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ARTICLE INFO ABSTRACT

Keywords: Purpose: Bronchopulmonary dysplasia (BPD) is the most common complication of extreme preterm birth and
Chest-computed tomography scan structural lung abnormalities are frequently found in children with BPD. To quantify lung damage in BPD, three
Child

new Hounsfield units (HU) based chest-CT scoring methods were evaluated in terms of 1) intra- and inter-
Quantitative scores observer variability, 2) correlation with the validated Perth-Rotterdam-Annotated-Grid-Morphometric-Analysis
(semi) automated (PRAGMA)-BPD score, and 3) correlation with clinical data.

Bronchodilator use Methods: Chest CT scans of children with severe BPD were performed at a median of 7 months corrected age.
Birth weight Hyper- and hypo-attenuated regions were quantified using PRAGMA-BPD and three new HU based scoring
methods (automated, semi-automated, and manual). Intra- and inter-observer variability was measured using
intraclass correlation coefficients (ICC) and Bland-Altman plots. The correlation between the 4 scoring methods
and clinical data was assessed using Spearman rank correlation.

Results: Thirty-five patients (median gestational age 26.1 weeks) were included. Intra- and inter-observer vari-
ability was excellent for hyper- and hypo-attenuation regions for the manual HU method and PRAGMA-BPD
(ICCs range 0.80-0.97). ICC values for the semi-automated HU method were poorer, in particular for the
inter-observer variability of hypo- (0.22-0.71) and hyper-attenuation (-0.06-0.89). The manual HU method was
highly correlated with PRAGMA-BPD score for both hyper- (ps0.92, p < 0.001) and hypo-attenuation (ps0.79, p
< 0.001), while automated and semi-automated HU methods showed poor correlation for hypo- (ps < 0.22) and
good correlation for hyper-attenuation (ps0.72-0.74, p < 0.001). Several scores of hyperattenuation correlated
with the use of inhaled bronchodilators in the first year of life; two hypoattenuation scores correlated with birth
weight.

Conclusions: PRAGMA-BPD and the manual HU method have the best reproducibility for quantification of CT
abnormalities in BPD.

Bronchopulmonary dysplasia

Abbreviations: BPD, Bronchopulmonary Dysplasia; CF, Cystic Fibrosis; CI, Confidence Interval; CT, Computed Tomography; HU, Hounsefield Unit; ICC, Intraclass
Correlation Coefficients; PRAGMA, Perth Rotterdam Annotated Grid Morphometric Analysis.
* Corresponding author at: Room SP 3454, Erasmus MC-Sophia Children’s Hospital, University Medical Centre Rotterdam, Department of Paediatrics/Paediatric
Respiratory Medicine and Allergology, PO Box 2060, 3000 CB Rotterdam, the Netherlands.
E-mail address: m.pijnenburg@erasmusmc.nl (M.W. Pijnenburg).
1 Both first authors contributed equally.

https://doi.org/10.1016/j.ejrad.2023.111168

Received 1 August 2023; Received in revised form 19 October 2023; Accepted 21 October 2023

Available online 24 October 2023

0720-048X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:m.pijnenburg@erasmusmc.nl
www.sciencedirect.com/science/journal/0720048X
https://www.elsevier.com/locate/ejrad
https://doi.org/10.1016/j.ejrad.2023.111168
https://doi.org/10.1016/j.ejrad.2023.111168
https://doi.org/10.1016/j.ejrad.2023.111168
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrad.2023.111168&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Fontijn et al.

1. Introduction

Bronchopulmonary dysplasia (BPD) is a complex condition charac-
terized by an arrest in the development of the lung and pulmonary
vascular systems [1]. It is a common complication of premature birth,
affecting 60 % of infants born before 26 weeks of gestation [2]. BPD can
result in lifelong pulmonary sequelae including respiratory symptoms,
reduced lung function and an increased risk of pulmonary hypertension
[3,4].

Chest Computed Tomography (CT) or Magnetic Resonance Imaging
(MRI) can detect structural abnormalities in the lung parenchyma and
airways in up to 85 % of BPD patients, including hypo-attenuated and
hyper-attenuated areas, subpleural opacities, and architectural distor-
tion [3,5-7]. Early evaluation of these abnormalities can help to assess
the severity of disease and predict which infants are at high risk of
developing severe respiratory problems [8]. However, imaging does not
necessarily change clinical management and therefore the European
Respiratory Society Task Force on long-term management of BPD sug-
gests that lung imaging should be only performed in subgroups of chil-
dren with clinically severe BPD [9].

Chest CT is the most sensitive imaging technique for detecting
structural lung abnormalities in patients with BPD, but there is currently
no gold standard for quantifying these abnormalities [3,10]. Nine
different semi-quantitative CT scoring methods in patients with BPD
have been identified in a systematic review, but none have been vali-
dated and universally accepted [3]. Therefore, we adapted the Perth-
Rotterdam Annotated Grid Morphometric Analysis (PRAGMA) scoring
system, based upon a method developed and validated for cystic fibrosis,
for BPD [11]. This method effectively quantifies BPD features, with a
good correlation to clinical parameters, but is time consuming (up to 30
min per CT scan) and requires an experienced radiologist [12]. For
clinical implementation, automated and validated methods should be
used to assess CT scans in BPD patients. Therefore, we aimed to compare
the manual PRAGMA-BPD scoring method with three new Hounsfield
Units (HU) based scoring methods to quantify BPD structural abnor-
malities on chest CT in children with severe BPD. Objectives were to
assess the intra- and inter-observer agreement of these HU based scoring
methods and their reproducibility against the PRAGMA-BPD scoring
method and to correlate CT-scores as assessed with the three new HU
based scoring methods and PRAGMA-BPD with clinical data.

2. Materials and methods
2.1. Patients

Our hospital operates a long-term follow up program for children
with severe BPD. As part of this program, children undergo a chest CT
scan at approximately 6 months corrected age.

For this study, BPD was defined as need for supplemental oxygen for
> 28 days between birth and 36 weeks postmenstrual age. Severe BPD
was defined as need for > 30 % oxygen and/or positive pressure
ventilation and/or nasal continuous positive airway pressure at 36
weeks postmenstrual age or discharge [13]. Patients were eligible for the
study if they had severe BPD and a chest CT scan was performed between
August 2016 and April 2019. We considered 30 CT scans sufficient for
comparison of the scoring methods.

We obtained data from patient records on gestational age, birth
weight, days on mechanical ventilation and on respiratory support, use
of inhaled bronchodilators, inhaled corticosteroids or antibiotics, and
hospital admissions between 0 and 6 months and between 6 and 12
months corrected age.

Parents of all infants provided written informed consent for using
these data for research purposes. The medical ethical committee of
Erasmus MC approved the study (MEC-2015-694).
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2.2. CT image acquisition and scoring

Free breathing chest CT scans were acquired in supine position
without sedation using a standardized protocol on SOMATOM Drive and
SOMATOM Force scanners (Siemens, Erlangen, Germany). Acquisition
parameters included: tube voltage: 90 kV / single collimation width: 0.6
/ total collimation width: 57.6 / spiral pitch factor 3 (Force) and tube
voltage: 100 kV/ single collimation width: 0.6 / total collimation width:
38.4 / spiral pitch factor 3 (Drive). Scans were reconstructed using a
sharp reconstruction kernel, with slice thickness of 1.0 mm and slice
increments of 0.8 mm (for SOMATOM Drive: 170, for SOMATOM Force:
BI57).

Scans were scored using three new HU based segmentation methods
using Myrian software (version 2.6.0, Intrasense 2018, France, Mont-
pellier): a fully automated, semi-automated and manual HU method,
and with the PRAGMA-BPD scoring method [12].

The three new HU based scoring methods are explained in Table 1.
Lung segmentation began with the selection of the whole lung and
separation from bordering structures, namely chest wall and medias-
tinum. For the automated HU method, the segmentation was fully
automated, whereas for semi-automated and manual HU methods the
first step of automated segmentation was followed by manual editing
with 3D tools. Manual editing enabled inclusion of those areas auto-
matically excluded by the automated segmentation, such as the hilum
(only for semi-automated method) and the peripheral hyper-attenuated
areas (semi-automated and manual method). The central airways,
namely trachea and main stem bronchi, were not included in the
segmentation.

In the automated and semi-automated HU methods, hyper- and
hypo-attenuation regions were quantified using adapted HU thresholds
based on the method proposed by Chassagnon et al [14,15]. For hypo-
attenuation areas, we used five adapted thresholds obtained by the
difference between average attenuation value and a series of fixed
values: < Average —0 HU, —50 HU, —100 HU, —150 HU, and —200 HU.
The average was the mean attenuation between six density measure-
ments (expressed in HU) collected using an elliptical region of interest in
different areas of the lung (three measurements on normal lung and
three measurements on hypo-attenuated lung) [15]. For hyper-
attenuation regions, we used nine adapted thresholds obtained by the
sum between Mode or Mean Intensity (MI) and a fixed value or a stan-
dard deviation (SD) multiple: > Mode + 500 HU, +400 HU, +300 HU,
+1SD, +2SD, +3SD; > MI + 1SD, 4+2SD, +3SD. The Mode, expressed as
the average HU value between the most highly represented attenuation
value, MI and SD were extrapolated from the histogram HU distribution
of the segmented lung for each CT scan. In the manual HU method,
diseased areas were manually selected using 3D tools, including the
vessels (hilum and main intrapulmonary vessels).

A CT-density score (CT-DS) was calculated for each method, repre-
senting the ratio of hyper- or hypo-attenuated lung volume to total lung
volume. For instance, a hyper-attenuation CT-DS of 2 meant that 2 % of
the total lung volume was hyper-attenuated.

The PRAGMA-BPD scoring method consists of a visual analysis of CT
scans, where abnormalities are scored as hypo-attenuation (mosaic
perfusion, emphysema, and bullae), hyper-attenuation (linear and/or
subpleural triangular opacities, septal thickening, consolidations, atel-
ectasis), and bronchial wall thickening [3]. The PRAGMA-BPD score for
each category is expressed as a percentage of the total lung volume or in
millilitre (ml). In our study, we used a modified version of PRAGMA-
BPD (Fig. 1) which included bronchial wall thickening in the hyper-
attenuation areas, which was necessary to allow for comparison with
the other scoring methods.

Scoring was performed by a certified paediatric resident (S.F.) who
received standardized training and was blinded to clinical information.
Intra-observer agreement was evaluated by scoring 20 scans 4-6 weeks
apart, while inter-observer agreement was assessed by a second expe-
rienced observer (M.B.) with 5 years of experience in PRAGMA-BPD
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Table 1
Scoring methods details (segmentation, pathology detection and scoring time).
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Slices Sections LS Areas included Areas excluded Dection of patological Vessles Average time
analyzed analyzed in LS from LS areas quantification (CI 95 %)

PRAGMA- 10 each Axial Manual Lung parenchyma  Main airways Manual No 40.9
BPD scan Intrapulmonary Hilum (35.2-46.7)

bronchi
Pulmonary
vessels

Automated All Axial Automated Lung parenchyma  Main airways Hyperattenuation: No 11.1
HU Coronal Intrapulmonary Hilum automated (threshold (10.3-11.9)

bronchi Periferal hyper- method)

Pulmonary attenuated areas Hypoattenuation: manual*

vessels and automated (threshold
method)

Semi All Axial Automated Lung parenchyma  Main airways Hyperattenuation: No 18.4
Automated Coronal and manual Intrapulmonary automated (threshold (15.2-21.6)
HU bronchi method)

Pulmonary Hypoattenuation: manual*
vessels and automated (threshold
Hilum method)
Manual HU All Axial Automated Lung parenchyma  Main Manual Yes 33.3
Coronal and manual Intrapulmonary airwaysHilum (29-37.6)
bronchi (quantified as
Pulmonary vessles)
vessels

LS Lung segmentation. *Thresholds are obtained by the manual selection of areas (six in total) with normal and low density and the subsequent calculation of media

between their HU values.

Fig. 1. Example of PRAGMA-BPD scoring. (A, B) Slices from two CT scans with overlaid grid. (C, D) Same slices annotated with PRAGMA-BPD: green = normal lung

tissue, blue = hypo-attenuated areas, red = hyper-attenuated areas.

scoring. Time needed for each scoring method was also measured.

2.3. Statistical analysis

Continuous data are presented as median values (interquartile
range), and categorical data are presented as counts (percentages).
Intra-observer and inter-observer reproducibility were assessed using
the Intraclass correlation (ICC) and Bland-Altman plots. ICC between 0.4
and 0.6 was considered moderate, between 0.6 and 0.8 good and above
0.8 excellent [16]. The Spearman rank correlation (ps) was used to

compare the new scoring methods to PRAGMA-BPD scores and clinical
data. Bonferroni’s correction was used to correct for multiple testing. All
analyses were performed using Stata version 14.1 and SPSS version 15.0.

3. Results

We included 35 patients with severe BPD. Characteristics of the pa-
tients are reported in Table 2. The median gestational age was 26.1
weeks (IQR 25.4 — 27.3) and median birth weight was 820 g (IQR
700-940 g). Chest CT scans were performed at a mean age corrected for
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Table 2
Patient characteristics.

Gestational age (weeks) 26.1 (IQR 25.2 - 27.3)

Birth weight (g) 800 (IQR 667 - 930)

Sex, n (%) 20
Male (54 %)17
Female (46 %)

Mechanical ventilation (days)
Respiratory support (days)

18.0 (IQR 6.0 — 24.5)
135 (IQR 87-250)

Corrected age at CT scan (months) 7.3 (SD 2.9)
Admissions first year of life 8/34
Inhaled bronchodilators 0-6 months corrected age 6/34
Inhaled corticosteroids 0-6 months corrected age 2/34
Maintenance antibiotics 0-6 months corrected age 1/34
Inhaled bronchodilators 6-12 months corrected age 12/34
Inhaled corticosteroids 6-12 months corrected age 3/34
Maintenance antibiotics 6-12 months corrected age 5/34

the number of weeks children were born preterm of 7.4 months (SD 3.0).

3.1. Agreement of scoring methods (Table 3)

Automated, semi-automated and manual HU scores: Intra- and
inter-observer repeatability was not assessed for the automated HU
method as we consider this should be 1.0. For the semi-automated HU
method, the intra-observer repeatability was excellent for volume of
hyper-attenuation (ICC ranging from 0.93 to 0.99) and poor for hypo-
attenuation regions which varied between 0.37 and 0.85 depending
on the threshold used. The highest agreements were found for the
threshold Average —150 and —200 HU.

The inter-observer repeatability of the semi-automated HU method
varied between poor and good for both volume of hypo-attenuation
(from 0.22 to 0.71), with the highest agreement for the threshold
Average —200 and the lowest agreement for the threshold Average, and
hyper-attenuation volume (from —0.06 to 0.89) with the highest
agreement for the threshold Mean Intensity + 1SD.

For the manual HU method, good to excellent intra- and inter-
observer repeatability was shown in both the volumes for hypo-
attenuation (ICC respectively 0.80 (range 0.51-0.92) and 0.91
(0.78-0.96)) and hyper-attenuation (ICC respectively 0.97 (0.93-0.98)
and 0.80 (0.50-0.92)).

Bland-Altman plots showing agreement are shown in Fig. 2.

PRAGMA-BPD: The intra- and inter-observer repeatability for the
PRAGMA-BPD scores were excellent. The intra-observer repeatability
was 0.95 for both volumes of hyper- and hypo-attenuation (range
respectively 0.88-0.98 and 0.89-0.98); the inter-observer variability

Table 3
Scoring methods repeatability.
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was 0.83 (0.57-0.93) for hypo- and 0.93 (0.84-0.97) for hyper-
attenuation.

3.2. Scoring time

The average time needed for scoring one scan was 33.3 min (95 % CI
29-37.6) for the manual HU method and 40.9 min (95 % CI 35.2-46.7)
for the PRAGMA-BPD method. The scoring was faster with semi-
automated and automated HU methods (18.4 (95 % CI 15.2-21.6) and
11.1 min (95 % CI 10.3-11.9), respectively).

3.3. Correlation of new HU based scoring methods with PRAGMA-BPD

The HU based method that correlated best with PRAGMA-BPD was
the manual HU method both for the hypo-attenuation (ps 0.79, p <
0.001) and for the hyper-attenuation (ps 0.92, p < 0.001) scores. The
automated and semi-automated HU methods had a poor correlation with
PRAGMA-BPD for hypo-attenuation scores (ps 0.12 and 0.22, p 0.508
and 0.208). For the hyper-attenuation scores, the correlation with
PRAGMA-BPD was strongest with threshold Mode + 300 for the auto-
mated method (ps 0.72, p < 0.001) and with threshold Mode + 2SD for
the semi-automated method (ps 0.74, p < 0.001). All methods had an
excellent agreement for total lung volume quantification (see Table 4).
Fig. 3 is an example of PRAGMA scoring versus manual HU scoring;
Fig. 4 gives an example of automated HU versus manual HU scoring.

3.4. Correlation between new HU based scores and PRAGMA-BPD scores
with clinical data

There were significant correlations between several hyper-
attenuation scores and use of bronchodilators between 0 and 6, and
between 6 and 12 months corrected age (ps ranging from 0.48 to 0.59, p
= 0.004 to < 0.001) (Table 5. 5). We also found a negative correlation
between birthweight and hypo-attenuation CT scores with the semi-
automated and automated methods at —200 HU (ps —0.54, p < 0.001
for both methods).

4. Discussion

We compared three new HU based CT scoring methods with
PRAGMA-BPD to assess lung structural abnormalities in infants with
severe BPD. We found strong correlations between the manual HU
scoring method and PRAGMA-BPD, while the automated and semi-
automated HU scoring systems showed poor correlation. Significant
correlations were found between several hyperattenuation scores and

PRAGMA-BPD ICC (95 % CI)

Semi Automated HU ICC (95 % CI)

Manual HU ICC (95 % CI)

Intraobserver Interobserver

Intraobserver

Interobserver

Intraobserver Interobserver
Hypoattenuation 0.95 (0.88-0.98) 0.83 (0.57-0.93)
Average
Average —50

Average —100
Average —150
Average —200
Hyperattenuation
Mode + 500

Mode + 400

Mode + 300

Mode + 1SD

Mode + 2SD

Mode + 3SD

Mean Intensity + 1SD
Mean Intensity + 2SD
Mean Intensity + 3SD

0.95 (0.89-0.98) 0.93 (0.84-0.97)

0.37 (-0.58-0.75)
0.80 (0.50-0.92)
0.83 (0.58-0.93)
0.85 (0.63-0.94)
0.85 (0.61-0.94)

0.99 (0.97-0.99)
0.98 (0.96-0.99)
0.98 (0.95-0.99)
0.96 (0.90-0.98)
0.95 (0.88-0.98)
0.98 (0.96-0.99)
0.96 (0.89-0.98)
0.97 (0.93-0.99)
0.93 (0.82-0.97)

0.22 (-0.98-0.68)
0.51 (-0.23-0.80)
0.58 (-0.06-0.83)
0.65 (0.12-0.86)
0.71 (0.27-0.89)

0.63 (0.06-0.85)
0.52 (-0.20-0.81)
0.33 (-0.67-0.74)
—0.06 (-1.69-0.58)
0.36 (-0.60-0.75)
0.73 (0.33-0.89)
0.89 (0.72-0.96)
0.37 (-0.58-0.75)
0.77 (0.42-0.91)

0.80 (0.51-0.92)

0.97 (0.93-0.98)

0.91 (0.78-0.96)

0.80 (0.50-0.92)

ICC: intraclass correlation coefficient, CI: confidence interval.
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Fig. 2. Bland-Altman Plots. The figure shows PRAGMA-BPD intra-observer agreement for hypo-attenuation (A) and for hyper-attenuation (B), PRAGMA-BPD inter-
observer agreement for hypo-attenuation (C) and for hyper-attenuation (D), manual HU method intra-observer agreement for hypo-attenuation (E) and for hyper-
attenuation (F) and manual HU method inter-observer agreement for hypo-attenuation (G) and for hyper-attenuation (H). X-axis = average of the two scores of the

same scan, Y-axis = bias difference between the two scores of the same scan.

Table 4
Relationships between PRAGMA-BPD score and other scoring methods.
Automated HU Semi Automated Manual HU
ps (P) HU ps (P) ps (P)
Hypoattenuation 0.80
(<0.001)
Average 0.09 (0.584) 0.11 (0.521)
Average —50 0.17 (0.311) 0.16 (0.354)
Average —100 0.16 (0.326) 0.17 (0.327)
Average —150 0.17 (0.312) 0.16 (0.337)
Average —200 0.07 (0.670) 0.07 (0.672)
Hyperattenuation 0.92
(<0.001)
Mode + 500 0.42 (0.009) 0.63 (<0.001)
Mode + 400 0.57 (<0.001) 0.70 (<0.001)
Mode + 300 0.72 (<0.001) 0.72 (<0.001)
Mode + 1SD 0.37 (0.025) 0.43 (0.007)
Mode + 2SD 0.42 (0.009) 0.72 (<0.001)
Mode + 3SD 0.06 (0.719) 0.20 (0.217)
Mean Intensity + 0.31 (0.064) 0.51 (0.001)
1SD
Mean Intensity + 0.26 (0.113) 0.52 (<0.001)
2SD
Mean Intensity + —0.10 (0.550) —0.28 (0.082)
3SD
Total Lung Volume 0,98 0,98 0,98

Automated HU, Semi Automated HU and Manual HU scores are presented as
Spearman ps (P value).

the use of inhaled bronchodilators in the first year of life and between
hypoattenuation scores at —200 HU and birth weight. PRAGMA-BPD
and the manual HU scoring method required nearly the same scoring
time, which was considerably longer than the semi-automated and
automated HU methods.

4.1. Comparison with previous studies

Currently, there are no universally accepted scoring systems for the
quantitative evaluation of lung abnormalities in children with BPD
[3,6,7,10,17-20]. PRAGMA-BPD has been validated against clinical
parameters in 49 children and showed significant association with
gestational age and weight at 6 months corrected age, but its long
scoring time hinders clinical implementation [12]. Automation with
Artificial Intelligence (AI) and machine learning could overcome this
limitation in the future.

Semi quantitative scoring systems for BPD are also time consuming
and not routinely used in clinical practice [7,10,19,20]. To date, only
one study in BPD patients assessed high and low attenuation regions on

CT with a quantitative analysis and showed that children with BPD had a
greater amount of these pathological findings than controls [7]. This
difference was found with both a manual HU and automated HU
method, although in the latter case the difference between the two
groups was significant only for hyper-attenuation regions and not for
hypo-attenuation. This is in line with our data where scores for hyper-
attenuation as assessed with automated and semi-automated HU
methods correlated better with manual HU methods than scores for
hypo-attenuation. This suggests that hyper-attenuated regions are more
easily recognized by (semi-)automated methods.

The advantage of automatic quantification is the faster scoring time
and the operator independency. Nevertheless, this automated HU
method also has several limitations. First, when analysing hyper-
attenuation regions, the detection of these areas is hampered by the
presence of non-pathological hyper-dense elements, such as vessels.
However, the differences in volume of the pulmonary vessels between
patients probably has little influence on the differences in volume of
hyper-attenuated regions of the lung parenchyma. Second, there is a risk
of underestimation of the hyper-attenuated areas, which happens when
a hyper-attenuation area reaches the peripheral lung and is not recog-
nized as lung parenchyma by the automated segmentation tool. Third, it
is difficult to score the hypo-attenuation regions as these may vary based
on different inflation levels during CT scanning in young children during
spontaneous breathing and related to age [21,22]. Age and lung volume
have a strong influence on the CT lung density of young children, which
is higher and more variable than in older ages [23,24]. Therefore, it is
difficult to choose a single fixed threshold for hypo-attenuated areas for
children of different ages. To solve this problem, we decided to use
adaptive thresholds, instead of fixed thresholds, which were manually
obtained by measuring the density of three low-density areas of the
whole lung. Unfortunately this resulted in poor reproducibility with
high variability within and between observers. A way to overcome this
problem could be to increase the number of measured areas of hypo-
attenuation.

Despite these limitations, the automated method still has great po-
tential, being fast and not requiring training of observers. Among the
several thresholds tested in our study, Mode + 300 (for automated
method) and Mode + 2SD (for semi-automated method) showed the best
results for hyper-attenuation regions. At present, especially for hypo-
attenuation, the HU threshold analysis is disturbed by the noise level of
our CT images and by breathing artefacts, which can affect image
quality and makes the automated HU method still too imprecise
compared to the manual one. Improving the HU-based scoring method
through machine learning and improving image quality with deep
learning denoising filters could overcome these limitations.
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Fig. 3. Comparison between PRAGMA-BPD and manual HU method. (A, D) Slices from two computed tomography scans. (B, E) Slices annotated with PRAGMA-BPD:
green = normal lung tissue, blue = hypo-attenuated areas, red = hyper-attenuated areas. (C, F) Slices annotated with manual HU method: green = normal lung tissue,
blue = hypo-attenuated areas, red = hyper-attenuated areas, yellow = hilum and main intrapulmonary vessels.

Fig. 4. Comparison between automated HU and manual HU methods. (A, D) Slices from two computed tomography scans. (B) Slice A annotated with automated HU
method using threshold Mode + 2SD. (C) Slice A annotated with manual HU method. (E) Slice D annotated with automated HU method using threshold Average —50.
There is a peripheral noise that compromises an accurate detection of low-attenuated regions. (F) Slice D annotated with manual HU method. green = normal lung
tissue, blue = hypo-attenuated areas, red = hyper-attenuated areas, yellow (manual HU method) = hilum and main intrapulmonary vessels.

In our study, several hyperattenuation scores correlated with the use
of inhaled bronchodilators during the first year of life. Although we do
not have lung function data in our infants with BPD, the use of inhaled
bronchodilators suggests that the infants had signs of broncho-
obstruction such as wheezing episodes. In contrast, in a study in 163
preterm children (99 with BPD), obstruction was associated with
hypoattenuated areas on inspiratory chest CT scans [5]. Also in older
studies the forced expiratory volume in 1 s (FEV;) correlated with
hypoattenuated instead of hyperattenuated regions [3]. This discrep-
ancy may be explained by the fact that we obtained free breathing CT
scans instead of in- and expiratory scans, children were much younger
and had no lung function data available and the indication for bron-
chodilators was not clear in all children. Only two scores for hypo-
attenuation showed a negative correlation with birth weight, which is in
line with earlier data from our cohort where we found a negative

correlation with gestational age and with data from a study in adults
where lower birth weight correlated with more emphysema [12,25].
Finally, it has become increasingly clear that the resolution of to-
day’s CT scanners is relatively poor to detect structural relevant changes
in the first years of life. Introducing recently developed innovations like
photon counting CT is likely to substantially improve resolution and the
ability to pick up clinically relevant structural changes while reducing
radiation dose [26]. In addition, over the years radiation dose has come
down considerably with more advanced CT-scanners and with the use of
artificial intelligence this radiation dose can be reduced further without
losing diagnostic accuracy. At the same time, advancements in
(neonatal) MRI scanning also improved the potential to quantify lung
disease in patients with BPD without radiation, to phenotype disease,
and to predict future outcomes [10,27]. Recently, a quantitative scoring
system for BPD abnormalities on MRI successfully identified moderate
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Table 5
Significant correlations between radiological parameters and clinical parame-
ters (spearman rho and p-values).

Birth Bronchodilator Bronchodilator Antibiotic
weight  use 0-6 months  use 6-12 use 6-12
corrected age months months
corrected age corrected
age
Hypoattenuation
Automated, -0.54
average —200 (p<
0.001)
Semi-automated, -0.54
average —200 p<
0.001)
Hyperattenuation
Automated, mode 0.57 (p <
+ 28D 0.001)
Semi-automated, 0.49 (p = 0.50 (p =
mode + 500 0.003) 0.003)
Semi-automated, 0.54 (p = 0.50 (p =
mode + 400 0.001) 0.002)
Semi-automated, 0.52 (p = 0.49 (p =
mode + 300 0.002) 0.003)
Semi-automated, 0.58 (p < 0.48 (p = 0.50 (p =
mi* +2SD 0.001) 0.004) 0.003)
Manual 0.59 (p <
0.001)
PRAGMA 0.58 (p <
0.001)

*mi = mean intensity.

and severe disease with good interobserver reproducibility [10].

4.2. Limitations

Our study has a few limitations to consider. First, we did not compare
our scoring methods to others reported in literature [3,7,19]. Second, we
lacked longitudinal CT data to better understand the scoring methods’
sensitivity to detect disease progression. Third, during the inclusion
period, we used two different CT scanners, which may have influenced
the agreement between the scoring methods. Lastly, we did not have
long-term prospective clinical data, such as lung function and quality of
life. In the future, our long-term follow up program will increase our
sample size, allow us to monitor children for a longer period and
examine the association of lung structural abnormalities and extensive
clinical data. This will make it possible to improve our scoring methods
and to assess the predictive value of CT scans in children with BPD.

5. Conclusions

We aimed to develop a new, accurate, time efficient fully automated
HU scoring method for CT scans in children with BPD. Although the HU-
based automated and semi-automated methods improved scoring speed,
they showed lower consistency in scoring, especially for areas with low
density, and weak correlation with the previously validated PRAGMA-
BPD scoring method. Therefore, these methods are not currently
considered reliable enough for quantifying structural lung abnormalities
in children with BPD. In the future, we aim to enhance these scoring
methods using Al and machine learning, and validate their effectiveness
by comparing CT results with clinical outcomes and patient prognosis.
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