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Abstract

Background and Objective: The most common respiratory complication of
prematurity is bronchopulmonary dysplasia (BPD), leading to structural lung changes
and impaired respiratory outcomes. However, also preterm children without BPD
may show similar adverse respiratory outcomes. There is a need for a safe imaging
modality for preterm children with and without BPD for disease severity assessment
and risk stratification. Our objective was to develop a magnetic resonance imaging
(MRI) protocol in preterm children with and without BPD at school age.

Methods: Nine healthy volunteers (median age 11.6 [range: 8.8-12.8] years), 11
preterm children with BPD (11.0 [7.2-15.6] years), and 9 without BPD (11.1
[10.7-12.6] years) underwent MRI. Images were scored on hypo- and hyperintense
abnormalities, bronchopathy, and architectural distortion. MRI data were correlated
to spirometry. Ventilation and perfusion defects were analyzed using Fourier
Decomposition (FD) MRI.

Results: On MRI, children with BPD had higher %diseased lung (9.1 (interquartile
range [IQR] 5.9-11.6)%) compared to preterm children without BPD (3.4 (IQR
2.5-5.4)%, p<0.001) and healthy volunteers (0.4 (IQR 0.1-0.8)%, p <0.001). %
Diseased lung correlated negatively with %predicted FEV; (r=-0.40, p =0.04),
FEV1/FVC (r=-0.49, p=0.009) and FEF,5 (r=-0.63, p <0.001). Ventilation and
perfusion defects on FD sequence corresponded to hypointense regions on
expiratory MRI.

Conclusion: Chest MRI can identify structural and functional lung damage at school
age in preterm children with and without BPD, showing a good correlation with
spirometry. We propose MRI as a sensitive and safe imaging method (without
ionizing radiation, contrast agents, or the use of anesthesia) for the long-term follow-

up of preterm children.
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1 | INTRODUCTION

Respiratory problems related to premature birth can lead to life-long
morbidity.} =3 The most common respiratory complication of extreme
prematurity is bronchopulmonary dysplasia (BPD), leading to structural
lung changes and impaired respiratory outcomes. However, also
patients born extremely preterm without BPD may show similar
adverse respiratory outcomes, leading to life-long morbidity.2>
To date, little is known about the long-term follow-up of
prematurity-related lung disease and the role imaging could play in
monitoring children with BPD. Computed tomography (CT) is the
current gold standard to assess structural lung changes seen in children
with BPD.® Studies have shown that structural lung abnormalities on
CT have a high predictive value of short and long-term adverse
respiratory outcomes in preterm patients.””® However, the use of CT
remains limited for radiation safety reasons, but also because CT
imaging does not necessarily change the management of BPD. For
these reasons, the European Respiratory Society (ERS) Task Force on
long-term management of BPD has recently suggested the use of lung
imaging only in subgroups of children with clinically severe BPD.°

Magnetic resonance imaging (MRI) can overcome the limitation
related to radiation exposure and has the additional benefit of
assessing both lung structure and function in a single examination, as
shown for several other pediatric lung diseases.2>'? The develop-
ment of MRI as a safe and feasible imaging method for preterm-born
children has great potential to identify those patients at risk for
pulmonary morbidity. However, MRI research in this population is
limited. Only two studies have been done in school-age children with
BPD, in which hyperpolarized 3He diffusion-weighted MRI was used,
showing contradictory results about alveolar enlargement.'®
A disadvantage of 3He diffusion-weighted MRI is the high costs of
the technique, related to the hyperpolarized gases and the need for
dedicated MRI scanner hardware. In neonatal BPD, multiple studies
have shown good feasibility of MRI without the use of contrast
agents to visualize differences in structural lung changes between
healthy volunteers, and preterm-born children with and without
BPD.'18 However, these studies focused on the short-term
outcomes and were done on a unique small-footprint MRI scanner
using in-house developed sequences, thus making the MRI protocol
not easily implementable at other institutions. To date, no studies
have been conducted using conventional MRI sequences in older
children with BPD, nor in preterm-born children without BPD.

In this study, we aimed to develop a chest MRI protocol, on a
standard 1.5 Tesla MRI scanner, to assess lung structure and function
in preterm-born children with and without BPD at school age and to

validate MRI findings against spirometry.

2 | METHODS

All children followed at the BPD outpatient clinic with severe BPD
diagnosed at 36 weeks of gestational age (GA) according to the
National Health Institute (NHI) criteria,'® with an age between 6 and

16 years were approached to participate in this study. Children with
BPD were compared to preterm-born children (<28 weeks post-
menstrual age) without BPD or other lung pathology, randomly
selected from the general neonatal follow-up clinic, and healthy
volunteers (born > 37 weeks postmenstrual age) consisting of siblings
or friends of the preterm-born children within the same age range. In-
and exclusion criteria are shown in Supporting Information: 1.
Approval was obtained from the local medical ethics committee
(MEC2018-134 and MEC2018-002) and written informed consent
was obtained from parents/legal representatives of all study
participants.

All study participants underwent spirometry and spirometer-
controlled chest MRI using the BPD protocol, except for two healthy
volunteers included from a different study using a similar MRI
protocol, in whom only the structural MR imaging was performed.
From all preterm-born children with and without BPD, clinical data on
GA, birth weight, and respiratory support during the neonatal period

were retrieved from the electronic patient dossier.

2.1 | Spirometry

Flow volume curves were obtained from all study participants
according to ERS/American Thoracic Society (ATS) guidelines.zo'21
Forced vital capacity (FVC), forced expiratory volume in 1s (FEV,),
and forced expiratory flow at 75% of VC (FEF;s) are presented as
percentage predicted and z-scores as reported by the Global Lung

function Initiative.??

211 | MR

A chest MRI protocol was developed on a 1.5T MRI (Artist, GE
Healthcare) using a 32 channels torso coil. The protocol consisted of
breath-hold isotropic sagittal 3D proton density (PD) weighted
spoiled gradient echo sequences (SPGR) images during inspiration
and expiration, a respiratory navigated axial 2D T2-weighted fat-
suppressed Periodically Overlapping ParalLEL Lines with Enhanced
Reconstruction (PROPELLER) and a 3D PD-weighted respiratory
navigated axial zero echo time (ZTE) and/or respiratory-gated
ultrashort echo time (UTE) sequence during free-breathing. In
addition, a 2D SPGR multiphase free-breathing sequence covering
the entire thorax with 7-10 coronal slabs according to chest size with
a slice thickness of 15 mm was performed for Fourier Decomposition
(FD) imaging. The total protocol duration was 20-30 min, no sedation
was used. Parameters of the MRI protocol are shown in Supporting

Information: 2.

2.2 | Qualitative MRI analyses

Image quality was assessed using a modified version of the scoring

|23

method from Bae et al.“> All sequences were scored on the depiction
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of fissures, intrapulmonary vessels and bronchi, presence of noise/
artifacts, and overall acceptability. Artifacts were further classified
into blurring, streaking, wrapping, and artifacts related to low signal-
to-noise ratio (SNR). Supporting Information 3 shows the scoring
method, including examples of the artifacts.

2.3 | Quantitative MRI analyses

For the quantitative analyses of the MR images, a grid-based
annotation method based on the PRAGMA-BPD method was
developed: the bronchopulMonary rottErdam mRi morpholoGy
scorE (MERGE).??* An in-house developed software was used for
the analysis. In this method, a grid is placed over 20 equidistant
axial (reconstructed) images. The size of the grid corresponds to
the largest airway diameter. Each grid is colored for BPD-related
abnormalities or normal lung tissue, in a hierarchical order of
clinical relevance as described in previous CT studies.” We
identified three categories of abnormalities: hypointensity,
representing CT hypoattenuation areas of mosaic perfusion,
emphysema, trapped air, bullae, and cysts; hyperintensity,
representing CT hyperattenuation areas of consolidation, atelec-
tasis, and linear/subpleural opacities and bronchopathy, consist-
ing of bronchial wall thickening and bronchiectasis. Each category
was expressed as a percentage of the total lung volume. Due to
the superiority of certain sequences in the identification of
specific abnormalities,'? the sequence with the highest percent-
age per abnormality was chosen for analyses. Figure 1 shows an
example of the annotated abnormalities on the MR images from

our protocol.

3
2 WiLEY—°

MERGE scoring was done in random order on all anonymized
SPGR expiratory, PROPELLER, and ZTE/UTE sequences by a trained
researcher with 4 years of experience in chest MRI (B. E.). Data are
presented as the highest percentage for an abnormality on any of
the sequences. The same researcher repeated the MERGE score on
the MRIs of seven (n =7; 24% of the MRI data) study participants to
assess intraobserver variation of the MRI scoring, with a 4-week
interval to prevent recall bias. The researcher was trained to perform
the MERGE scoring by a training and test batch of example MRIs.

In addition, the degree of anatomical architecture distortion
(AAD), defined as abnormal displacement of bronchi, vessels, fissures,
and/or septa, was scored by counting the number of lung segments
showing signs of AAD. Considering 10 segments for the right lung
and 9 for the left Iung.z“’25 AAD was scored as mild, moderate, and
severe, when presenting in less than 7, between 7 and 13, and more

than 13 lung segments, respectively.

2.4 | Ventilation and perfusion

An in-house developed algorithm based on the work of

Voskrebenzev and colleagues?4~28

was used to analyze the FD
images. The algorithm first corrects for intensity and registers all the
images, after which a spectral decomposition of the signal is applied,
separating the components of the signal related to ventilation and
perfusion. Then algebraic operations allow to reconstruct ventilation
and perfusion maps. This method relays on the periodic variation in
signal intensity related to ventilation and perfusion, by detecting the
frequency of this variation, the two components can be separated.

As exploratory analyses, a visual comparison was made between the

FIGURE 1 Example of the MERGE score on the MRI of an 8-year-old girl with severe BPD. (A) The axial PROPELLER, (B) ZTE, and

(C) Expiratory SPGR images and corresponding MERGE scoring; (D)-(F) showing normal lung tissue (green), hyperintensity (red), hypointensity
(blue), and bronchopathy (orange). BPD, bronchopulmonary dysplasia; MRI, magnetic resonance imaging; PROPELLER, periodically rotated
overlapping parallel lines with enhanced reconstruction; SPGR, spoiled gradient echo; ZTE, zero echo time. [Color figure can be viewed at

wileyonlinelibrary.com]
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coronal reformatted SPGR expiration sequence and the ventilation
and perfusion maps to classify hypo- and hyperintense regions as

ventilation or perfusion defects.

2.5 | Statistics

Data analysis was done using SPSS Statistics (version 25, IBM SPSS).
Parametric data are presented as mean +* standard deviation and
nonparametric data are presented as median (range or interquartile
range). Data were compared using the parametric t-test for normally
distributed data and the Mann-Whitney U-test for not normally
distributed data. Similarly, Pearson's and Spearman's p correlations
were calculated for normally and not normally distributed
data, respectively. A 5% significance level was assumed. Intraobser-
ver agreement was calculated with the intraclass correlation
coefficient and interpreted as poor (<0.50), moderate (0.50-0.75),
good (0.75-0.90), or excellent (>0.90).

3 | RESULTS

Characteristics of study participants, data on respiratory support
during the neonatal period, and spirometry outcomes are shown in
Table 1. In total, 11 children with severe BPD, 9 preterm-born
children without BPD, and 9 healthy volunteers were included with a
median age of 11.0 (range: 7.2-15.6), 11.1 (range: 10.7-12.6), and
11.6 (range: 8.8-12.8) years, respectively. Children with BPD were
born after a mean GA of 27.3 + 2.4 weeks, and preterm-born children
after a GA of 28.1+ 1.4 weeks, which did not differ significantly
(p =0.23). In none of the electronic patient files the exact duration of
respiratory support was documented, except for the type and

amount of respiratory support at the time of BPD diagnosis.

3.1 | Spirometry

Children with BPD showed a significantly lower FEV4, FEV1/FVC, and
FEF,5 compared to preterm-born children and healthy volunteers (all
p <0.01) (Table 1). No significant difference in spirometry outcomes
between preterm-born children and healthy volunteers was found.

3.2 | AQualitative MRI analyses

MRI was successfully performed in 28 out of 29 study subjects (97%).
One subject at age of 7 years was not able to execute the full MRI
protocol due to claustrophobia. Qualitative scoring results of the MR
scans are shown in Table 2. The best overall image quality was
achieved for the UTE, T2 weighted PROPELLER, and ZTE sequences,
with an “above average” score for all. Visibility of BPD-related lung
abnormalities, expressed as the disease percentage of total lung

volume scored per sequence, was highest on ZTE/UTE for

hypointensity and bronchopathy, and on PROPELLER for hyperin-
tensity (Supporting Information: 4).

The most common image artifacts were blurring for the SPGR
inspiration (27.5%) and expiration (37.9%) sequences, streaking for
the PROPELLER (34.5%) sequences, and low SNR for the ZTE/UTE
(20.7%) sequences. However, with a minimal “satisfactory” accept-
ability score, these artifacts did not interfere with the assessment of

MR images, which were all considered of diagnostic quality.

3.3 | Quantitative MRI analyses

MERGE and AAD results are shown in Table 3. Figure 2 shows
example images of a child with BPD. The most common MRI findings
in children with BPD were bronchopathy (mainly bronchial wall
thickening) and hyperintensity (mainly linear opacities), while
bronchopathy was the most common MRI finding in preterm-born
children without BPD. Children with BPD showed, compared to
preterm-born children and healthy volunteers, a significantly higher
percentage of hyperintensity (p = 0.004 and p < 0.001), bronchopathy
(p=0.002 and p<0.001), and total diseased lung (p <0.001 and
p <0.001) on the free-breathing sequences. Hypointensity on the
expiratory images was significantly higher in children with BPD
compared to healthy volunteers (p=0.03), but not compared to
preterm-born children without BPD (p=0.55). On MRI, preterm
children without BPD compared to healthy volunteers showed a
significantly higher percentage of all abnormalities except for the
percentage of hypointense regions on free-breathing sequences
(p-values all between 0.01 and 0.001). In addition, the expiratory
images of preterm-born children without BPD scored higher on
hypointense regions than of healthy volunteers (p = 0.01).

Correlations between the quantitative MRI scores and spirome-
try outcomes are shown in Table 4 and Supporting Information: 5.
A significant negative correlation was found between the percentage
of the diseased lung on MRI and the percentage predicted of FEV,
(p=0.04), FEV,/FVC (p=0.009), and FEF;5 (p <0.001), as well as
between a higher score of AAD and lower spirometry outcomes
(all p <0.001).

The intracorrelation coefficient for MERGE outcomes on the
free-breathing sequences was 0.77 for hypointensity, 0.90 for
hyperintensity regions, and 0.74 for bronchopathy. Scoring of the
hypointense regions on the expiratory sequence resulted in an

intracorrelation coefficient of 0.94.

3.4 | Ventilation and perfusion

As an exploratory analysis, a visual comparison was made between
the hypointense regions on the coronal reformatted SPGR expiration
sequence and the ventilation and perfusion maps from the FD
analyses in the central portion of the lung for preterm-born children
with and without BPD. Two children with BPD and one preterm-born
child without BPD did not have FD images of sufficient quality. In our
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TABLE 1 Characteristics and spirometry outcome of all study participants

Age at MRI (years, range)
Gender (% female)

PMA (weeks)

Birth weight (grams)

Antenatal corticosteroids (n/%)

Surfactant treatment (n/%)

Postpartum medication

Diuretics

Corticosteroids

Oxygen at 6 months GA

FvC

% predicted

z-score
FEV4

% predicted

z-score
FEV4/FVC

% predicted

z-score
FEF;s

% predicted

z-score
VCmax

% predicted

Z-score

BPD (n=11)
11.0 (7.2-15.6)
18.2

27.3x24
910+ 347

Complete 5/45
Incomplete 3/27
None 2/18
Unknown 1/9

Yes 6/55
No 3/27
Unknown 2/18

Yes 8/73
No 2/18
Unknown 1/9

Yes 4/36
No 5/45
Unknown 2/18

Yes 2/18
No 7/64
Unknown 2/18

100 (94-104)
0.0 (-0.5 to -0.3)

87 (70-89)
-1.1(-2.4 to -1.0)

84 (69-90)
-22+1.1

52+25
-1.7 (-2.7 to -1.2)

100 (94-104)
0.0 (-0.5-0.3)

Preterm(n=9)
11.1 (10.7-12.6)
66.7

28114

1106 £ 295

Complete 7/78
None 2/22

Yes 3/33
No 6/66

No 9/100

No 9/100

No 9/100

99 (95-106)
-0.1 (-0.5-0.5)

99 (90-104)
-0.1 (-0.9-0.4)

96 (90-105)
-0.3+x14

91+21
-0.2 (-1.0- 0.4)

99 (95-107)
-0.1 (-0.5-0.6)

)
Healthy volunteers (n=9/7) p Value
11.6 (8.8-12.8)
55.6

0.23!

0.02*
102 (73-115) 0.77%, 0.662, 0.87°
0.2 (-2.3-1.3) 0.66%, 0.662, 0.87°
104 (79-109) 0.003%, 0.072, 0.52°
0.3 (-1.8-0.8) 0.006%, 0.072, 0.60°
99 (89-105) 0.01%, 0.0062, 0.92°
-02+1.1 0.005%, <0.0012, 0.53°
91+20 0.002%, 0.0012, 0.60°
0.0 (-0.3-0.3) 0.002%, 0.0042, 0.60°

102 (73-115) 0.71%, 0.662, 0.87°

0.2 (-2.3-1.3) 0.66, 0.662, 0.87°

Note: Data are presented as mean * standard deviation or median (range or interquartile range); p < 0.05 is in bold, 1 = children with BPD compared to
preterm-born children without BPD, 2 = children with BPD compared to healthy volunteers, 3 = preterm-born children without BPD compared to healthy

volunteers.

Abbreviations: BPD, bronchopulmonary dysplasia; FEFs, forced expiratory flow at 75% of expiration; FEV4, forced expiratory volume in 1s; FVC, forced
vital capacity; GA, gestational age; MRI, magnetic resonance imaging; PMA, postmenstrual age; VCmax, maximum vital capacity.

BPD population, two children showed a ventilation defect, one child
showed a combined ventilation and perfusion defect, and one child
showed two defects, one ventilation and one perfusion defect. In our

preterm population without BPD, two children showed a ventilation

defect. Five children with BPD and six preterm-born children without
BPD did not show a defect on the FD maps. However, the FD maps
were not able to pick up minor hypointense regions. In addition, since

the slice thickness of the FD images was 15 mm, movements of the
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TABLE 2 Qualitative MRI scoring
Axial SPGR Axial SPGR
insp (N =27) exp (n=29)
Fissures 1(1-1) 1(1-2)
Vessels 2 (2-2) 2 (2-3)
Bronchi 2 (2-2) 2 (2-2)
Noise/artifacts 3 (2-3) 3 (2-3)
Overall 3 (2-3) 3(2-3)

acceptability

Note: Qualitative MRI scoring according to Bae et al. 2

T2-weighted ZTE UTE

PROPELLER (n = 29) (n=26) (n=10)
2 (2-2) 2 (2-2) 2 (2-2)
4 (3-4) 4 (4-4) 4 (4-4)
3 (3-4) 4 (4-4) 4 (4-4)
3 (3-4) 2 (2-4) 3(3-4)
4 (3-4) 4 (3-4) 4 (4-4)

The scores range from 1 representing worst depiction/most artifacts/worse acceptability and 5

representing best depiction of structures/least artifacts/superior acceptability (for exact scoring method see Supporting Information: 3).

Abbreviations: MRI, magnetic resonance imaging; PROPELLER, periodically rotated overlapping parallel lines with enhanced reconstruction; SPGR, spoiled
gradient echo; UTE, ultrashort echo time; ZTE, zero echo time.

TABLE 3 Quantitative MRI results

BPD (n=11) Preterm (n=9)

Free-breathing

Diseased lung 9.1 (5.9-11.6) 3.4 (2.5-5.4)

Hypointensity 0.0 (0.0-0.8) 0.2 (0.0-0.3)

Hyperintensity 1.8 (1.4-3.6) 0.5 (0.1-1.4)

Bronchopathy 5.3 (4.5-7.7) 2.6 (1.6-3.7)

Normal lung 90.9 (88.4-94.1) 96.6 (94.6-97.6)
Expiration

Hypointensity 2.5 (0.0-6.2)

Normal lung 97.5 (93.8-100.0)

Architectural distortion 2(1-2)

0.9 (0.0-0.9)

99.1 (96.5-100.0)

1(0-1)

Healthy volunteers (n =9) p Value

0.4 (0.1-0.8) <0.001%, <0.0012, 0.0013
(0.0-0.0) 0.71%, 0.182, 0.09°
(0.0-0.2) 0.004%, <0.0012, 0.013

0.2 (0.0-0.7) 0.002%, <0.0012, 0.001°

99.6 (99.3-100.0) <0.001%, <0.0012, 0.0013

0.0 (0.0-0.0) 0.55%, 0.032, 0.01°
100.0 (100.0-100.0) 0.55%, 0.032 0.01°

0 (0-0) 0.002%, <0.0012, 0.01°

Note: Quantitative MRI results according to the MERGE scoring and degree of architectural distortion. Data are presented as % of the total lung volume
for the MERGE scoring and as a degree for architectural distortion, with O = none, 1 = mild, 2 = moderate, and 3 = severe. All data are presented as median
(interquartile range). p < 0.05 is in bold, 1 = children with BPD compared to preterm-born children without BPD, 2 = children with BPD compared to

healthy volunteers, and 3 = preterm-born children without BPD compared to healthy volunteers.

Abbreviations: BPD; bronchopulmonary dysplasia; MRI, magnetic resonance imaging.

chest wall and heart appeared as signal defects on the FD maps. To
prevent wrongful interpretation, these defects in the paramediastinal
and peripheral regions of the lungs were left out of the visual
comparison. Figure 3 shows examples of the comparison between

the coronal reformatted SGPR expiration sequences and FD maps.

4 | DISCUSSION

This is the first study using MRI to image structure as well as function
changes of the lungs in preterm-born children with and without BPD
at school age. Our findings show that MRI is capable to identify
clinically relevant changes in lung structure and function in these

populations. We propose chest MRI as a sensitive and safe imaging

method, without ionizing radiation, contrast agents, or the use of
anesthesia, for the long-term follow-up of preterm-born children.
Using a conventional MRI protocol on a standard 1.5 Tesla
scanner, we were able to identify the most common structural lung
changes related to preterm birth, namely hypo- and hyperintense
regions and bronchopathy.® Children with BPD showed a higher
percentage of hyperintense regions and bronchopathy on free-
breathing MRI
without BPD and healthy volunteers. These findings are in line with

sequences compared to preterm-born children

previous research using chest CT in this population.®?27%° We also
found a higher percentage of hypointense regions on the expiratory
MRI sequence in children with BPD compared to preterm-born
children without BPD and healthy volunteers, as shown in previous
CT studies.®?
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FIGURE 2 Axial 3D Proton Density weighted (PD-w) Zero echo time with navigator (ZTE vnav) (A) and axial 2D T2-weighted PROPELLER (B)
and axial reconstructed 3D PD-w SPGR expiration images in an 8-year-old girl with severe BPD. Note the segmental bronchus of the right lower
lobe with bronchial wall thickening (A and B, thin arrow), the hyperintense parenchymal abnormality in the middle lobe representing atelectasis/
fibrosis (A and B, thick arrow), and the hypointense regions on the expiratory images (C, thick arrow).

TABLE 4 Correlation analyses between quantitative MRI analyses and spirometry outcomes

FEV; % predicted

Free-breathing

FEV1/FVC % predicted

FEF;5 % predicted

Diseased lung rs: 0.40 (-0.69 to -0.01) 0.04 rs: =0.49 (-0.75 to -0.11) 0.009 r:-0.63(-0.96 to -0.31)  <0.001

Hypointensity re: =0.18 (-0.53-0.21) 0.36 rs: -0.38 (-0.67-0.01) 0.05 r: -0.48 (-0.83 to -0.14) 0.008

Hyperintensity rs: -0.57 (-0.79 to -0.21) 0.002 rs: —0.66 (-0.84 to -0.34) <0.001 r: =0.73 (-1.00 to -0.45) <0.001

Bronchopathy rs: =0.26 (-0.59 to 0.14) 0.19 rs: =0.33 (-0.64-0.07) 0.09 r: -0.40 (-0.78 to -0.02) 0.04
Expiration

Hypointensity re: =0.32 (-0.63-0.07) 0.10 re: —0.21 (-0.63-0.08) 0.11 r: -0.38 (-0.76 to -0.01) 0.04

Architectural distortion rs: —0.63 (-0.82 to -0.29) <0.001 rs: —0.66 (-0.84 to -0.34) <0.001 r: -0.77 (-1.03 to -0.51) <0.001

Note: Data are presented as Pearson (r) or Spearman (r) correlation coefficient (95% confidence interval). p < 0.05 is in bold.

Abbreviations: FEF;s, forced expiratory flow at 75% of expiration; FEV4, forced expiratory volume in 1s; FVC, forced vital capacity; MRI, magnetic

resonance imaging.

We showed significant correlations between an increase of
abnormalities on MRI and lower spirometry outcomes in children
with BPD. The strongest correlation was found for FEFs,

reflecting airflow in the peripheral airways and thereby

representing small airway disease, which in previous studies has

T.32'33

been linked to hypoattenuation on C It is hypothesized that

in BPD

development of the alveoli and its vascularization as well as

small airways disease is caused by both altered

persistent airway inflammation and smooth muscle hypertrophy,
and shows the link with the predisposition of developing the
chronic obstructive pulmonary disease later in life for preterm-

born children.?+35
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Expiratory scan

. [ ~—

Ventilation

Perfusion

FIGURE 3 Example images of the comparison between the expiratory MRI scans and FD ventilation and perfusion maps. Black on the FD
maps corresponds to a defect. (1) Coronal reformat SPGR expiration image showing hypointense regions in the right lower lobe and apical part
of the left lung (A), corresponding FD ventilation map showing a defect in the apical part of the left lung (B), and FD perfusion map showing a
defect in the right lower lobe (C) in a child with BPD. (2) Coronal reformat SPGR expiration image showing a hypointense region in the right
lower lobe (A), corresponding FD ventilation map showing a defect in the right lower lobe (B), and FD perfusion map showing a defect in the
right lower lobe (C) in a child with BPD. (3) Coronal reformat SPGR expiration image showing a hypointense region in the right lower lobe

(A), corresponding FD ventilation map showing a defect in the right lower lobe (B), and FD perfusion map showing no defect (C) map in a child
with BPD. BPD, bronchopulmonary dysplasia; FD, Fourier Decomposition; MRI, magnetic resonance imaging; SPGR, spoiled gradient echo.

[Color figure can be viewed at wileyonlinelibrary.com]

A unique feature of our study is that we included preterm-born
children without BPD. Preterm-born children without BPD showed
significantly better spirometry outcomes compared to preterm
children with BPD, but no difference with healthy volunteers. Lower
spirometry values in children with BPD compared to preterm-born

children without BPD have been previously described.3¢%7 |

n
addition, studies show a further decrease in lung function over time
in preterm-born children with and without BPD and a correlation
between this decrease in lung function and increased bronchial wall
thickening on CT, suggesting the presence of airway inflammation in
this population.*> Although we did not find a lower spirometry
outcome in our cohort of preterm-born children without BPD, we did
find a significantly higher percentage of abnormalities on MRI

compared to healthy volunteers. These findings indicate that MRI

might be able to pick up minor changes in lung structure and function
that are not detected with spirometry.

Our findings on structural lung changes in both preterm-born
children with and without BPD bring up the validity and clinical
importance of the currently used diagnostic criteria of the severity of
BPD, which is based on the amount of oxygen need at 36 weeks
PMA.*® Lung abnormalities in preterm-born children are linear and
therefore the current diagnostic (severity) criteria, set at one moment
in time, and dividing patients into a categorical severity scale do not
necessarily identify those children at risk and in need of further
follow-up. A recent neonatal study showed MRI findings to be a
better predictor of short-term clinical outcomes than BPD severity
score according to the NHI criteria.'® Although long-term follow-up

on these findings is necessary, these data indicate that imaging might
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aid in identifying those preterm patients at risk for respiratory
morbidity.

The use of chest CT for the radiological follow-up of lung
abnormalities in preterm-born children has the advantage that
protocols are easier to standardize across centers and vendors
compared to MRI and radiation doses are coming down progres-
sively, also thanks to the introduction of photon counting
CT technology.2? Though, the risk for scanning neonatal patients
who are more sensitive to radiation should still be taken into
consideration.*>*! In addition, MRI has the additional benefit of
functional imaging. In this study, we explored the use of FD to
identify hypointense regions as ventilation or perfusion defects
and found this method to be well capable of classifying large
hypointense regions. However, our algorithm was not yet
sensitive enough to identify minor hypointense regions, such as
mosaic perfusion, especially at the periphery of the lung. The
distinction between ventilation or perfusion defects on imaging is
of special interest in the BPD population, where a simplified
development of the alveoli can be associated with pulmonary
vascular diseases, such as hypoperfusion and pulmonary hyper-
tension.*? Future research should focus on the improvement of
the FD sequence and postprocessing.

Based on our qualitative scoring, we recommend the use of an
MRI protocol consisting of both T2 weighted sequences (such as
our PROPELLER sequence) to identify bronchopathy, in combina-
tion with a short TE sequence (such as ZTE/UTE) and an end-
expiratory SPGR sequence to identify hypointense regions. Some
of these short TE sequences have the additional benefit of being
silent which makes the MRI less burdensome for (young) children.
Hyperintense regions are easily identified on both sequences. We
were not able to identify a difference in hypointense regions on
free-breathing sequences between all groups, as has been
previously described in CT studies.”?? 3! However, using end-
expiratory breath-hold imaging, children with BPD showed a
significant higher amount of hypointense regions compared to
healthy volunteers. This can be explained by the better contrast-
to-noise ratio seen on MRI at residual volume using expiratory
sequences, compared to the functional residual capacity volume
obtained in free-breathing sequences. Therefore, we recommend
expiratory sequences at residual volume level for the identifica-
tion of hypointense regions. This implies that in younger children
with BPD, who may not be able to perform breath-hold imaging,
detection of the hypointense region might not be feasible or
cumbersome.

Our study has a few limitations. First, being our primary aim to
develop the MRI protocol, our study was only conducted in a small
population, and not all BPD severity groups (mild or moderate BPD)
were included, therefore our findings should be validated in a larger
group of patients. Second, we lacked clinical information, such as
respiratory symptoms, comorbidities, and use of medication, to
correlate with MRI findings. Finally, we did not have CT available for

comparison.

i)

5 | CONCLUSION

In conclusion, we show that MRI has the potential to safely image
structural and functional abnormalities of the lungs at school-age in
preterm-born children with and without BPD. An increase in MRI
abnormalities correlates with lower spirometry outcomes. These
results support the importance of including imaging in the long-term
follow-up of all preterm-born children to identify those children at
risk for respiratory morbidity and therefore in need of closer
monitoring. Future research in premature-born children should focus
on long-term follow-up of structural and functional abnormalities,
including imaging, and their relationship with lung function and
clinical status. The development of our MRI protocol is the first step

for a safe long-term follow-up of premature-born children.
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