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Abstract

Imaging speed, spatial resolution and availability have made CT the favored cross-sectional imaging modality for evaluating various
respiratory diseases of children — but only for the price of a radiation exposure. MRI is increasingly being appreciated as an alternative
to CT, not only for offering three-dimensional (3-D) imaging without radiation exposure at only slightly inferior spatial resolution, but
also for its superior soft-tissue contrast and exclusive morpho-functional imaging capacities beyond the scope of CT. Continuing
technical improvements and experience with this so far under-utilized modality contribute to a growing acceptance of MRI for an
increasing number of indications, in particular for pediatric patients. This review article provides the reader with practical easy-to-use
protocols for common clinical indications in children. This is intended to encourage pediatric radiologists to appreciate the new
horizons for applications of this rapidly evolving technique in the field of pediatric respiratory diseases.
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Introduction

Imaging plays a significant role in the assessment of various
lung diseases in the pediatric population. It is used in the initial
detection and characterization of various congenital and ac-
quired lung disorders in children that are often difficult to
diagnose clinically. Traditionally, a chest radiograph is the
most common and often the first radiologic investigation per-
formed worldwide in children. It is adequate in many clinical
conditions involving the pulmonary system. However, often it
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is nonspecific and non-contributory. Lung US can also serve
as the initial examination, but its diagnostic scope, in particu-
lar for central parts of the lung, is limited. Therefore, addition-
al cross-sectional imaging is required for many specific clini-
cal applications. CT provides additional anatomical and path-
ological information but involves radiation exposure, which
can have detrimental effects in children. Although improve-
ments in CT detector technology have increased the efficiency
of'the imaging systems, radiation exposure remains a matter of
concern. Given the high sensitivity of children to radiation
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exposure and their long-time horizon to manifest any
radiation-related risks of malignancy, any alternative is highly
appreciated [1].

Earlier, MRI applications in the lungs were quite limited
because of the low proton density (weak signal), the cardiac
and respiratory motion, and susceptibility artifacts. Advances
in lung MR imaging technology in the last decade have
changed the way we image the lungs, offering adequate and
comparative radiologic information relative to CT in some
specific clinical indications. It has the advantage of being
non-ionizing and can thus be repeated in children without
any radiation risks. Lung MRI also offers functional evalua-
tion and provides ventilation and perfusion assessment at the
same sitting [2, 3]. In this review, we present common practi-
cal MRI protocols that can be employed in routine clinical
practice along with common clinical indications in which lung
MRI can be used optimally.

Patient preparation

Children up to 5 years frequently cannot follow breath-hold
instructions, and therefore free-breathing MRI techniques
with sedation or anesthesia are mandatory. In neonates and
children up to 6 months, the feed-and-swaddle technique can
be used efficiently. Children who can follow breathing in-
structions can undergo MRI without sedation with adequate
preparation and training. Training is needed to familiarize the
child with the MRI environment and specific breathing ma-
neuvers can be practiced prior to MRI. A respiration belt or
cushion for respiratory motion feedback and triggering or gat-
ing during the examination is considered helpful. Lung vol-
ume standardization can also be enhanced using an MRI-
compatible spirometer [4—6]. To further reduce anxiety, par-
ents can be allowed to stay inside the MRI room with the
child.

Magnetic resonance imaging system
and pulse sequence selection

System and coil selection

Generally, standard 1.5-tesla (T) systems provide a more fa-
vorable platform than higher field strengths to perform lung
MRI, given the lower susceptibility-related signal loss when
using conventional sequences. However, 3-T equipment fre-
quently offers higher gradient performance. In particular, be-
cause three-dimensional (3-D) gradient echo imaging of the
lung yields better results at higher field strengths, the use of
high field systems is explicitly not discouraged [7, 8].
Appropriate coil receiver selection also influences image qual-
ity, where multi-channels coils, namely torso coils with 16 or
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32 channels, are the most frequently used. Close-fitting coils
provide higher signal-to-noise ratio (SNR) because of their
closer proximity to the lungs. Therefore, coil selection should
be tailored to the clinical question of the MRI study. For
instance, for exams of the central airways in young children
(<6 years), a smaller, flexible and lightweight coil array in
direct contact with the anterior chest wall is preferred.
Conversely, older children (>6 years) can be imaged with a
torso or head/neck/spine coil array.

Pulse sequence selection

Similar to CT, lung MRI can be performed with breath-hold or
free-breathing acquisitions. Breath-hold (inspiratory and expi-
ratory) acquisitions can only be achieved in children who can
follow breathing instructions. Breath-hold time should be tai-
lored to the child’s abilities, which can be estimated in a short
training session before the MRI examination. Children—of age
group 6-12 years often require shorter acquisition time (6—
10 s). Children younger than 6 years should be preferably ex-
amined using gated free-breathing acquisitions with respiratory
triggering or navigator-based techniques at the expense of lon-
ger measurement times. To balance scan time, free-breathing
acquisitions, such as PROPELLER (periodically rotated over-
lapping parallel lines with enhanced reconstruction), ultra-short
echo-time (UTE) imaging and zero echo-time (ZTE) imaging
should be implemented with an acquisition time per sequence
of 5-10 min to allow for acquisitions with different weighting.
Total scan time is usually no longer than 30 min.

Several two-dimensional (2-D) or 3-D techniques can be
used for lung MRI. A basic lung MRI protocol is presented in
Table 1 [9]. Select sequences can be performed in individual
cases, depending on the clinical details, and all the given se-
quences are not required in all cases. These can—be further
standardized at individual institutions and optimized.

Two-dimensional techniques

Two-dimensional techniques have unequal voxel dimensions
(anisotropic) and cannot be used for reformats in other view-
ing planes. Two-dimensional techniques include spin-echo
and gradient echo sequences. Spin-echo sequences are a ro-
bust technique with limited signal loss from field inhomoge-
neities. Spin-echo sequences are usually acquired with T2
weighting, with or without fat-saturation techniques, and they
provide higher contrast for fluid detection. Different acronyms
are used, depending on the MRI scanner manufacturer. T2-W
sequences enable assessment of bronchial wall thickening and
mucus plugging. Bronchial wall imaging can be further im-
proved with black-blood preparations [10, 11] using heavy T2
weighting (longer effective echo time). Black-blood prepara-
tion removes signal of pulmonary vessels, facilitating detec-
tion of bronchiectasis, mucus plugging and small nodules.
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Gradient echo steady-state free precession (SSFP) se-
quences provide mixed-weighting T2/T1, which enhances
the visibility of lung tissues with water-like characteristics,
such as mucus plugs in the airways. Two-dimensional SSFP
sequences can cover the entire thorax in a single breath-hold
with a good image quality. Two-dimensional SSFP sequences
are also used for non-contrast angiographic imaging because
vascular structures appear consistently bright, thereby
allowing assessment of mediastinal vessels.

Routinely, electrocardiogram (ECG) gating is not used to
avoid too long an acquisition time. However, ECG triggering
is important to eliminate artifacts around the heart, and this
might be important to assess pathology in middle lobe and
lingula regions.

Three-dimensional techniques

Three-dimensional techniques enable isotropic voxel collec-
tion, which enables reformats to arbitrary viewing planes.
Three-dimensional techniques are particularly important to
review central airway pathology. Typically, 3-D techniques
are based on gradient echo sequences with short and ultra-
short echo times (TE). Gradient echo sequences are consid-
ered the most robust acquisition format for lung MRI. Full
chest coverage with isotropic voxel sizes between 2.0 mm
and 3.5 mm can be achieved in a single breath-hold of less
than 10 s. Gradient echo sequences enable both proton-density
(using a low flip angle) and T1 weighting (T1-W at higher flip
angles). Proton-density weighted acquisitions are frequently
used to assess airways without the use of contrast agents and
air-trapping in end-expiratory images. T1-W is used to assess
pulmonary vasculature and Iung parenchymal perfusion when
combined with contrast administration [9—11].

Functional imaging

One of the main advantages of MRI over CT is its ability to
provide information about several functional aspects of lung
and airways. When combined with contrast injections, both
the pulmonary vasculature and lung perfusion can be studied
effectively. Dynamic MR imaging (cine MRI) can be used to
assess either central airways or diaphragm mechanics. Using
hyperpolarized gases, such as helium (*He) and xenon
('*Xe), high-contrast images of lung ventilation can be ob-
tained. By using a new experimental technique known as
Fourier decomposition, lung ventilation and perfusion maps
without gaseous and intravenous contrast agents can be ob-
tained [1, 2, 12, 13].

Magnetic resonance angiography and perfusion study

Lung MR angiography can be obtained either with or without
intravenous contrast agent. Non-contrast MR angiography
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acquisitions have the main advantage of —avoiding exposure
to gadolinium-containing contrast material. Non-contrast MR
angiography can be obtained with bright- or black-blood tech-
niques according to the suspected pathology, where the former
is used to assess congenital vascular abnormalities and the
latter, vascular wall involvement (such as in vasculitis) [14].
Contrast-enhanced MR angiography is still considered the
most robust technique to assess pulmonary vasculature be-
cause of its higher SNR and contrast-to-noise ratio and its
shorter measurements with high temporal and spatial resolu-
tion [6]. In children, contrast-enhanced MR angiography is
usually used to study congenital vascular anomalies such as
transposition of the great vessels, tetralogy of Fallot, anoma-
lous pulmonary venous return and pulmonary sequestration.

Pulmonary perfusion can be performed using non-contrast or
contrast-enhanced techniques. Non-contrast-enhanced tech-
niques include arterial spin labeling (ASL) and Fourier decom-
position. These techniques have been used to assess lung perfu-
sion in children with cystic fibrosis or asthma [15, 16].

Dynamic imaging

Cine MRI studies are used to assess central airways in true
dynamic conditions. Both 2-D and 3-D cine MRI can be per-
formed. A limitation of 2-D techniques is that the trachea
moves in all directions during the respiratory cycle, so a single
slice could miss relevant airways pathology during trachea
movement [17-19]. Cine MRI has been used to assess
tracheobronchomalacia in pediatric patients, showing similar
results to bronchoscopy and CT [19]. More recently, cine MRI
has been used to assess vocal cord impairment in children after
surgical correction of congenital laryngeal stenosis.

Cine MRI can also be used to assess diaphragmatic func-
tion in children with congenital diaphragmatic hernia [20, 21].
Further, cine MRI can visualize discontinuity of the dia-
phragm and can potentially help in distinguishing it from
eventration. Moreover, MRI can accurately characterize her-
nia contents, defect location and size.

Techniques for assessing lung ventilation

Lung ventilation can be assessed with hyperpolarized gas
MRI and oxygen-enhanced MRI. Alternatively, lung ventila-
tion can also be assessed without gaseous contrast using
Fourier decomposition [22]. Although hyperpolarized gas
MRI can provide higher image quality and resolution than
Fourier decomposition, the high cost of the gases and the need
of dedicated hardware have limited its clinical implementa-
tion. Hyperpolarized gas MRI has been used in several pedi-
atric lung diseases, including asthma, cystic fibrosis (CF),
congenital diaphragmatic hernia and bronchopulmonary dys-
plasia. Also, oxygen-enhanced MRI has been used to assess
lung ventilation in children, but poorer SNR and the long
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acquisition time of this technique have hampered its broader
use in the clinic [13, 16, 18].

Conversely, the free-breathing Fourier decomposition im-
aging is a low-cost and simple technique that provides both
ventilation and perfusion images in a single acquisition.
Fourier decomposition is is based on a 2-D gradient echo
non-contrast-enhanced chest MRI technique that supplies per-
fusion and ventilation maps not dependent on intravenous or
gaseous contrast agents. Fourier decomposition acquires im-
ages with high temporal resolution (3—4 images per second) in
the coronal plane without cardiac or respiratory gating. Then
MRI data are registered with different algorithms to compen-
sate for respiratory motion [13, 23]. Finally, signal intensity
changes of the lung parenchyma related to the cardiac and
respiratory cycle are decomposed using a Fourier transform
to obtain the perfusion- and ventilation-weighted images.
Fourier decomposition imaging has been tested in children
with CF and obtained similar diagnostic information to
hyperpolarized gas MRI and contrast-enhanced MRI [24-26].

Another robust technique to assess lung ventilation abnor-
malities is first-pass contrast-enhanced perfusion (4-D
perfusion study) [15]. It exploits the effect of hypoxic vaso-
constriction and its use has been studied in cystic fibrosis.

Advances in lung magnetic resonance
imaging

The central challenge of pulmonary MRI comes from the low
proton density of lungs and a very rapid transverse (R2%*)
relaxation rate, leading to fast signal decay. However, a vari-
ety of MRI techniques to overcome these issues have been
developed for imaging of the lungs. Approaches to address
these challenges include ultra-short echo-time imaging (UTE),
zero echo-time imaging (ZTE), dynamic imaging and the use
of hyperpolarized gases.

Traditional MR pulse sequences entail excitation of a slice
or volume of the body, which requires gradient rephasing of
the slice after the excitation, as well as phase encoding. Both
of these steps must occur prior to signal readout, which leads
to severe signal loss in images from the short T2* of lung.
Ultra-short echo-time imaging addresses this problem by both
the redesign of excitation pulses and the use of non-Cartesian
readouts so that no phase-encoding step is required [26]. The
most common of these methods uses radial k-space encoding,
which has the advantage of short readouts to ensure minimal
T2*-related decay of signal.

However, 3-D radial imaging comes at the cost of slower
scanning, and more recently sequences have used more com-
plicated trajectories that are spiral interleaves on a conical
surface, yielding faster scan times [27, 28]. An example is
shown in Fig. 1. An alternative to these 3-D methods, which
have long scan times, is 2-D radial imaging [29]. Most

recently, we have seen several directions of active research.
One is the greater enhancement of scanning efficiency. An
example of this is the use of a 3-D spiral trajectory with a
dynamically changing rate of spiral radius for even higher
sampling efficiency than cones [30]. Another example is the
use of artificial intelligence to deblur images obtained with
longer readouts. A further direction of ongoing active research
in this field is motion correction, including self-navigation and
image-based navigators.

Zero echo time is an approach similar to UTE, but
encoding gradients are ramped even before any excitation,
which enables an instantaneous echo time [31, 32]. Indeed,
the image quality can be superior to UTE [31, 32]. An inter-
esting recent direction of active research entails respiratory
gating of this sequence to yield 4-D images for assessing re-
gional ventilation [33]. One of the remaining challenges with
ZTE techniques is the relatively long scan times.

Beyond anatomical imaging methods, hyperpolarized MR
and dynamic MR both probe lung function. For example, the
use of xenon has been explored in the context of CF [34] and
helium was assessed in asthma [35].

Dynamic MRI, as described, entails either obtaining mul-
tiple frames in rapid succession or gated images. In either case,
the images can be assessed qualitatively, or pulmonary signal
and volume can be quantitatively determined, again yielding
ventilation [17, 36].

Rapid lung magnetic resonance imaging
protocol

Longer acquisition times have been one of the limiting factors
of lung MRI. To overcome this, Sodhi et al. [37] proposed a
rapid 2-min (magnet time) MR protocol. This optimized lim-
ited protocol comprises four basic MR sequences: half-
Fourier-acquisition single-shot turbo spin-echo, a
PROPELLER, a true fast imaging with SSFP, and a VIBE
(volumetric interpolated breath-hold examination) sequence.
These four non-respiratory and non-ECG-gated MRI se-
quences were successfully performed in 75 children who were
older than 5 years [37]. Total MRI scanning time was nearly
2 min for all four sequences, although the total magnet room
time reported was 14-20 min [37]. More similar studies in
future should widen the horizon for applications of lung
MRI in children.

Common indications
Acute infection

The examination of pneumonia in children was one of the first
indications of lung MRI to be investigated. Early experience

@ Springer
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Fig. 1 Ultrafast echo-time (UTE) MRI in an 8-month-old boy with
congenital pulmonary airway malformation (CPAM). a, b UTE images
obtained with a cones readout permits a 30 ps (microsecond) echo time,
with artifact (a) and with a neural-net-based correction to remove artifact
(b). Notice the larger lesion (long solid arrow), adjacent smaller lesion
(dashed arrow), as well as artifact from long echo time along the
subcutaneous fat (short solid arrow). ¢ Corresponding axial CT of the
larger lesion. d An alternative is zero echo time (ZTE) imaging, which

was obtained on low-field MRI (mainly 0.2-T scanners) using
SSFP sequences [38, 39]. The open design of the scanners was
considered favorable for pediatric imaging. By using thick
slices, short breath-hold times of 4-5 s could be achieved.
While many low-field open scanners have been replaced by
1.5-T or 3-T systems, the utility of SSFP sequences is still
appreciated. Community-acquired pneumonia and complica-
tions like pleural empyema can be readily examined [40, 41].
T2-W sequence as well as the SSFP sequences have an excel-
lent sensitivity for the high contrast provided by the liquid ac-
cumulation inside pneumonic infiltrates against the black back-
ground of healthy lung tissue [9]. First reports, though in adults,
suggest that even acute viral penumonia, i.e. related to severe
acute respiratory syndrome coronavirus (SARS-CoV-2) disease
2019 (COVID-19), can be reliably detected with MRI [42].

While chest radiograph and lung US often serve for first-
line bedside detection of acute pneumonia, lung MRI can be
used in the second line as a problem-solving method for com-
plicated findings, e.g., pulmonary abscess inside an infiltra-
tion, or central lesions that are difficult to reach with US [43]
(Figs. 2 and 3).

Lung MRI has been shown to be particularly useful for
detecting pulmonary infiltrates in immunocompromised chil-
dren with hematologic malignancies. Currently, high-
resolution CT (HRCT) is the method of choice, while radiog-
raphy is considered not sensitive enough in this high-risk
group. To replace HRCT with MRI to reduce radiation expo-
sure, Sodhi et al. [44] compared both methods in 26 children
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yields sharper images and higher pulmonary signal, but at the cost of
increased scan time. Solid arrow indicates larger lesion; dashed arrow
indicates smaller lesion. e Axial T2-weighted MRI. Arrow indicates
larger lesion. f Corresponding axial CT of the smaller lesion. Note that
the UTE (a and b) and ZTE (d) images have good correlation with CT
delineations of the larger lesion (arrow in ¢) and smaller lesion (arrow in
f), but the T2-weighted image (e) fails to capture pulmonary signal

with leukemia (age range 5—13 years) who presented with
fever and neutropenia. Using a standard protocol based on fast
spin-echo sequences (T2-W single-shot half-Fourier and ro-
tating phase encoding), T1/T2 SSFP and T1-weighted 3-D
gradient echo sequences, MRI was diagnostic for the key fea-
tures (13/13 cases presenting with nodules, 8/8 presenting
with consolidations and 4/6 presenting with ground-glass
opacities). From this, the authors concluded that MRI would
be suitable as the first-line modality to exclude pneumonia in
children with leukemia and persistent febrile neutropenia [44].

Similar to children with iatrogenic immunocompromise,
MRI can be recommended in cases of acquired immunodefi-
ciency from human immunodeficiency virus (HIV) infection
and suspected complicating respiratory infection. Using a 3-T
scanner, Rana et al. [45] applied a similar combined protocol
approach in 25 HIV-positive children with respiratory symp-
toms and confirmed a very high sensitivity and specificity of
MRI (100%, 100%) for nodules >4 mm, pleural effusion and
lymphadenopathy. Sensitivity was close to 90% for pulmonary
consolidation/dystelectasis and 75% for bronchiectasis and
ground-glass opacities, with specificities ranging 75-100% [45].

Chronic infection

Chronic pulmonary infections in pediatric patients comprise
fungal (i.e. in immunocompromised children) or mycobacte-
rial infections. Common pulmonary fungal infections in the
pediatric population are aspergillosis, coccidioidomycosis and
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Fig. 2 Cross-sectional imaging in
a 7-year-boy with acute leukemia
with pneumonia on imaging. a
Axial T2-W turbo spin-echo
(TSE) MR image shows
consolidation in the left upper
lobe. b, ¢ Axial contrast-enhanced
CT images in mediastinal (b) and
lung (¢) windows show similar
findings. There is associated
mediastinal lymphadenopathy
(arrow), which is very well
appreciated on T2-W TSE (a) and
contrast-enhanced CT
mediastinal (b) window images

histoplasmosis. Frequently, the type of pulmonary infection is
suggested by presence of different types of nodules (Fig. 4)
and in many cases, by the tree-in-bud pattern with
centrilobular nodules of airborne infection or a miliary pattern
with hematogenic spread, respectively [3]. Key diagnostic
features such as nodular lesions and consolidations can be
readily detected; however, for detecting subtle changes of air-
way structure, MRI does not reach the sensitivity of HRCT

Fig. 3 Cross-sectional imaging in
an 8-year-boy with lung abscess.
a, b Axial contrast-enhanced CT
images in mediastinal (a) and
lung (b) windows show an area of
consolidation in the right lung
with cavitation and air and fluid
within. ¢ Axial T2-W turbo spin-
echo MR image shows similar
findings

(see “Airway disease” section on allergic bronchopulmonary
aspergillosis).

For the examination of pulmonary tuberculosis, Zeng et al.
[46] compared the utility of MRI and CT using a T2-W fast
spin-echo sequence with rotating phase-encoding for motion
compensation. In a series of 63 patients, the authors clearly
identified diagnostically relevant pathology such as tree-in-
bud sign, ground-glass opacity, consolidation, masses and

@ Springer
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Fig. 4 Disseminated fungal
infection in a 9-year-boy with
febrile neutropenia. a, b Axial T2-
W turbo spin-echo (a) and
MultiVane XD (b) 3-T MR
images show nodules in the
bilateral lungs with target
appearance and ground-glass
opacities in places. ¢
Corresponding high-resolution
CT lung window image shows
similar bilateral lung nodules with
ground-glass opacities

cavitations [46]. The sensitivity for non-calcified nodular le-
sions was consistent with previous reports (50.0%, 91.1% and
100% for nodules sizes <5 mm, 5-10 mm and >10 mm, re-
spectively). Completely calcified lesions or calcifications in-
side lesions were difficult to detect or to differentiate from
other signal voids, respectively. Advantages compared to CT
were observed in the detection of pleural thickening or subtle
pleural effusion and in respect to soft-tissue contrast to iden-
tify caseation and liquefactive necrosis inside solid lesions
[46]. Notably, these observations were made in an adult pop-
ulation, but they are consistent with the results of MRI in a
study on 40 children, conducted with a standard lung MRI
protocol based on fast spin-echo sequences (T2-W single-
shot half-Fourier and rotating phase encoding), T1/T2 SSFP
and T1-weighted 3-D gradient echo sequences [47].
According to the different spectrum of disease manifestations
in children, the study revealed mediastinal and hilar lymph-
adenopathy, pleural effusion and lung cavitation (considered
typical for tuberculosis) with a sensitivity and specificity of
100%. Sensitivity and specificity for nodules were 88.2% and

Fig. 5 Missing signal of
pulmonary calcification on MRL
a, b Transverse T2-W MRI with
fat signal suppression (a) and
corresponding CT scan (b) of a 6-
mm calcified pulmonary nodule
(arrow in b) in a 9-year-old boy
detected during examinations
after pulmonary tuberculosis.
Because of the complete
calcification, the nodule remains
invisible on the MR scan
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95.7%, respectively [47]. Kappa agreement between CT and
MRI in detection of each finding was almost perfect (k=0.8—
1.0) [47]. Altogether, lung MRI can be considered a veritable
alternative to CT in pediatric patients with tuberculosis. Only
calcifications as an important diagnostic feature might be
missed; hence, for clinical application an additional chest ra-
diograph at the baseline might be considered (Fig. 5). Lung
MRI can also be used in children with chronic respiratory
symptoms or middle lobe syndrome (Fig. 6).

Airway disease

Among pediatric lung diseases, airway disease associated with
CF is the most thoroughly investigated, frequently examined,
and by far the most standardized indication for MRI of the
lung in children [48]. In children with CF, pulmonary involve-
ment remains the most important determinant of morbidity
and mortality. Under the assumption that pulmonary function
testing is not sensitive enough for subclinical disease progres-
sion, imaging plays an important role in clinical monitoring
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Fig. 6 Middle lobe syndrome in a
17-year-old boy with chronic
recurrent respiratory symptoms.
a, b T2-W MRI with a coronal
half-Fourier fast spin-echo (a) and
transverse fast spin-echo with fat
suppression (b) images show a
triangular consolidation with
bright signal and signal voids
from ectatic bronchi (arrows). ¢
Corresponding CT plane for
comparison shows similar
findings (arrow)

and research of CF lung disease. More than any other imaging
modality, MRI offers structural and functional imaging with-
out radiation exposure [49, 50] (Fig. 7).

Current clinical practice is grounded on a general MRI
protocol for state-of-the-art clinical 1.5-T scanners based on
the available sequence technology [9], an adapted semiquan-
titative scoring system that allows for comparison with
established scores for radiograph and CT [48] and validation
of the concept in a multicenter setting [48]. Recommended
protocols are based on chest radiograph and contrast-
enhanced MRI of the lungs for initial diagnosis that can then
be repeated at yearly intervals [S1]. If the initial imaging is
performed before 1 year of age, the first MRI is performed
without contrast enhancement. CT is reserved for emergencies
(e.g., pulmonary hemorrhage) or inconclusive cases [51]. The
morphological sequences of the protocol were shown to be
efficient in imaging bronchial wall thickening, bronchiectasis,
mucus plugging, air-fluid levels, consolidation/infiltration,
mosaic pattern and lobar or segmental destruction, with rea-
sonable quality compared to CT [14, 48,49, 51, 52]. While the
diagnostic scope of MRI regarding structural information just
reaches CT because of slightly lower spatial resolution and
motion artifacts (resulting from longer acquisition times), its
main advantage over CT is the availability of additional func-
tional information, e.g., from perfusion imaging and real-time

imaging of respiratory motion [22]. Perfusion imaging is
mainly used to detect and follow perfusion deficits related to
slowed or missing pulmonary ventilation in areas of bronchial
obstruction (hypoxic vasoconstriction). Significant improve-
ments of perfusion deficits after physiotherapy and antibiotic
medication could be demonstrated with MRI [48]. The imple-
mented semi-quantitative scoring system is designed to cover
both morphological and functional changes based on a simple
lobe analysis for the absence (scored 0), involvement by less
than 50% (scored 1) and more than 50% (scored 2) of a lung
lobe by six pathologies or clusters of findings (bronchiectasis/
bronchial wall thickening, mucus plugging, abscesses/saccu-
lations, consolidations, special findings and perfusion de-
fects). When counting the lingula as a separate “left middle
lobe,” a maximum global score of 72 can be reached [52].

The use of gadolinium-based contrast material remains a
concern, so alternative approaches based on dynamic proton
MRI with Fourier decomposition of cyclic signal changes of
lung parenchyma in ventilated and perfused regions [15], T1-
mapping [19], oxygen-enhanced MR [22] and hyperpolarized
*He [24] and '*°Xe [24] MRI are under investigation.
Howeyver, because of the lack of robustness, the need for ex-
pensive hardware or limited availability of the necessary gas-
es, none of these approaches has been adopted for clinical
imaging routine.

@ Springer



304

Pediatr Radiol (2022) 52:295-311

Fig. 7 Morpho-functional MRI of severe cystic fibrosis in a 15-year-old
boy. a Posteroanterior chest radiograph. b—d T2-W MRI in coronal
orientation at the level of the trachea (b), axial orientation above the
aortic arch (¢) and coronal orientation at the level of the spine (d) show
bronchiectasis, bronchial wall thickening and mucus retention. e The
first-pass perfusion scan demonstrates severe perfusion deficits of the

Analogous to imaging children with CF, the same protocol
can be readily used for imaging other diseases involving the
bronchial system or related to muco-cilial dysfunction such as
allergic bronchopulmonary aspergillosis (ABPA) or
Kartagener syndrome (Fig. 8). In ABPA, the role of imaging
is to investigate lung damage, i.e. to detect bronchiectasis (a
complication that triggers the switch from inhaled corticoste-
roids to oral medication), while the diagnosis itself'is based on
immunological parameters [53, 54]. Sodhi et al. [8] included
27 people with a confirmed diagnosis of ABPA and per-
formed lung MRI in addition to the clinically indicated
HRCT scans. Imaging was performed on a 3-T scanner using
fast spin-echo sequences (T2-W single-shot half-Fourier and
rotating phase encoding), T1/T2-W SSFP and Dixon T1-
weighted 3-D gradient echo sequences.

The sensitivity for key diagnostic features (bronchiectasis,
consolidation, nodules, mucus retention) ranged 68—100%,
with negative predictive values of 71-100%, the lowest for
bronchiectasis and highest for mucus retention. Specificity
and positive predictive values were excellent (100%) [8].

These results give good insight into the role that lung MRI can
play in clinical routine airway imaging beyond cystic fibrosis as
the current state of the art: a spatial resolution still slightly below
that of HRCT and the susceptibility to motion artifacts not
yet allowing promotion of non-contrast-enhanced MRI as a
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A

upper right lung lobe from hypoxic vasoconstriction (asterisk). f
Coronal maximum-intensity projection of the systemic arterial perfusion
phase reveals a dilated bronchial artery as a typical finding in chronic
inflammation of the bronchial system (arrow). An artifact results from the
port catheter (cross in ¢). Images courtesy of M. Wielpuetz, Heidelberg,
DE

screening test for subtle changes of airway structure. If the detec-
tion of such would be crucial for therapeutic decisions, we would
still recommend HRCT for the baseline examination (and switch
to follow-up using MRI as far as appropriate) unless the clinical
value of non-contrast-enhanced MRI has been more precisely
defined. For the particular case of ABPA, no data are available
from dynamic perfusion studies, but it might be assumed that
analogous to cystic fibrosis, perfusion deficits resulting from
hypoxic vasoconstriction could be a highly sensitive indicator
for ABPA-related airway disease.

Cine MRI can also be used to assess central airways in true
dynamic conditions. Both 2-D and 3-D cine MRI can be per-
formed. Cine MRI has been used to assess
tracheobronchomalacia in pediatric patients, showing similar
results to bronchoscopy and CT [6, 18, 55, 56]. A recent study
has described another possibility of a free-breathing fast T2-W
MultiVane MRI sequence (Philips Healthcare, Best,
The Netherlands), which is reported as a technically feasible
and promising new MRI technique for evaluating pediatric
large airways [57].

Interstitial lung disease

Imaging interstitial lung diseases remains one of the big chal-
lenges for MRI. The diagnosis and differential diagnosis of
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Fig. 8 Cross-sectional imaging in
an 11-year-old boy with cystic
fibrosis and allergic
bronchopulmonary aspergillosis.
a—c Axial T2-W turbo spin-echo
PROPELLER (periodically
rotated overlapping parallel lines
with enhanced reconstruction),
1x1x5-mm (a); axial reformat 3-
D ultra-short echo-time 1.5-mm
isotropic image (b) on a 1.5-T
system; and axial CT image (c).
Note multiple areas of
centrilobular nodules and mucus
plugging in the lower lobes
(arrows) and nodule in the right
upper lobe (dashed arrow)

interstitial lung diseases are based on the detection of lesion
patterns that allow for the attribution of findings to anatomical
compartments of the lung, i.e. the secondary pulmonary lob-
ule. Here, anything that was learned from CT can be readily
applied in MRI. Diffuse, centrilobular or peri-lobular locali-
zations of pathology indicate a hematogenic, bronchial or
lymphatic spread of disease, respectively. In this respect, the
higher spatial resolution of HRCT is considered advantageous
over MRI for detecting small details and patterns (e.g., fine
reticulation, ground-glass opacities and micronodules). While
interlobular septal thickening can be well recognized,
intralobular interstitial reticulation might not be distinguished
from alveolar accumulation of fluid because both would ap-
pear as ground-glass signal on MRI because of the lower
spatial resolution. However, larger details (e.g., coarse fibrosis

Fig. 9 Nonspecific interstitial
pneumonia (pathology diagnosis)
in a 5-year-old girl. a, b A 1.4-
mm isotropic ultra-short echo-
time axial reformat MRI (a) and
3-mm axial CT (b) show
intralobular septal thickening
(arrow) from interstitial
pathology

and honeycombing) can be clearly visualized with MRI, and
the capability of MRI to add clinically valuable information
on regional lung function (e.g., assessment of ventilation, per-
fusion and mechanical properties) or inflammation to some
extent compensates for deficits in spatial resolution [58]
(Figs. 9 and 10). MR1 is therefore already being used in adults
for comprehensive cardiopulmonary imaging in sarcoidosis or
for follow-up of lung fibrosis after initial correlation with CT
[59]. In particular for sarcoidosis, the identification of the so-
called “dark lymph node sign” in the mediastinum has been
attributed a high positive predictive value for the noninvasive
confirmation of sarcoidosis [60].

Acute interstitial lung diseases with interstitial infiltration
and edema can be expected to present with intense signal on
T2-W images; this signal decreases when cellular, interstitial
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Fig. 10 Bronchopulmonary
dysplasia in a 9-year-old girl. a, b
A 1.5-mm isotropic zero echo
time axial reformat free-breathing
MRI (a) and 3-mm axial CT (b)
show fibrotic strand on the right
(white arrow) and hypodense/
hypointense lung regions
representing emphysema/air-
trapping (black arrow)

and capillary fluid accumulation are replaced by fibrotic scar-
ring [58]. Furthermore, pure accumulations of fluid appear as
bright signal on T2-W imaging but only very low signal on
T1-weighted imaging, which helps to differentiate fibrotic le-
sions from pulmonary congestion caused by heart failure [61].
Beyond the scope of HRCT, MRI offers functional informa-
tion on lung perfusion that contributes to the estimation of
lung function impairment [58]. While different approaches
for the early detection of fibrosing lung disease are under
investigation (e.g., contrast uptake in active fibrosis [62],
T1-mapping [63] and elastic deformation analyses [64]), these
have not arrived in clinical routine or not been validated in the
pediatric population.

Fig. 11 Limits of MR signal and
spatial resolution. A 3-mm
calcified pulmonary nodule
(arrows) was detected in a 9-year-
old boy during examinations after
pulmonary tuberculosis. a—¢ The
amount of calcification is
sufficient to render the nodule as
very dense radiopacity on the
posteroanterior chest radiograph
(a), but the remaining soft-tissue
component still provides enough
signal to allow for nodule
detection on coronal T2-W fast
spin-echo (b) and half-Fourier
fast spin-echo (¢) MR images
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Pulmonary masses

Primary pulmonary neoplasms are an unusual finding in pe-
diatric patients; therefore, they are often not considered in the
differential diagnosis for symptomatic children with persistent
pneumonitis, coughing and atelectasis [65]. The conventional
chest radiograph fails in about 10% of patients to demonstrate
any signs of obstruction and to show the tumor itself, and it
frequently reveals only non-specific findings that might be
interpreted as inflammatory unless demonstrated to be unusu-
ally persistent [66]. Clinicians might still be reluctant to use
CT because of the radiation exposure, so delays in treatment
are the unfortunate reality. Although large clinical studies in




Pediatr Radiol (2022) 52:295-311

Fig. 12 Hydatid cystin a 10-year-
boy. a Coronal T2-W turbo spin-
echo 3-T MR image shows a
well-defined cystic lesion (arrow)
in the right lung with curvilinear
internal membranes. b The
membranes are not well
appreciated within the mass
(arrow) on corresponding coronal
contrast-enhanced CT
mediastinal window image. These
internal membranes are a
characteristic feature of hydatid
cyst

this context have not been performed because of the rareness
of cases, it is believed that MRI offers all necessary properties
not only to detect malignant lesions, but also to further differ-
entiate them from simple consolidation of pneumonic infiltra-
tion, relying on its superior soft-tissue contrast [67]. Instead of
hesitating to use CT, it might, therefore, be recommended to
apply MRI in cases of unconclusive or suspicious findings on
chest radiographs.

The majority of tumors involving the lungs in children are
metastatic (i.e. Wilms tumor, osteosarcoma, Ewing sarcoma
and lymphoma). Among the rare primary lung tumors, ap-
proximately 75% are malignant, e.g., pleuropulmonary
blastoma, pulmonary carcinoid tumor, mucoepidermoid tu-
mor, epithelioid hemangioendothelioma and bronchogenic
carcinoma [65, 68]. The differential diagnosis comprises pul-
monary hamartoma, pulmonary chondroma, respiratory
papillomatosis, pulmonary sclerosing pneumocytoma, pulmo-
nary inflammatory myofibroblastic tumor, pleural fibrous
pseudotumor or parasitic lesions [68]. Notably, completely
calcified lesions appear with low signal intensity, therefore
MRI might not be recommended for metastases of osteosar-
coma [69]. Given the only slightly inferior sensitivity for pul-
monary nodules compared to CT, MRI might be recommend-
ed for long-term follow-up of children and young adults after
malignancies with potential mediastinal and pulmonary me-
tastases, e.g., in children with seminoma. For this purpose, a

Fig. 13 Congenital pulmonary
airway malformation (CPAM)
type | ina 12-year-boy. a, b Axial
reformat proton-density 3-D
spoiled gradient recalled echo 3-
mm isotropic MR image (at 1.5 T)
at 12 years of age (a) and axial CT
image obtained at 4 months of age
(b). Note the large oval lesion
with signal void in the right lower
lobe (superior segment) and the
corresponding gas-filled cyst on
CT (arrows)

threshold size of 4-5 mm can be expected for pulmonary
nodule detection with MRI [33, 70-72] (Fig. 11). In metastatic
disease with pleural effusion, MRI might be helpful to differ-
entiate reactive pleural effusions (simple fluid, hypointense on
T1-W images and hyperintense on T2-W images) from meta-
static spread to the pleura (effusion accompanied by pleural
nodularity, pleural enhancement, septations of the fluid) [68].

In the differentiation of solid and cystic lesions, the high
soft-tissue contrast of MRI is highly appreciated (Fig. 12).
As discussed, cystic lesions appear with particularly bright
signal against the dark background of healthy lung tissue.
This is appreciated when applying MRI for the evaluation of
pulmonary hydatid disease in children (Fig. 12). In a pro-
spective trial including 28 children with clinically suspected
pulmonary hydatid disease, Sodhi et al. [73] confirmed an
equivalent diagnostic accuracy of non-contrast-enhanced
MRI compared to contrast-enhanced multi-detector CT.
Imaging was performed on 1.5-T and 3-T scanners using a
similar protocol set-up with fast spin-echo sequences (T2-W
single-shot half-Fourier and rotating phase encoding), T1/
T2-W SSFP and Dixon T1-weighted 3-D gradient echo se-
quences. Both MRI and CT reached accuracy >90% for the
detection of hydatid cysts, while MRI proved to be more
sensitive than CT scan for intra-cystic membranes and pro-
vided a 28.6% rise in diagnostic value when directly com-
pared to CT scan.
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Fig. 14 Sequestration in the left
lower lobe in a 15-year-old boy.
a—d Axial T2-W turbo spin echo
PROPELLER (periodically
rotated overlapping parallel lines
with enhanced reconstruction)
(a), axial reformat 3-D fast
imaging employing steady-state
acquisition (FIESTA) (b) on a
1.5-T MR system, and axial CT
images obtained at 3 years (¢) and
at 1 month (d) of age. Note soft-
tissue lesion in the left lower lobe
(arrow in a) with aberrant
systemic artery arising from the
descending aorta (arrow in b).
Note in (¢) a similar soft-tissue
lesion in the same location (arrow
in ¢) and an abnormal vessel
arising from descending thoracic
aorta (arrow in d)

Congenital malformations

Given the diagnostic scope of MRI for detecting various catego-
ries of findings as described here, it is not surprising that MRI is
considered a useful modality for evaluating congenital
malformations (Figs. 13, 14, 15 and 16). For example, Zirpoli
et al. [74] investigated lung MRI for the evaluation of congenital
malformations of the lung using respiration-triggered T2- and
T1-weighted fast spin-echo sequences and a fast SSFP gradient
echo sequence. The non-contrast-enhanced MRI protocol proved
to be efficient in the detection of congenital pulmonary airway
malformation, segmental bronchial atresia, bronchopulmonary

Fig. 15 Paraesophageal cystic
lesion of the right posterior
mediastinum (esophageal
duplication cyst) in an 18-year-
old woman. a—¢ T1-W post-
contrast spoiled gradient recalled
echo (SPGR) (a), T2-W axial
turbo-spin echo PROPELLER
(periodically rotated overlapping
parallel lines with enhanced
reconstruction) (b), and axial CT
post-contrast (¢) images. Note
there is no contrast enhancement
on either MRI (arrow in a) or CT
(arrow in ¢), and the high signal
intensity on T2-W imaging; these
findings indicate fluid content
(arrow in b)
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sequestration, congenital lobar overinflation, bronchogenic cyst
and hybrid lesions, thus allowing for a correct diagnosis in 19/20
patients (22/23 malformations) [74]. The authors observed a rel-
ative weakness compared to CT in the detection of abnormal
vascularization, in particular in the lower lobe paravertebral re-
gion [74]. This could be mainly attributed to the fact that the CT
scans were obtained after application of intravenous contrast ma-
terial, whereas the MRI scans remained unenhanced [69, 74]. It
might, therefore, be recommended to add a contrast-enhanced
perfusion study and an angiogram to the protocol in select cases
[3]. Cine MRI can also be used to assess diaphragmatic function
in children with congenital diaphragmatic hernia. Cine MRI can
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Fig. 16 Congenital
diaphragmatic hernia on the left
side and herniation of stomach in
an 11-year-old girl. a, b A 2-mm
isotropic T2-W turbo spin-echo
axial reformat free-breathing MRI
(a) and 3-mm axial CT soft-tissue
window (b). Note herniation of
stomach (solid arrow) and pectus
excavatum (dashed arrow)

visualize discontinuity of the diaphragm and distinguish it from
eventration [20, 21]. MRI can also accurately characterize hernia
contents, defect location and size.

Limitations of magnetic resonance imaging

Lung MRI theoretically has several disadvantages compared to
CT. The longer acquisition times in most of the MR protocols
limit the use of MRI in dyspneic children who cannot lie long in
the scanner. MRI is susceptible to image degradation from
breathing and cardiac motion, and patient motion. In younger
children, the need of anesthesia can facilitate the development
of atelectasis, which might obscure underlying lung pathology.
These factors make the implementation of MRI protocols diffi-
cult at centers with less expertise. Finally, availability in low-
resource settings and the lack of standardization among MRI
vendors determines a significant difference in image quality,
even when using similar acquisition scenarios. This issue often
makes it difficult to homogenize image quality across hospitals
and to enable a broader use of lung MRL

Conclusion

Lung MRI offers a radiation-free alternative to CT and can
provide both anatomical and functional assessment of the
chest in the same sitting. It is possible to improve image qual-
ity of lung MRI in children with proper MRI protocols and to
reduce MRI scan time with judicious planning and adapting
tailored MR protocols. MRI should be considered as a feasible
alternative to CT scan in the evaluation of lung diseases in
children. With ongoing advances in MRI technology, its ap-
plications in children are poised for wider use in the future.
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