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Shareable abstract (@ERSpublications)
Lung MRI revealed emphysema-like changes at (pre)school age in moderate/severe BPD. These
changes were associated with the degree of immaturity at birth and coincided with indicators of
airway pathology. Such structural information is needed to inform long-term treatment and
monitoring strategies. https://bit.ly/44nNj9W
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Abstract
Background Chronic lung disease, i.e., bronchopulmonary dysplasia (BPD), is the most prevalent
complication after premature birth. Despite the clinical relevance, insight into persisting lung structural
changes in BPD in later childhood remains sparse. We therefore assessed lung structural changes by
magnetic resonance imaging (MRI) in (pre)school-aged children born before 32 weeks’ gestation and
compared them to pulmonary characteristics of BPD at near-term age.
Methods (Pre)school-aged children after premature birth with and without BPD underwent 3T MRI
without sedation at a median age of 5.8 years (4.3–8.7 years, n=27). Comparative analyses used
imaging at near-term age in 88 preterm infants with a subgroup of 16 serial measurements. Standardised
image analysis (consensus panel scoring, 5-point Likert scale) of coronal/axial/sagittal T2-weighted
single-shot fast-spin-echo sequences obtained scores for the variables “emphysema”, “interstitial
enhancement”, “airway accentuation” and “ventilation inhomogeneity”, complemented by transverse
(T2) and longitudinal (T1) relaxation-time mapping (n=26), lung volume measurements and follow-up
parental questionnaires.
Results MRI scoring revealed persisting emphysema-like changes in children with moderate/severe BPD
(p=0.031 versus no BPD). The prevalence was associated with greater immaturity (p=0.018) and in line
with an increase in lung volume. In contrast, higher scores for “interstitial enhancement” and “airway
accentuation” were not associated with a history of BPD at (pre)school age.
Interpretation Persisting structural changes in the BPD lung are dominated by underlying immaturity and
demonstrate an emphysema-like phenotype, potentially fitting the concept of dysanapsis. Lung MRI can
inform treatment and monitoring strategies through the provision of additional information on disease
characteristics and severity.
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Introduction
With the continuous improvement of medical care for premature infants, the probability of survival has
increased particularly for very premature newborns [1, 2]. However, these children face a significant risk
for long-term complications [3–6] such as neonatal chronic lung disease, also known as bronchopulmonary
dysplasia (BPD) [7]. This most prevalent morbidity after premature birth results from the exposure of the
functionally and structurally immature lungs to postnatal challenges including mechanical ventilation and
supplemental oxygen, adding to the detrimental effects of pre- and postnatal infections and malnutrition [8].
The concert of these risk factors lead to the disruption of alveolar and vascular formation as well as
interstitial remodeling, critically reducing the functional capacity of the gas exchange area [7, 9].

Follow-up studies have indicated severe long-term pulmonary impairment as a consequence of prematurity
[10, 11], supported by lung function studies in school age showing persistent deficits in baseline lung
function [12]. The increased rate of sudden cardiac death observed in Scandinavian epidemiological studies
confirms the significant prevalence for cardiopulmonary morbidity in this patient cohort [13, 14].

Despite the long-term clinical relevance of the disease, information about structural and functional
pulmonary development is sparse and its assessment is not routinely integrated into the diagnostic process,
thereby withholding critical information from individualised monitoring and treatment strategies.

As of today, lung imaging for respiratory distress is confined to conventional chest radiography (CXR) in
the preterm infant, mainly due to the lack of alternative strategies. The diagnostic value of CXR, however,
is limited due to its low sensitivity and specificity to identify structural changes [15], resulting in the failed
success of implementing CXR-based scores into clinical routine [16]. Nevertheless, studies using CXR
confirmed BPD characteristics in infants with oxygen dependency at 1 month of age including fibrosis/
interstitial shadows, cystic elements and hyperinflation [17], later successfully correlating these findings
with prolonged ventilator and oxygen dependency as well as abnormal airway resistance at 6 months of
age [18]. Although computed tomography (CT) as the diagnostic alternative would benefit from high
spatial resolution and improved diagnostic accuracy, its clinical application is limited due to radiation
exposure [19–22].

With the ultimate aim to close the resulting diagnostic gap with a radiation-free, sensitive imaging tool, the
neonatal community acknowledged the technical advances made in magnetic resonance imaging (MRI)
[23–25] that had led to the successful application of this technique in adult and paediatric lung disease
patients, even demonstrating comparability to high-resolution CT-derived structural information [26–28].

To evaluate the potential of the lung MRI-based disease score as a radiation-free, clinically applicable
method to characterise structural abnormalities in BPD, we performed a follow-up study of the AIRR
(Attention to Infants @ Respiratory Risk) cohort that included preterm infants born before 32 weeks
gestational age (GA) at (pre)school age and quantified the extent of the observed lung structural changes.
This follow-up study enabled us to highlight the predominance of tissue rarefication and overdistension
resembling emphysema-like structural changes in the lungs of (pre)school-aged children with BPD, more
prevalent in infants born with significant immaturity and associated with structural airway abnormalities
and increased MRI lung volumes.

Methods
Patient recruitment
Preterm infants ⩽32 weeks GA born at the Perinatal Center of the Ludwig-Maximilian University, Campus
Großhadern between 2013 and 2018 with and without BPD were prospectively included in the study after
written informed parental consent (EC #195-07, Ethic Board of the Ludwig-Maximilians University,
German Registry for Clinical Studies DRKS00004600). Severe congenital malformations (e.g., hypoplastic
left-heart syndrome, severe hypoplasia of the lungs or congenital diaphragmatic hernia (CHD)),
chromosomal abnormalities (e.g., trisomy 13 or 18), inborn errors of metabolism, and decision for
palliative therapy directly after birth resulted in exclusion from the study.

Follow-up studies in the AIRR cohort were performed between April 2018 and May 2022 to re-recruit
children between the age of 4 and 8 years. The AIRR cohort comprised patients with (n=97) and without
(n=96) MRI at near-term age. Out of 97 patients of the AIRR study with MRI at near-term age,
79 children were at an appropriate age for MRI at (pre)school age during this time. Of these, a total of 13
could not be reached via phone or mail. Of the remaining 66 families, 26 families were willing to perform
a second MRI. In two families travel to the study site was too demanding, and in four cases comorbidity
development in the child would have required sedation to perform the MRI, resulting in a total of 20 cases
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for MRI at (pre)school age. From the MRIs performed, four cases were unsuccessful due to
non-compliance in the scanner, resulting in a total of 16 cases in which an MRI was performed in the
neonatal period and at (pre)school age. From the 96 patients of the AIRR study without an MRI at
near-term age, 61 children were at an appropriate age for MRI during this time. A total of 15 could not be
reached via phone or mail. Of the remaining 46 families, 11 were willing to perform an MRI at
(pre)school age. In total, MRI studies were available from 27 children at (pre)school age (table 1). MRI at
near-term age was available for 88 cases with nine cases excluded due to poor imaging quality.

Patient characterisation
The clinical course from birth to discharge was comprehensively monitored in all study infants as
published previously [29] using the following consented definitions – intrauterine growth restriction:
birthweight below the 10th percentile; diagnosis and severity of respiratory distress syndrome (RDS):
assessment of anterior–posterior chest radiographs according to COUCHARD et al. [30]; chorioamnionitis:
inflammatory alterations of the chorionic plate (histological examination) or signs of maternal and fetal
infection [31]; presence of early postnatal systemic infections (early-onset infection): one or more clinical
and laboratory sign of infection according to SHERMAN et al. [32]. BPD was defined according to the
NICHD/NHLBI/ORD workshop [7] based on the need for oxygen supplementation (inspiratory oxygen
fraction (FIO2

) >0.21) for at least 28 days, followed by a final assessment at 36 weeks postmenstrual age
(PMA) or at discharge, whichever came first in preterm infants born at <32 weeks GA. Study infants were
accordingly assigned as having mild BPD (requirement of supplemental oxygen for 28 days, no need for
oxygen supplementation at 36 weeks PMA) or moderate BPD (oxygen supplementation FIO2

<0.30 at
36 weeks PMA), and severe BPD (oxygen supplementation FIO2

>0.30 at 36 weeks PMA and/or positive
pressure ventilation/continuous positive pressure) with each treatment referring to its continuous application
and oxygen supplementation >12 h equaling 1 day of treatment. The infants’ oxygen saturation was
assessed by standardised pulse oximetry. No infant was discharged from hospital before 36 weeks’
gestation. At the time of MRI none of the children received treatment with diuretics or steroids and none
of the infants presented with a haemodynamically relevant persistent ductus arteriosus. BPD incidences
and comorbidities are indicated in table 1.

TABLE 1 Patient characteristics

Clinical variables Total No BPD Mild BPD Moderate/severe BPD

Patients, n 27 8 10 9
Gestational age at birth weeks# 26.4 (23.5–31.4) 29.5 (26.5–31.4) 25.8 (23.5–30.4) 25.3 (24.0–28.4)
Age at follow-up MRI years 5.8 (4.3–8.7) 5.7 (4.3–7.2) 6.4 (4.7–7.7) 5.5 (4.7–8.7)
Birthweight g# 920 (300–1560) 1270 (960–1350) 850 (540–1560) 670 (300–925)
Sex (female/male) 12/15 (44.4%/55.6%) 4/4 (50.0%/50.0%) 4/6 (40.0%/60.0%) 4/5 (44.4%/55.6%)
Antenatal corticosteroids (yes/no) 22/4 (84.6%/15.4%) 7/1 (87.5%/12.5%) 8/1 (88.9%/11.1%) 7/2 (77.8%/22.2%)
Postnatal corticosteroids (yes/no)# 13/14 (48.1%/51.9%) 2/6 (25.0%/75.0%) 3/7 (30.0%/70.0%) 8/1 (88.9%/11.1%)
Neonatal intensive care unit stay days 79 (21–150) 51 (21–123) 79 (31–110) 107 (65–150)
Early onset infection (yes/no)# 12/15 (44.4%/55.6%) 0/8 (0%/100%) 8/2 (80.0%/20.0%) 4/5 (44.4%/55.6%)
ROP grade ⩾3 (yes/no) 6/21 (22.2%/77.8%) 1/7 (12.5%/87.5%) 2/8 (20.0%/80.0%) 3/6 (33.3%/66.7%)
RDS grade ⩾3 (yes/no) 10/17 (37.0%/63.0%) 2/6 (25.0%/75.0%) 5/5 (50.0%/50.0%) 3/6 (33.3%/66.7%)
IPPV (days) or mechanical ventilation# 13 (0–46) 0 (0–2) 13 (0–38) 27 (1–46)
NIPPV (days) or CPAP (days)# 44 (5–102) 25 (5–34) 50 (13–72) 53 (34–102)
IUGR (yes/no) 7/20 (26.0%/74.0%) 2/6 (25.0%/75.0%) 3/7 (30.0%/70.0%) 2/7 (22.2%/77.8%)
Chorioamnionitis (yes/no) 10/17 (37.0%/62.0%) 3/5 (37.5%/62.5%) 5/5 (50.0%/50.0%) 2/7 (22.2%/77.8%)
Oxygen supplementation required (yes/no) 26/1 (96.3%/3.7%) 7/1 (87.5%/12.5%) 10/0 (100.0%/0.0%) 9/0 (100.0%/0.0%)
Oxygen supplementation days# 47.5 (0–129) 3.5 (0–27) 49 (20–90) 111 (46–129)

Clinical characteristics for all patients (n=27) were included. Values are median (range) or n (%). BPD was graded according to the definition of JOBE
and BANCALARI [7]: mild (oxygen supplementation for at least 28 days postnatally), moderate (oxygen supplementation <30% at 36 weeks
postmenstrual age) and severe (oxygen supplementation >30% and/or ventilator support at 36 weeks postmenstrual age). Systemic infections were
diagnosed according to SHERMAN et al. [32] based on one or more clinical and laboratory signs of infection. Postnatally, diagnosis and severity of RDS
were scored on anterior–posterior chest radiographs according to Couchard et al. [30]. Intrauterine growth restriction (IUGR) was defined as
birthweight below the 10th percentile. Chorioamnionitis was defined as inflammatory alterations of the chorionic plate (histological examination) or
signs of maternal and fetal infection [31]. BPD: bronchopulmonary dysplasia; MRI: magnetic resonance imaging; ROP: retinopathy of prematurity;
RDS: respiratory distress syndrome; IPPV: invasive positive pressure ventilation; NIPPV: noninvasive positive pressure ventilation; CPAP: continuous
positive airway pressure. p-values were calculated using Fisher’s exact test and ANOVA for categorical and continuous variables, respectively.
#: p<0.05.
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Magnetic resonance imaging
Pulmonary MRI
(Pre)school-aged children after premature birth underwent 3 tesla (3T) MRI at a median age of 5.8 years
(4.3–8.7 years, n=27). Serial measurements referring to cases with MRI measurements at near-term and at
(pre)school age were acquired in 16 cases. Initial MRI at the time of the BPD diagnosis was acquired in
88 infants as reported previously [33].

No CXRs, due to its limited value to inform treatment decisions in routine follow-up care for BPD [15], or
CT scans, due to radiation exposure [22], were available at the time of MRI for comparison.

Imaging protocol
Lung MRI was performed in unsedated (pre)school-aged children, awake or in spontaneous sleep in supine
position using a 3T whole-body MRI scanner (Magnetom Skyra, Siemens Healthineers, Erlangen,
Germany). Noise attenuators were used for hearing protection. MRI was performed with a size-adapted
number of coil elements from the 32-channel spine array coil, an 18-channel flexible body array coil and a
20-channel head-and-neck array coil. The protocol included pulse sequences for the qualitative and
quantitative assessment of morphology, volume and structural changes of the lung. In detail, the following
pulse sequences were used for the scoring study: T2-weighted single-shot fast-spin-echo
(Half-Fourier-Acquired Single-shot Turbo spin Echo, HASTE) sequences in coronal and axial (voxel size
1.3×1.3×4.0 mm3) as well as in sagittal orientations (voxel size 1.2×1.2×4.0 mm3). Echo time (TE) was
57 ms. Acquisitions were ECG-triggered with a minimum repetition time (TR) of two R-R intervals; two
signal averages were acquired. Parallel imaging with an acceleration factor of two was used. In coronal and
axial orientation, about 30 slices with a field of view (FOV) of 340×255 mm2 and a resolution of 256×192
pixels were acquired. In sagittal orientation, about 40 slices with a FOV of 300×197 mm2 and a resolution
of 256×168 pixels were acquired. FOV and slice number were individually adjusted to the size of the
participants. The scan durations of the T2-weighted HASTE sequences varied depending on the cardiac
frequency. Typical scan durations were between 40 s and 120 s for each of the three (coronal, axial and
sagittal) acquisitions.

For comparison, MR images were available from unsedated, spontaneously breathing infants at near-term
age swaddled in a vacuum mattress after feeding as described previously [33] following the identical
size-adjusted imaging protocol described above.

Image analysis
Pre-scoring for image quality and scoring of the T2-weighted single-shot fast-spin-echo sequences was
performed by a consensus panel (two neonatologists, 15 years of professional experience trained by a
senior radiologist with >20 years of professional experience and a fifth-year medical student), resulting in
consortial agreement. The reader-based image assessment was performed blinded to the clinical
information using dedicated medical-imaging monitors certified for radiological reading and diagnostic
purposes [33].

All images had to fulfil the following quality criteria: symmetrical visualisation of the thorax, the clavicles,
and the ribs; visualisation of the spine and the paraspinal structures; visual discrimination of the cervical
and thoracic trachea, their bifurcation and the central bronchi; visualisation of the costo-pleural border from
the apex of the lung to the diaphragmatic-rib angle; visual discrimination of the hilar, the heart and
diaphragm; visualisation of vascular drawing in the lung core; visual discrimination of vessels possibly
down to the lung periphery; avoidance of superimposition of the upper fields by the scapulae; and
visualisation of the thymus. Prescoring of all images included the following criteria: 1) assessment of
technical image quality including motion artefacts, imaging artefacts and a low signal-to-noise ratio;
2) presence of complications, i.e., infiltrates, pneumothorax or pleural effusion; 3) assessment of inflation
levels (1 (normal), 2 (overdistended), 3 (underinflated)) describing extremes of the ventilation situation
during imaging to establish standardised conditions for the subsequent analysis. Insufficient technical
image quality and/or presence of one complication and/or presence of “overdistension” or “underinflation”
resulted in the exclusion of the MRI scan from analysis.

Morphological MRI score
Standardised image analysis addressed structural changes of the BPD lung described by previous CT and
MRI studies [19, 20, 22, 34] using the following variables in a score based on a 5-point Likert scale as
published previously [33]: “emphysema”, “interstitial enhancement” and “airway accentuation” indicating
remodeling of the lung scaffold including the bronchial tree next to the presence of caudo-cranial and
anterior-to-posterior gradients of signal intensities reflecting “ventilation inhomogeneity”. Scoring
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parameters were defined as follows: “emphysema” was reflected by reduced signal intensity, rarefied lung
vasculature, hyperexpansion, mosaic pattern of lung attenuation, presence of bullae or blebs; “interstitial
enhancement” was reflected by distinctive representation of interstitial structures, thickening of broncho-
vascular bundles; “airway accentuation” was reflected by increased signal intensity in the respiratory ducts
and scored based on airway wall thickness in relation to airway diameter; differences in signal intensities
(caudo-cranial as well as anterior-to-posterior) over all lung quadrants were summarised in the variable
“ventilation inhomogeneity”. On a semi-quantitative five-point Likert scale [35] a score of “1” represented
the absence of any abnormality, while a score of “5” represented maximum pathology. To achieve a high
level of standardisation, we virtually segmented the lung into four quadrants (upper left, upper right, lower
left and lower right quadrants) based on the dimensions of the lung scan. Scoring was performed
separately for each variable for the right and left lung (each for the upper and lower quadrant) and in
coronal and axial as well as in sagittal images to allow for the detection of regional differences [33, 35].

T1/T2 relaxation times
For T1-mapping/T2-mapping analysis ECG-triggered T1/T2-weighted single-slice fast spin echo sequences
were used (n=26). Manual segmentation of the lungs in the acquired slice was performed with the
ITK-SNAP software (version 3.8.0). T1 and T2 relaxation times maps were calculated pixel-by-pixel by
nonlinear exponential signal fitting using kmpfit from the python-based Kapteyn package. Median value
and interquartile ranges of T1 and T2 were determined over all lung pixels of each participant.

Lung volume
Transversal T2-weighted single-shot fast-spin-echo sequences were used for manual lung segmentation in
ITK-SNAP. The annotations of each slice were used to reconstruct a three-dimensional mask of the lung
followed by lung volume calculation.

Parental assessment of pulmonary outcome parameters
A short parental questionnaire asked for information about acute and chronic respiratory infections and
diseases after discharge from neonatal care, and hospitalisation rates as well as use of medication. The
questionnaire was provided to 120 families by mail or at the time of MRI following written informed
consent. Of the 27 children examined, 16 questionnaires were available for analysis. The questionnaire was
completed by the mother, the father or both parents.

Data analysis
Differences of continuous variables were assessed by Mann–Whitney U-test when investigating MRI
scores and T1/T2 relaxation times, while t-test was applied when investigating birthweight. Discrete
variables were assessed using a Fisher’s exact test. Near-term and (pre)school measurements were treated
independently. The data were stratified by GA (⩽28/>28 weeks) to investigate short and long-term effects
of this established risk factor for pulmonary morbidity in children after premature birth. The median of the
interstitial enhancement score and the emphysematous changes were used to further stratify the cohort and
investigate differences in clinical variables associated with extreme scores. Multivariate regression models
were calculated to associate immaturity (⩽28/>28 weeks) with scores accounting for days of invasive and
noninvasive mechanical ventilation, postnatal steroid medication (yes/no) and sex. For differences observed
in the patients’ characteristics the Fisher’s exact test and ANOVA for categorical and continuous variables
were applied, respectively.

In line with previous studies and in order to adequately account for the impact of prematurity, preterm
infants without BPD were used as control cases [23, 24]. No significant differences were observed
regarding age at MRI, sex, use of antenatal corticosteroids, incidence of intrauterine growth retardation,
chorioamnionitis, frequency or severity of RDS, incidence or severity of ROP or duration of neonatal
intensive care unit stay between the group of infants with and without BPD. Given the prevalent risk
factors for BPD, differences were observed for gestational age, birthweight, use of postnatal
corticosteroids, frequency of early onset of infection, duration of mechanical ventilation (invasive and
noninvasive positive pressure ventilation) as well as duration of oxygen supplementation between the two
groups.

Results
At (pre)school age, MRI studies were available from 27 children (table 1). For comparative analysis, MRI
performed at near-term age was available for 88 infants [33]. Findings were obtained by MRI-based
consensus scoring on a five-point Likert scale using T2-weighted single-shot fast-spin-echo sequences.
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Emphysema-like changes dominate lung structural abnormalities in MRI in (pre)school-aged children
after premature birth with severity depending on lung disease and degree of immaturity
Lung structure in preterm infants born <32 weeks GA that were diagnosed with moderate and severe BPD
at 36 weeks PMA was dominated by changes resembling emphysema when reaching (pre)school age as
compared to infants with no or mild BPD (p=0.015) or mild BPD (p=0.03; figure 1a), thereby confirming
structural changes observed at near-term age. The changes were significantly associated with the degree of
immaturity at birth, again in line with results near-term [33] that demonstrated a predominance of tissue
rarefication and overdistension, summarised as emphysema-like changes to the lung structure in infants
born ⩽28 weeks GA (p=0.02) (figure 1b). A multivariate model considering immaturity (⩽28/>28 weeks
GA), noninvasive and invasive mechanical ventilation duration (days), sex and postnatal steroid treatment
showed an association of invasive mechanical ventilation in the postnatal period with tissue rarefication
and overdistension in (pre)school children (estimate= −0.05; p=0.075). In serial analyses, a persistence of
these emphysema-like changes was found in 50% (n=7) of all children at (pre)school age. Infants with
consistently high or increased scores for the variable previously described as “emphysema” [33] at (pre)
school age were characterised by elevated scores for “airway accentuation (r=0.68, p=0.0074) (figure 1c).
In contrast, the elevated scores for the variable “emphysema” [33] at (pre)school age were negatively
correlated with T1 relaxation, thereby recapitulating previous observations at near-term age [33, 36–38]
where decreased T1 relaxation times were interpreted as a proxy of emphysema-like structural changes
(r= −0.35, p=8×10−2) (figure 1d) [37, 39]. In line with these findings, we detected a 17% increase in lung
volume as assessed by MRI in children with BPD (mean volume no BPD: 596.45 cm3; mean volume
BPD: 696.61 cm3; p=9.8×10−2, figure 2).

In contrast, lung MRI at (pre)school age did not demonstrate an increase in “interstitial enhancement” in
infants with moderate/severe BPD (p=4.6×10−1) (figure 3a) or associations of this score with degree of
immaturity (p=9.0×10−2) (figure 3b), thereby in contrast to the results obtained in infants with BPD at
near-term age (p=2.7×10−3) (figure 3a,b) [33]. In 50% of the cases (n=7), however, elevated scores for
“interstitial enhancement” persisted into (pre)school age when complementing group comparisons by serial
analysis. In line with the findings obtained by scoring, T2 relaxation times were not found to differ across
BPD grades (no BPD versus mild BPD: p=4.6×10−1; no BPD versus moderate/severe BPD: p=5.1×10−1;
mild BPD versus moderate/severe BPD: p=9.7×10−1; Mann–Whitney U-test).

Airway accentuation was observed to characterise infants with mild BPD at (pre)school age (p=5.0×10−2)
(figure 3c), together with an impact of the degree of immaturity (p=6.60×10−3) (figure 3d). In contrast,
MRI at near-term age demonstrated an increase in “airway accentuation in infants with moderate/severe
BPD (p=3.8×10−2) while no impact of GA was observed (p=2.6×10−1) (figure 3c,d).

Analysis of the data provided by the parental questionnaire did not reveal a significant correlation with the
reported rates of respiratory infections and the scores obtained for the variables described as “airway
accentuation“ or “emphysema” at (pre)school age. A subanalysis for the variables “asthma” or “bronchitis”
could not be performed due to data missingness.

Figure 4 provides exemplary MRI images of infants with elevated and non-elevated scores for the
variables assessed.

Discussion
To characterise structural and functional changes in BPD as a critical prerequisite to inform individual
monitoring and treatment strategies, we utilised 3T lung MRI and identified persisting structural changes
reflecting tissue rarefication and overdistension (here summarised in the variable “emphysema”) in preterm
infants with BPD at (pre)school age. The changes were supported by increased MRI lung volumes and were
found to be most pronounced in infants with greater immaturity at birth. Our findings are reflected by
imaging and lung function studies that detected lung structural abnormalities at the age of 5–12 years in up to
90% of patients with BPD [40–45]. In line with our results, the extensive structural abnormalities observed in
other studies were not only related to BPD, but demonstrated a strong relation to the degree of prematurity
[43], mirrored by changes to lung function [44]. Many studies, however, demonstrated an overlapping
association with the history of postnatal oxygen supplementation and mechanical ventilation [45–47].

In contrast to the persistence of tissue rarefication and overdistension described as emphysema-like changes
into (pre)school age, differences that reflect interstitial remodeling and/or oedema were not observed at this
later time point, despite their presence at near-term age as identified by us and others [33, 48]. This
phenomenon was already described by studies that used CT imaging, where the size and number of
pulmonary opacities was found to decrease with maturation [49].
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The fundamental changes in lung structure and function during development in the first decade of life [20,
49–51], including ongoing alveolar differentiation through developing and refining secondary septa and the
capillary bed, may (partially) ameliorate interstitial changes observed early after birth. The “tissue deficit”,
however, likely persists as a result of the mismatch between structural and organ growth [52], individually
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FIGURE 1 a) Increased scores for the variable “emphysema” [33] in preterm infants with moderate/severe
bronchopulmonary dysplasia (BPD) at (pre)school and near-term age when compared to infants without or
with mild BPD. b) Increased scores for “emphysema” in preterm infants born ⩽28 weeks gestational age (GA)
at (pre)school and near-term age when compared to infants born >28 weeks GA. c) Positive correlation of
identically elevated or increased scores for the variable “emphysema” at (pre)school age with heightened
scores for the variable “airway accentuation” at (pre)school age. #: two overlapping dots. d) Spearman
correlation between emphysema scores and T1 values at (pre)school age. The MRI score is based on a semi-
quantitative 5-point Likert scale, where 1 represents the absence of any abnormality, 5 represents maximum
pathology. Median, 25% and 75% quartiles; whiskers represent 1.5 times the interquartile range (IQR). NS:
nonsignificant. NS: p>0.05; *: p⩽0.05; **: p⩽0.01; ***: p⩽0.001. In boxplots, p-values were calculated by Mann–
Whitney U-test.
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aggravated by non-optimal nutrient supply, inflammation and oxidative stress [53, 54], acting beyond the
background of (mostly unidentified) (epi-)genetic factors [55–57]. The initial rarefaction of the gas
exchange area [58] and the subsequent lack of catch-up growth [46, 47, 59, 60] is mirrored by the clinical
presentation of BPD [61–66], leading to an early decline in lung function with aging [67]. Technically, the
predominance of structural changes with tissue rarefication and overdistension attributed to the variable
“emphysema” could be (partially) explained by a “halo effect” where MRI signal voids reflect abnormally
enlarged terminal airspaces caused by truncated alveolarisation following prematurity. Further, the
“overshadowing” of the emphysema-related signal in relation to the signal induced by interstitial
thickening might reflect the reduction in blood flow and vascularisation [68].

The association between the structural abnormalities with emphysema-like changes and indications of
airway remodeling observed by our study is well in line with clinical presentation and lung function
measurements obtained in BPD patients. Measurements of pulmonary function by body plethysmography,
mostly restricted to assessments in (pre)school age by specialised centres, indicate signs of airway
obstruction associated with wheezing and other respiratory symptoms leading to the need for treatment in
the first year of life [69, 70]. These changes are partnered with increased functional residual capacity in
infants with BPD [71], resulting in lung dysfunction in older children and adults with BPD with airflow
limitation, air trapping and lung hyperinflation [72–74].

The outlined picture of lung function abnormalities and histopathological changes in BPD [75],
demonstrating persistent abnormalities in central and small airways together with a marked reduction in
alveolarisation and vascular growth [76–78], fits the concept of “dysanapsis”, describing the disrupted
coordination of airway and parenchymal growth that results in a mismatch in airway-parenchymal-size
relations. The concept, based on a spirometric pattern of a reduced forced expiratory volume in 1s/forced
vital capacity ratio [79, 80], accompanied by structural changes in lung imaging [81], relates airflow
limitations in early life to adulthood disease [82, 83]. Likely linked to gen- and exposomics [80], the
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FIGURE 2 Assessment of (pre)school lung volume (cm3) from transversal lung annotation with
bronchopulmonary dysplasia (BPD). Points indicate individual cases. Median, 25% and 75% quartiles; whiskers
represent 1.5 times the interquartile range (IQR). t-test p=0.092. NS: nonsignificant.
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concept allows a cross-sectional view on developmental trajectories in BPD, COPD and asthma,
demonstrating that lung function can be tracked along a consistent percentile from infancy to childhood to
young adulthood [84]. A relation between BPD and diseases such as COPD [79, 85, 86] is supported by
data suggesting that BPD can develop from a predominantly alveolar [48] into an obstructive lung disease,
thereby mimicking lung function abnormalities of COPD [87, 88]. The hypothesis for early-in-life events
as a critical determinant of lung function in later life [89–91] is reflected by latest COPD definitions [92].

Although dysanaptic growth of the airways is discussed as an underlying mechanism [79, 85, 89], in
preterms likely influenced by corticosteroid administration, ventilator therapy and oxygen supplementation
[93–95], the concept still lacks deeper insight into (shared) pathogenetic mechanisms that could describe
the complexities of airway–parenchymal interactions and interdependence [80]. We would like to highlight,
however, that the comparison with adult diseases holds value for the description of disease phenotypes on
a trajectory including outlook on risk scores, monitoring and treatment strategies, while having to avoid
oversimplifications as underlying pathophysiology likely includes shared and distinct mechanisms [96–100].

Technically, image acquisition in the high field strength of 3 tesla provided us with an increased
signal-to-noise ratio (factor 2 when compared to 1.5 tesla), especially important when imaging infants with
low body weight and subsequent small FOVs and corresponding small voxel dimensions. The advantage
of T2-weighted fast-spin-echo images includes its reduced susceptibility to effects that can compromise
gradient-echo acquisitions of the lung parenchyma at 3 tesla. Short scan times minimise the influence of
movement while adapting the sequences to the physiological conditions of our patients with higher heart
and respiratory rates. Basing our scoring approach on optimised standard pulse sequences (single-shot fast
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FIGURE 3 a) Assessment of “interstitial enhancement” in infants with moderate/severe bronchopulmonary dysplasia (BPD) at (pre)school and
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spin echo) ensures general availability at clinical 3-tesla scanners. For future applications, a promising field
in paediatric imaging is that of functional MRI [101] with the possibility of combining structural and
functional analysis indicating pulmonary ventilation and perfusion without the need for ionising radiation
or contrast agents [102]. As of today, this method is highly specialised and, in contrast to our
protocol [33], reserved for only a few centres, hindering its broad application. Likewise, the promising
technology of low-field, high-resolution MRI using a field strength of 0.55 likely bears benefits for the
paediatric population as it shows advantages for any structure in the body that moves or is near air such as
the heart as well as the lungs [103]. However, its use is currently restricted to only selected paediatric
studies, pending a final assessment of its value and comparability.

Future studies with increased cohort sizes that follow a longitudinal design and include term-born children
as a second control group need to address the important impact of sex as well as continuous exposure to
airborne pollutants on lung function in later life [47, 90, 104].

a)

d)c)

b)

FIGURE 4 Magnetic resonance imaging (MRI) scoring system for the semiquantitative assessment of structural
disease characteristics in preterm infants with bronchopulmonary dysplasia (BPD). Representative lung MRIs of
infants in coronal planes at (pre)school age: a) example of an “emphysema” score of 4; b) example of an
interstitial enhancement score of 4.5; c) example of an accentuated airway score of 4; and d) a reference scan
with low values for all lung morphologies. Arrows in part a indicate bullae and reduced signal intensity; arrows
in part c indicate increased airway signal and airway thickness. Definition of the MRI score variables
“emphysema” (reduced signal intensity, rarefied lung vasculature, hyperexpansion, mosaic pattern of lung
attenuation, bullae or blebs), “interstitial enhancement” (distinctive representation of intestinal structures,
thickening of bronchovascular bundle), “airway accentuation” (increased signal intensity in the respiratory
ducts, airway wall thickness in relation to airway). Scoring is achieved by the means of a five-point Likert scale
with 1 reflecting physiological result and 5 referring to maximum pathology. The variables are assessed for
each of the four lung quadrants separately.
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In summary, our results emphasize the importance of diagnostic tools to capture trajectories of (adverse)
pulmonary development [100, 105] stemming from the disruption of alveolar differentiation [105]. Adding
to the very few studies addressing the structural nature of dysanapsis, our study provides important insight
into structural changes in the potential framework of this concept, with the predominance of tissue
rarefication and overdistension in an emphysema-like pattern persisting from the neonatal period [84] into
preschool age depending on the degree of immaturity. Studies are needed to evaluate current concepts of
disease prevention and treatment in this context reaching from antenatal steroid therapy, surfactant and
methylxanthines [106] to strategies avoiding lung damage inflicted by invasive respiratory support and
high oxygen supplementation [58] or the treatment of arising complications [58, 106], all the way to the
ultimate use of lung volume reduction in end-stage BPD cases [107–109].

The use of a clinically applicable scoring system to identify structural changes can enable harmonised
postnatal and follow-up imaging strategies. Our MRI scans are therefore balanced to display MRI images
with the highest possible resolution and contrast under the conditions relevant in paediatric radiology,
while the choice of sequences (single-shot T2-weighted turbo-spin-echo sequences in contrast to newer
UTE or ZTE techniques) allows for their application in different centres and settings through low-threshold
accessibility, further supported by the web-based application [33].

In conclusion, a close network of neonatologists, paediatricians and adult pulmonologists is needed to
provide adequate care for patients with BPD throughout life where, in best case scenarios, structural
assessments are partnered with biomarkers from liquid biopsies [110] to improve monitoring strategies
further.
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