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Abstract
Background

Magnetic resonance imaging (MRI) is known to offer the best structural and functional pulmonary
assessment and is a promising tool for monitoring and tracking disease progression in prematurity-
related lung disease (PRLD).

Objective

We aimed to test the feasibility of capturing anatomical correlates of PRLD with MRI using the
bronchopulMonary rottErdam mRi morpholoGy scorE (MERGE-BPD score), and correlating imaging with
histological, and functional, lung analysis.

Materials and methods

In this pilot study, 8 sheep from a larger cohort underwent pulmonary MRI at 1 year of age: 4 term-born
lambs and 4 preterm-born lambs, of which two were exposed to intra-amniotic lipopolysaccharide (LPS).
Besides MRI, lung function was measured using respiratory oscillometry, and histological analysis was
performed on post-mortem lung tissue. Statistics were performed using the Kruskal-Wallis test and the
Mann-Whitney test, and Z-scores were calculated.

Results

Areas of hyperintensity of lung parenchyma could be identified in all preterm-born animals and in one of
the four term-born sheep. MRI changes are associated with histological changes driven by inflammation
(− 0.97, 1.24, and 0.48 (overall p 0.04)) and mucus plugging (− 0.87, 0.86, and 0.82 (overall p 0.07)).
Bronchial hyperreactivity was significantly different between the three groups (p 0.05).

Conclusion

We demonstrate that pulmonary MRI complements conventional lung function and histological analysis
by detecting subtle abnormalities in prematurity-related lung diseases. It has the potential to become a
valuable, safe, and radiation-free tool for predicting lung function trajectories in children and gaining a
deeper understanding of pathophysiological mechanisms following preterm birth.

Introduction
Preterm birth increases mortality risks from infancy through adulthood, with respiratory disorders being
a major contributor (1). The most well-known prematurity-related respiratory condition is
bronchopulmonary dysplasia (BPD); however, children born preterm without BPD are also prone to
developing respiratory symptoms later in life. This has led to the broader concept of prematurity-related
lung disease (PRLD), a heterogeneous entity with, to date, a poorly defined pathophysiology (2, 3).
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Lung function tests are the standard for assessing pulmonary function and are commonly used to detect
or screen for PRLDs, but they have limitations. Measuring lung function is particularly challenging in
young children, and lung function measurements do not fully capture the anatomical changes
associated with PRLD. As a result, knowledge gaps remain about the course and pathogenesis of PRLD,
and pulmonary imaging may therefore be helpful in detecting and phenotyping PRLD.

Computed tomography (CT) is currently considered the gold standard for imaging lung structure in
children with BPD (4). However, routine use of CT in children is restricted by concerns of radiation
exposure. In this context, lung magnetic resonance imaging (MRI) emerges as a promising tool for
monitoring and tracking disease progression. MRI is known to offer the best structural and functional
assessment, without patient safety concerns, making this technique promising for personalized,
longitudinal care in PRLD. Risk scores for infants with severe BPD using lung MRI exist, but these have
not yet been applied to the wider PRLD population (5–7). Also, the extent to which changes in MRI
correlate with the pathological and functional substrates of PRLD is not well established.

To further explore the correlation between MRI images and the underlying pathology in PRLD, we
conducted a pilot study using MRI images from a long-term sheep cohort. These animals were either
term-born sheep, preterm-born sheep, or preterm-born sheep exposed to perinatal inflammation. This
setup closely mimics pulmonary development and pathophysiological PRLD-like processes observed
throughout life in preterm infants. Our primary aim was to test the feasibility of the bronchopulMonary
rottErdam mRi morpholoGy scorE (MERGE-BPD score (6)), adapted from the original chest CT score
PRAGMA-BPD (4)), for quantifying anatomical changes from lung MRIs. We hypothesized that the
MERGE-BPD score could capture anatomical changes in our PRLD animal model, thereby enabling a
unique correlation among histological, functional, and pulmonary imaging analyses. This approach
would offer a unique opportunity to establish the value of lung MRI in the broader population of (young)
infants with PRLD, ultimately advancing understanding of the underlying processes that drive this
disease.

Methodology

Animal model
In our translational research laboratory, a long-term Texel sheep study has been conducted, during which
a convenience sample of 8 sheep underwent pulmonary MRI. The current study employed an exploratory
design; therefore, the sample size was not based on a power calculation. Animal experiments were
approved by the Central Authority for Scientific Procedures on Animals and the Animal Welfare Body.

For MRI analysis, we included 4 term-born lambs (~ 150d gestational age (GA)), and 4 preterm lambs
(instrumented 121d, betamethasone 131d, cesarean section 132d), of which two were additionally
exposed to intra-amniotic lipopolysaccharide (LPS) (125d). Thereafter, preterm animals were
mechanically ventilated (MV) for 72 hours as described by Neuen et al. and received standard of care
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(8). The term-born lambs were reared by the ewe and weaned at two months. Preterm-born lambs were
bottle-fed by animal caretakers. After two months, the reference lambs were housed with age-matched
preterm lambs. Lambs were weighed weekly and fed ad libitum.

MRI image acquisition and scoring
At 1 year of age, the animals underwent pulmonary MRI. Before the MRI, the animals were intubated and
underwent anesthesia. Animals were sedated with propofol (12 mg/kg/min) and mechanically ventilated
by volume guaranteed ventilation (5-6ml/kg/min). Supplemental oxygen was adjusted according to
oxygen saturation measurements. As the standard of care, all animals receive 20 ml/kg vascular filling to
prevent propofol-induced hypotension.

A chest MRI was performed on a 3-Tesla scanner (Ingenia, Philips Healthcare, Best, the Netherlands)
using a 16-channel torso coil. The protocol included a 5mm 3d balanced turbo field echo (BTFE) T2-
weighted in coronal and axial plane, 3d Ultrashort echo time (UTE) Proton Density weighted (PD-w) with
1.7 mm isotropic voxels and a spiral acquisition, and 5mm 2d T2-weighted Multivane in axial plane.
Respiratory gating with a trigger belt was used to acquire images at the end of expiration during tidal
breathing, thereby minimizing motion artifacts. Average scan time was 31 min and 45 seconds.

Eight animals were scored independently by two experienced image analysts. The four 'term-reference
sheep' were used as visual references and scored to identify what can be considered normal, particularly
with respect to bronchial and vascular tree anatomy and dimensions. Scorers were blinded to the LPS+/-
status of the 4 preterm animals. The MERGE-BPD score was used as developed and previously published
(6, 9). The MERGE score quantifies pulmonary abnormalities in categories, namely hyper- and
hypointensity and bronchopathy, which were calculated as percentages (%) of total lung volume.
Hypointense areas include mosaic perfusion, emphysema, trapped air, and bullae. Hyperintense areas
include consolidation, atelectasis, and linear/subpleural opacities. Bronchopathy was defined as either
bronchiectasis and/or bronchial wall thickening on MRI.

Lung processing and histology
Post-mortem tissue was sampled as described earlier by Neuen et al. (8). Lung sections from the right
lower lobe were stained with hematoxylin-eosin, and Carnoy-fixated sections were stained with Alcian
Blue-Periodic Acid Schiff. Immunohistochemistry for smooth-muscle cells/myofibroblasts (α-SMA) was
described earlier (10). All analyses were performed by two blinded researchers using QuPath (v0.5.0)
(11). Bronchioles were defined by the absence of cartilage and submucosal glands, and their counts
were quantified per unit of tissue surface area. The thickness of smooth muscles and the thickness of
the epithelial layer were measured as tissue area per length of the basal membrane. Mucus-filled
bronchioles are defined by containing AB-PAS-positive mucus-producing cells. The percentage of mucus-
filled bronchioles or inducible bronchus-associated lymphoid tissue (iBALT) adherent bronchioles was
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calculated relative to the total number of bronchioles. The quantitative number of α-SMA in the alveolar
compartment was calculated as a percentage of tissue area.

Lung function
At 1 year of age, lung function was assessed by respiratory oscillometry using the Tremoflo c-100
system (Thorasys, Montreal, Canada). Measured parameters included respiratory resistance (R7, R7-20)
and reactance (AX). Airway hyperresponsiveness was evaluated using a methacholine provocation test
according to the European Respiratory Society guidelines. The provocation dose (PD20) was defined as
the dose at which 20% deterioration in lung function (reactance) was achieved.

Statistical analysis
Data are presented as medians (interquartile ranges), with p-values considered statistically significant at
< 0.05. p-values were calculated using the Kruskal-Wallis test for 3-group comparison, and the Mann-
Whitney test for pairwise comparison. Z-scores were calculated based on eight animals. Graphs and
statistical tests were performed using GraphPad Prism version 8.0.2.

This study was reported in accordance with the ARRIVE 2.0 guidelines.

Results
Areas of hyperintensity of lung parenchyma could be identified in all preterm-born animals and in one of
the four term-born sheep (Table 1). Figure 1 shows representative free-breathing PD-weighed UTE
images. Histological analysis of the lung showed severe damage with signs of tissue remodeling, with
fibrosis precursor changes, infiltration, and fluid accumulation in the preterm-born lambs only. No
anatomical distortion was seen in the term-born animals. Alternatively, the areas of hyperintensity on
MRI could be related to mucus accumulation, which was seen more frequently in histological samples
from preterm animals (p 0.04, Table 2).

Although airway changes were seen on histology, MRI-based scoring proved more challenging.
Bronchopathy was observed in only a few animals due to high variability in airway diameters and wall
thickness, even in the term-born references. These bronchopathy results were not summarized due to
the sparsity of data points.
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Table 1
GROUPED

Diseased lung Term (n = 4) Preterm (n = 2) Preterm + LPS (n 
= 2)

p Value

0,00 (0,00–
0,00)

0,12 (0,00–0,29) 1,49 (0,97–2,31) 0,04 (0,091, 0,092,
0,333)

Hyperintensity 0,00 (0,00–
0,04)

0,33 (0,29–0,37) 2,94 (2,31–3,57) 0,04 (0,091, 0,092,
0,333)

Bronchopathy 0,00 (0,00–
0,00)

0,00 (0,00–0,00) 0,65 (0,32–0,97) 0,22 (1,001, 0,292,
0,623)

Normal lung 100 (99,96–
100)

99,67 (99,63–
99,71)

96,41 (95,46–
97,36)

0,04 (0,091, 0,092,
0,333)

Note: Quantitative MRI results according to the MERGE scoring. Data are presented as % of the total lung
volume.1represents term vs. preterm.2represents term vs. preterm + LPS.3represents preterm vs. preterm + 
LPS.
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Table 2
– GROUPED

Nr. bronchioles Term (n = 4) Preterm (n = 2) Preterm + LPS
(n = 2)

p Value

0,64 (-0,08 − 
1,30)

-0,28 (-0,40 -
-0,15)

-0,90 (-0,96 -
-0,83)

0,11 (0,531,
0,132. 0.333)

Epithelial heightening -0,36 (-0,54 -
-0,30)

-0,32 (-0,47 -
-0,16)

1,28 (0,77–1,79) 0,13 (0,801, 0,132,
0,333)

Smooth muscle
thickness

-0,74 (-1,01 -
-0,14)

0,05 (-0,10–
0,20)

0,78 (0,35–1,20) 0,29 (0,531, 0,272,
0,673)

Mucus -0,97 (-0,97 –
− 0,86)

1,24 (1,13–
1,35)

0,48 (0,28–0,66) 0,04 (0,091, 0,092,
0,333)

iBALT -0,87 (− 1,35 –
-0,37)

0,86 (0,85–
0,88)

0,82 (0,66–0,98) 0,07 (0,131, 0,132,
1,003)

Edema -0,60 (-0,72 -
-0,36)

-0,42 (-0,51 -
-0,33)

1,39 (0,95–1,82) 0,12 (0,811, 0,102,
0,333)

a-SMA myofibroblast -0,60 (-1,01 -
-0,16)

0,27 (-0,12–
0,66)

0,87 (0,64–1,11) 0,29 (0,531, 0,272,
0,673)

Note: Histological data presented in z-scores. 1 represents term vs. preterm. 2 represents term vs.
preterm + LPS. 3 represents preterm vs. preterm + LPS.

Lung function is shown in Table 3. Bronchial hyperreactivity was significantly different between the three
groups (p 0.05). However, significance was lost in the post hoc groupwise comparison. Preterm animals
had the lowest lung function scores, although these differences were not statistically significant in the
group comparison in our small sample (Table 3).
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Table 3
– GROUPED – LUNG FUNCTION

R7 Term (n = 4) Preterm (n = 2) Preterm + LPS (n = 
2)

p Value

0,75 (0,32–
1,07)

-0,60 (-0,82 –
-0,37)

-0,67 (-1,06 – -0,29) 0,22 (0,271, 0,272,
1,003)

R7-
20

0,23 (-0,55–
0,86)

0,60 (0,23–0,96) -0,74 (-0,96 – -0,52) 0,26 (0,531, 0,532, 0,333)

AX 0,91 (0,67–1,06) -0,67 (-0,91 – -0,43) -0,98 (-1,15 – -0,81) 0,06 (0,131, 0,132, 0,673)

PD20 0,48 (-0,11–
1,26)

-0,88 (-0,91 – -0,85) -0,46 (-0,56 – -0,36) 0,05 (0,131, 0,132,
0,333)

Note: Lung function data presented in z-scores per group. 1 represents term vs. preterm. 2 represents term
vs. preterm + LPS. 3 represents preterm vs. preterm + LPS.

Discussion
In the current exploratory study using an animal model that mimics PRLD, we showed the possibilities of
pulmonary MRI for assessing structural lung abnormalities in PRLD. We demonstrated that MRI changes
are associated with histological changes driven by inflammation and mucus plugging in individual
animals. Importantly, individual preterm animals also showed increased airway hyperreactivity. These
changes seen on MRI cover part of the PRLD spectrum, and thus offer the opportunity to further
investigate this subtype non-invasively (12).

MRI showed increased hyperintensity in all preterm animals, whereas this finding was observed in only
one term-born animal. These changes may reflect atelectasis caused by mucus plugging or
inflammation-induced consolidation, as histological analysis demonstrated comparable mucus
formation. Further differentiation was not possible because of the limited spatial resolution of MRI.
Mucus clearance may be underestimated in descriptions of the PRLD phenotype, as it has been less
extensively investigated than other pathological features. Importantly, previous studies have shown that
such abnormalities are associated with long-term impairment of lung function, and that additional
environmental triggers later in life (e.g., cigarette smoke or viral infections) may further exacerbate
functional decline (13).

Pulmonary abnormalities persisted after 1-year follow-up in our sheep model, corresponding to young
adulthood in humans. Therefore, pulmonary MRI may serve as an additional valuable tool for
discriminating between groups compared with lung function alone during longitudinal follow-up.
Observations of structural changes in sheep at 1 year of age indicate that perinatal insults during critical
early development can lead to lung structural and functional changes that persist into adulthood.
Moreover, our findings extend the results of a previous clinical study showing lung damage on MRI in
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preterm-born children at 6 years of age (14). In our study, these imaging-based adverse outcomes were
associated with impairments in lung function. This tentatively connects the early anatomical changes
with studies reporting obstructive lung function in former preterm-born individuals, including persistent
respiratory symptoms into adulthood, even among moderate-to-late preterm groups (15–17).

From a preclinical perspective, pulmonary MRI strengthens our research model by providing a unique
correlation between imaging, histology, and lung function. Although the prevalence of detectable
abnormalities was low, this aligns with reports in humans, where hyperattenuation of lung tissue on CT
occurs at similar rates (18). Moreover, literature indicates that other MRI sequences can identify hypo-
and hyperintense abnormalities, bronchopathy, and architectural distortion, which are consistent with CT-
based findings (6). The lower spatial resolution of MRI compared to CT is acknowledged, but MRI offers
clear advantages over CT. Not only can full inspiration and expiration scans be acquired, but MRI allows
a comprehensive evaluation of lung structure as well as functional alterations in ventilation. Recent
studies support this by showing that MRI can detect progressive parenchymal changes while also
providing quantitative insights into ventilation distribution and pulmonary vascular development in BPD
(19–21).

Developing novel imaging methods is important in children with PRLD. It may identify children who are at
risk of developing pulmonary complications later in life. Unlike traditional lung function tests, MRI can
reveal subtle injuries with prognostic value even in preterm-born children without BPD who show normal
spirometry results (6). Also, long-term follow-up would be possible through sequential MRI, given that
some children develop significant morbidity despite minimal initial impairment (22). We showed that MRI
use could be extended to moderate-to-late preterm infants, for whom adequate guidelines, screening,
and monitoring are currently lacking. Recent advances in ultrafast MRI techniques and free-breathing
sequences have made pulmonary MRI more feasible for young children who are unable to hold their
breath (23). Beyond phenotyping neonatal lung diseases, MRI can support precision medicine
approaches, tailor interventions (e.g., steroid responsiveness), and monitor therapy response over time,
all without radiation-related long-term risks (5).

Several limitations need to be considered. This includes the small size of our population and the lack of
longitudinal data. There were also technical limitations, such as inconsistent detection of hypointensity
and bronchopathy with our MRI sequence, and wide variability in airway diameter and wall thickness
among control animals, which reduced the sensitivity of our findings. Lastly, maximal inspiration and
expiration scans could not be obtained with this mechanical ventilator and MRI setup in this pilot.

Conclusion
Our study in an ovine model demonstrates that pulmonary MRI complements conventional lung function
and histological analysis by detecting subtle abnormalities in prematurity-related lung diseases. While
these are pilot data, they provide evidence for the potential of lung MRI as a tool for monitoring lung
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damage in children after preterm birth and for providing a deeper understanding of the underlying
pathophysiological mechanisms.
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Figure 1

Representative images from pulmonary MRI in sheep, free-breathing PD-weighed UTE sequence. a and b
show a term-reference animal, normal sheep anatomy, without signs of hyperintensity of lung tissue. c
and d show representative histology images of a term-reference animal. e and f show preterm + LPS with
more hyperintense areas, and g and h show representative histological images of a preterm + LPS, with h
showing mucus-filled alveoli.
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