CT
image (d) at the same level shows
a groundglass nodule which was
found to be an adenocarcinoma

‘\'.
b

Bronchogenic Carcinoma

Lung cancer remains the most common cause of cancer-related
deaths in the western world despite new treatment options. CT
and fluorine-18-fluoro-2-deoxy-d-glucose positron emission to-
mography (FDG-PET) are currently the imaging modality of
choice in workup with limited role of MRI [32].

On MRI, primary lung tumors appear iso- to hypointense on
T1WI and slightly hyperintense on T2WI (Figs. 3 and 4).
Heterogenous signal intensity of the primary lesion may be due
to varying degrees of necrosis appearing as hyperintense on
T2WI and hemorrhage appearing as hyperintense signal on
T1WI. Diffusion restriction on DWI is useful in differentiating
centrally located neoplasms causing bronchial obstruction with
obstructive atelectasis/consolidation from mucus plugging.

A subset of bronchogenic carcinoma arising from the su-
perior sulcus was originally described by Pancoast [33, 34].
MRI has become an integral part of assessing superior sulcus
tumor by providing superior soft tissue contrast evaluation of
involvement of the adjacent chest well and neurovascular
structures especially the brachial plexus [34]. A study of 31
patients undergoing superior sulcus tumor resection showed
94% accuracy of MRI, as compared with 63% of CT, in
assessing local tumor invasion [35].

Metastases

Pulmonary metastases may present as solitary or multiple nod-
ules and masses. Currently, MRI is not routinely used for pul-
monary metastasis workup [36]. Comprehensive tumor staging
is performed using MR imaging of the chest, abdomen, and
pelvis for certain malignancies including those of gynecological,
colorectal and pancreaticobiliary origin as a one stop
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investigation in our practice. Detection rate and sensitivity for
metastases are the same as for nodules as described above.

MRI may be particularly useful in identifying melanoma
metastases due to high signal on TIWI to the paramagnetic
effects of melanin. The differential consideration would in-
clude hemorrhagic metastases as renal metastases.

Atelectasis

Collapse of lung is termed atelectasis which can be further clas-
sified based on etiology. Round atelectasis is the form of periph-
eral lung collapse adjacent to the pleura develops during the
healing phase of pleural effusion and can be mistaken for a mass
or infectious consolidation. Both CT and FDG-PET imaging
cannot reliably differentiate malignancy from round atelectasis
[37, 38]. MRI can be an invaluable tool by circumventing need
for a biopsy. On T2WI and post-contrast images, the in-folded
visceral pleura in round atelectasis is seen as a curvilinear
hypointense line at the pleural aspect and curving
bronchovascular structures along the pulmonary aspect. Non-
obstructive atelectasis has low signal on T2W images whereas
obstructive atelectasis has slightly elevated signal due to the ac-
cumulation of fluid within the obstructed airspace. Dynamic con-
trast imaging and DWI can further differentiate secretions from
tumoral causes of obstruction [39, 40].

Pneumonia

Chest radiographs are considered the first line for evaluation of
acute respiratory illness and pneumonia in immunocompetent
and immunocompromised patients [41, 42]. However, MRI is
more accurate than chest radiographs in detecting pneumonia
and has similar efficacy as CT [42]. MRI can play an integral
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Fig. 3 Biopsy proven non-small cell lung cancer. a Axial T2-weighted
without and b with fat saturation show a spiculated soft tissue mass in the
superior segment of the left lower lobe. Notice how the spiculations are
well identified on MRI similar to CT. There is avid but heterogenous
enhancement on axial T1-weighted gradient echo image (c)

and complementary role in pneumonia in assessing complica-
tions, particularly in children and pregnant patients to avoid ion-
izing radiation [8, 43]. Infectious and inflammatory consolida-
tions related to pneumonia appear bright on T2WI and enhance
homogenously on post-contrast imaging. Complications such as
necrosis and abscess formation (Figs. 5 and 6) can be readily
ascertained on multiple MRI sequences [43]. Necrotizing pneu-
monia (Fig. 7) appears as internal cystic area with high signal on
T2WI which lacks enhancement on post-contrast imaging.
Empyema presents as a loculated area of pleural effusion with
diffusion restriction and thick-walled enhancement [8].

Variant forms of pneumonia such as exogenous lipoid pneu-
monia, typically caused by inhalation or aspiration of fatty sub-
stances, can have non-specific CT features while it can be cor-
rectly characterized by MRI. Fat saturation techniques can help
identify presence of fat within the consolidation [44].

Fig. 4 New diagnosis of stage IV right hilar small cell lung cancer with
lymphangitic spread and metastases. a Frontal chest radiograph shows a
mass in the right hilar and infrahilar regions (white arrow). Further
characterization with b, ¢ coronal steady-state free precision images
demonstrates a hyperintense right hilar mass contiguous with subcarinal
lymphadenopathy (white arrows) which encases the bronchovascular
structures in the hilum. There is lymphangitic spread as evidenced by
nodular thickening of the peribronchovascular interstitium (white
dashed arrows). Bilateral pleural effusions (curved arrows) and osseous
axial osseous metastases (black arrows) were readily identified.
Incidentally noted is compressive atelectasis of left lower lobe (star)

Allergic bronchopulmonary aspergillosis (ABPA) is a pul-
monary fungal infection resulting as a hypersensitivity reac-
tion after colonization of bronchopulmonary structures with
Aspergillus especially in patients with underlying disorders
such as asthma and cystic fibrosis [45]. Currently, CT is uti-
lized as the imaging modality of choice for ABPA evaluation
[46, 47]. A recent prospective study of 27 patients evaluating
diagnostic performance of MRI in diagnosis ABPA, using CT
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Fig. 5 Cocci necrotic pneumonia. a Axial fat-saturated T2-weighted
image and b pre-contrast axial T1-weighted gradient echo image
demonstrates a T2 hyperintense and T1 hypointense consolidation. ¢
Coronal post-contrast T1-weighted gradient echo image shows avid
enhancement with internal cavitation related to necrosis (dashed arrow)
and associated pleural inflammation (short white arrows) positive for
cocci on biopsy

findings as the reference standard, found high specify but low
sensitivity (68%) in evaluating ABPA [47].

Tuberculoma

Pulmonary tuberculosis has a variety of imaging manifesta-
tions including consolidation, cavitary lesions, tree in bud
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Fig. 6 Young female with history of intravenous drug abuse presenting
for pulmonary embolism evaluation. MR axial fat-saturated T2-weighted
image shows focal peripheral consolidation (white arrow) in the medial
right lower lobe with central area of high T2 signal (dashed white arrow)
surrounded by a hypointense rim (multiple short white arrows). Findings
are consistent with consolidation with abscess formation, indicating focal
abscess formation in the consolidation

nodules, pleural effusion, and lymphadenopathy. A study by
Zeng et al. using the T2W propeller sequence to reduce respi-
ratory motion found MRI to be promising tool for the subcat-
egorization of tuberculous lesions which has treatment impli-
cations [48]. Parenchymal consolidation can be further char-
acterized based on internal T2 signal intensity as representing
caseous necrosis (low T2WI signal) as opposed to liquefactive
necrosis (high T2WI signal).

Fig. 7 Necrotizing pneumonia in a man presenting with sepsis. a
Contrast-enhanced axial CT image shows left lower lobe consolidation
with focal area of hypoenhancement (white arrow) containing
interspersed gas (dashed white arrow). b MR axial TRUFISP after a
few days showing mild improvement in left lower lobe consolidation
(white arrow) with persistent gas seen as hypointense foci (dashed
white arrow)
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Differentiating tuberculoma from malignant nodules, with-
out invasive tissue sampling, is often difficult as FDG-
PET shows intense FDG uptake in both instances.
However, these can be distinguished on MRI as
tuberculoma demonstrate a “thin-rim enhancement” sign
with minimal central enhancement [32].

Hamartoma

Hamartomas are benign neoplasms, originating from connec-
tive tissue of the bronchial wall, and are often discovered
incidentally [32]. CT diagnosis relies on identification of
intranodular fat interspersed with calcification with these typ-
ical imaging features present in only 50% of the cases. The
remaining lesions are considered indeterminate due to the ab-
sence of calcification and/or macroscopic fat. MRI can be a
problem-solving tool in these cases by demonstrating
intralesional microscopic fat seen as drop-out of signal on
out of phase images (Fig. 8). The hamartomas appear as
well-circumscribed lesions with isointense signal on T1WI
and high signal on T2WI [36].

Interstitial Lung Diseases

High-resolution CT is the imaging modality of choice for the
diagnosis interstitial lung disease (ILD) complemented by
lung biopsy. CT provides limited evaluation of acute inflam-
matory exacerbation and early fibrotic changes, both present-
ing as ground-glass opacities which can resolved by MRI to
guide treatment (Fig. 9) [49, 50]. Inflammation appears as
high signal on fluid sensitive T2WI with early post-contrast
enhancement while lesions with predominant fibrosis demon-
strate low signal on T2WI with late enhancement. Current

Fig. 8 Pulmonary hamartoma. a
Non-contrast axial CT shows a
well-defined right middle lobe
nodule (white arrow) with internal
fat attenuation (white dashed
arrow). Subsequently performed
MRI for characterization exhibits
heterogenous hyperintense signal
on b SSFP image. ¢ In-phase and
d out-phase imaging
demonstrates signal dropout
within the fat component (dashed
white arrow) of the lesion (white
arrow)

research is investigating roles of collagen-targeted chelated
MR agents and MRI of inhaled hyperpolarized gas for further
functional imaging top assess ventilation and gas exchange
which can further guide treatment management [51].

Sarcoidosis, often clumped under ILD spectrum, is a non-
caseating granulomatous disease with perilymphatic
nodularity and mediastinal lymphadenopathy. It is diagnosed
at an early age, 2540 years, which results in multiple CT
studies over the course of life raising concern for cumulative
radiation [50, 52, 53]. MRI can be used for routine follow-up
and alleviate concerns regarding radiation. Additionally, tu-
berculosis can often mimic sarcoidosis on imaging which can
be delineated on MRI by identifying necrosis in nodal tuber-
culosis [53]. Distinctive “dark lymph node sign” in sarcoido-
sis characterized by internal low intensity with peripheral rim
of hyperintensity has been described in the literature and can
further aid in problem solving [54].

MR Imaging of Pleural Disease
Benign Pleural Effusions

Pleural effusion results as an imbalanced equilibrium between
the mechanisms for the production and absorption of pleural
fluid. CT can reliably assess size and some complications of
pleural effusions. MRI can be a problem-solving tool by
assessing the subtle internal characteristics of the effusions
bypassing needs for thoracentesis in special instances [55-57].

Simple effusion, consisting of simple fluid, appears as de-
pendent crescentic low signal on TIWI and high signal on
T2WI paralleling the CSF in spinal canal (Fig. 10).
Exudative effusions present as high signal on both TIWI
and T2WI [55, 56]. Fat content with a chylothorax can be
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Fig. 9 Sixty-year-old man with usual interstitial pneumonia prior to lung
transplant. a Non-contrast axial CT image demonstrates typical features
of UIP, architectural distortion, traction bronchiectasis (black dashed
arrows), and honeycombing (black arrow). b, ¢ TRUFISP images show
linear and nodular interstitial high T2 signal with honeycombing (white
arrows) and traction bronchiectasis (dashed white arrow)

identified as high signal on TIWI. Areas of hemorrhage can
also be identified as areas of low signal on TIWIand T2WIL. A
concentric ring sign, representing low signal of hemosiderin
rim, has been described in hemothorax [55].

Malignant Pleural Effusions

Pleural metastases, most commonly from bronchogenic carci-
noma, constitute the primary cause of malignant pleural thick-
ening and effusions [55]. On CT, pleural thickening greater
than 1 cm is considered highly suspicious for malignant pro-
cess [55, 58]. A study by Hierholzer et al. comparing CT and
MRI in evaluation of pleural nodules in 42 patients reported
that the size criteria of greater than 1 cm are not accurate in
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Fig. 10 a Axial fat-saturated T2-weighted image mildly complex right
pleural effusion with loculations and internal T2 hypointense septations
(white arrow) and simple left pleural effusion (star). b Axial steady-state
free precision image, in a different patient, shows moderate-sized layering
simple pleural effusions (stars) with associated adjacent compressive
atelectasis which is uniformly mildly hyperintense (dashed white arrows)

distinguishing benign from pleural disease. However, MRI
was superior to CT in differentiating these processes
on basis of a combination of morphologic features and
internal signal characteristics including high signal on
T2WTI in relation to intercostal muscles and enchantment
of post-contrast images [59].

Early pleural nodular enhancement has also been reported
to be a reliable marker of malignant involvement [60].
Malignant pleural disease on DWI demonstrates increase dif-
fusion restriction, often a marker of high cellularity, and can
be further used as an additional tool in thorough and non-
invasive investigation of pleural disease [61, 62].

Thoracic Endometriosis

Chest is the most frequent extra abdominopelvic site of endo-
metriosis, clinically presenting as cyclical chest pain as a re-
sponse to presence of functional endometriotic tissue under-
going hormonal stimulation [63]. Pleural involvement by the
disease can present as catamenial pneumothorax and catame-
nial hemothorax [64—66].

On MR, the pleural lesions are seen as small T1 hyperin-
tense lesions due to the presence of blood products and endo-
metrial tissue from cyclical hemorrhage with associated
hemopneumothorax or hydropneumothorax [64, 67]. The
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pitfall in MRI is susceptibility related to air diaphragm
interface which can be differentiated from true lesion by
the linear shape parallel to the diaphragm and varying
imaging appearances across different acquisitions and
imaging planes [63, 64].

Malignant Mesothelioma

Malignant mesothelioma is the most common primary malig-
nant tumor of the pleura related to asbestos exposure. On
MR, there is circumferential, rindlike, nodular pleural thick-
ening appearing iso- to slightly hyperintense on T1WI and
hyperintense on T2WI with post-contrast enhancement and
diffusion restriction [55, 68].

MRI has an important role in mesothelioma staging due to
the demonstration of extent of pleural involvement and local
invasion into other organs or spaces. As per, International
Mesothelioma Interest Group, locally advanced T3, which
involves endothoracic fascia, mediastinal fat, non-transmural
pericardial involvement or invasion of the chest wall soft tis-
sue, can be surgically treated. Accurate pre-operative assess-
ment is imperative as inoculation metastasis can develop after
transthoracic drainage. Anatomical details such as extent
of diseases into the recess often carry crucial conse-
quences for radiation planning. T4 disease with exten-
sion into peritoneum or pericardium has dire prognosis
with similar outcome as M1 disease [69].

Solitary Fibrous Tumor of the Pleura

A rare pleural tumor arises from the visceral pleura with a
slight female predominance. They can be pedunculated and
appear as low-to-intermediate signal intensity on TIW1 and
T2WI due to low cellularity and presence of fibrous tissue
with intense homogenous post-contrast enhancement
(Fig. 11) [55, 69]. Focal areas of high signal on T2WI may
be present due to necrosis or myxoid degeneration [55].
Superior soft tissue contrast of MRI allows for precise assess-
ment of chest wall invasion which is a predictor of malignant
potential. Real-time MR imaging demonstrates the movement
of the mass separate from the chest wall motion in the absence
of invasion.

Pleural Lipoma and Liposarcomas

Pleural lipomas are rare benign tumors with high signal on
T1WI and moderate-to-high signal on T2WI, similar to sub-
cutaneous fat with complete loss of signal on fat suppressed
sequences. No internal soft tissue nodularity or post-contrast
enhancement is seen. They have to be differentiated from
liposarcomas which are large infiltrative mass with high signal
of T2WI and low signal on TIW1 with heterogenous or nod-
ular enhancement [55].

Fig. 11 Malignant solitary fibrous tumor of the pleura in a 80-year-old
woman. a Axial T2-weighted image shows a large predominantly T2
hypointense extrapulmonary mass (white arrow) in the posterior right
hemithorax exerting mass effect on the adjacent right lung and
mediastinum. b Post-contrast T1-weighted image shows heterogenous
enhancement (white arrow) with associated compressive atelectasis in
posterior right lung (dashed white arrows)

MR Imaging of Vascular Abnormalities

Pulmonary vasculature evaluation can be performed with and
without contrast. Results from PIOPED III study have shown
a sensitivity of 55% and specificity of 99% for detection of
acute pulmonary embolism (PE) in a technically adequate MR
study. The sensitivity and specificity increased to 92% and
96% when coupled with MR venography. They concluded
that MR pulmonary angiography should be performed at cen-
ters that have the expertise and in patients in whom standard
tests are contraindicated [70-72].

Acute PE presents similarly on CT and MRI as central or
complete intraluminal filling defects in pulmonary vasculature
(Fig. 12). Failure of complete recanalization leads to chronic
thromboembolic disease resulting in organized thrombi adher-
ent to the walls which radiographically present as single linear
bands and multiple bands resulting in web like structure and
complex vascular occlusions or stenosis.

Complications such as pulmonary hypertension, right heart
strain, and pulmonary infraction arising as a result of acute/
chronic PE can be assessed using MRI [73]. Pulmonary in-
farcts present as peripheral wedge—shaped consolidation
which tends to have high signal on T2WI and intermediate
signal on T1WI during the immediate stages [74].
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Fig. 12 Pulmonary embolism (PE) in two different patients. a Contrast-
enhanced axial T1-weighted gradient echo image shows PE in the distal
right and proximal right upper lobe pulmonary artery (white arrow). Non-
contrast MRI (b) axial steady-state free precision image depicts right
main pulmonary artery PE

MR Imaging of Airway Disorders

Cystic fibrosis, an autosomal recessive disorder, is character-
ized by abnormal mucus production. CT-based scoring sys-
tems have been developed to quantify disease severity with
imaging findings such as bronchiectasis, peribronchial thicken-
ing, mucus plugging, air trapping, atelectasis, or consolidation.
Regular monitoring of disease activity is important in assessing
disease severity which needs to be balanced in young patients to
control cumulative radiation. MRI of the lung is a viable option
in these patients which is radiation free and provides both
structural and functional information [75, 76].

MRI is particularly useful for assessing complications re-
lated to consolidation like necrosis (non-enhancing lung pa-
renchyma), abscess formation (T2 hyperintense lesion with
rim enhancement and diffusion restriction), and development
of empyema. Perfusion imaging enables identification of per-
fusion defects related to hypoxic vasoconstriction in areas of
decreased ventilation which is an early marker of disease pro-
gression and has prognostic implications. Recently, functional
imaging with hyperpolarized xenon gas is evolving as a prom-
ising approach to evaluate regional lung function in cystic

@ Springer

fibrosis. Results of pulmonary function testing in children
are highly dependent on the subject’s efforts and can be mis-
leading which can be overcome with the use of functional
MRI providing more consistent and reliable results [77].

Conclusion

Recent technical advents and increased accessibility have
made MRI a viable clinical tool in a plethora of pulmonary
pathology. We have discussed evolving role and value of MRI
in some of these disease processes.
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