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Abstract

Objective To estimate the developmental trends of quantitative parameters obtained from chest computed tomography
(CT) and to provide normative values on dimensions of bronchi and arteries, as well as bronchus-artery (BA) ratios from
preschool age to young adulthood.

Materials and methods Two independent radiologists screened a dataset of 1160 chest CT scans, initially reported as
normal, from participants aged 0 to 24 years. Using an automated deep learning-based algorithm, we computed the
following bronchus and artery parameters: bronchial outer diameter (Bout), bronchial inner diameter (Bin), adjacent pulmonary
artery diameter (A), bronchial wall thickness (Bwt), bronchial wall area (BWA), and bronchial outer area (BOA). From these
parameters, we computed the following ratios: Bout/A, Bin/A, Bwt/A, Bwt/Bout, and BWA/BOA. Furthermore, mean lung density,
total lung volume, and the square root of wall area of bronchi with a 10-mm lumen perimeter (Pi10) were obtained. The
effects on CT parameters of age, sex, and iodine contrast were investigated using mixed-effects or regression model analyses.

Results 375 normal inspiratory chest CT scans (females / males = 156 / 219; mean age [SD] 12.7 [5.0] years) met the
inclusion criteria. Bout and Bin progressively increased with age (all p< 0.05), but Bwt, Bout/A, Bin/A, Bwt/A, Bwt/Bout, or BWA/BOA
did not. Total lung volume and mean lung density continuously increased with age (both p< 0.001), while Pi10 did not
exhibit such a trend. Bout, total lung volume, and mean lung density were the only parameters that differed between males
and females, all higher in males than females (all p< 0.03). The presence of iodinated contrast led to greater values for Bwt,
Bwt/Bout, and BWA/BOA, but lower values for Bin, Bout/A, Bin/A, and Bwt/A (all p< 0.01).

Conclusion Quantitative CT parameters of both lung parenchyma and bronchi exhibit growth-related changes, but from 6
to 24 years ratios between bronchus and artery dimensions remain constant. Contrast-enhanced CT scans affect the
assessment of lung parenchyma and bronchial size. We propose age and technique-dependent normative values for
bronchial dimensions and wall thickness.

Key Points
Question What are the developmental trends of quantitative lung CT parameters in patients from childhood into young
adulthood?
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Findings The ratio between bronchus and pulmonary artery dimensions demonstrates consistent values across age groups,
indicating synchronized growth between bronchi and paired pulmonary arteries.
Clinical relevance Our findings highlight the importance of standardized CT protocol and volume acquisition, and emphasize the
need for ongoing collection of normal chest CT scans to refine the proposed reference values.

Keywords Adolescents, Bronchi, Computer-assisted diagnosis, Reference values

Introduction
Airway disease is a major component of a wide range of
lung disorders in childhood and young adulthood. Chest
computed tomography (CT) is currently the most sensi-
tive imaging method for evaluating structural airway
changes, because of its high resolution and inherent air-
lung tissue contrast [1]. Important airway-related changes
routinely evaluated on chest CT scans are bronchial
widening and bronchial wall thickening, which are key
features for the diagnosis of bronchiectasis [2].
In clinical practice, for assessing bronchial widening and

wall thickening, radiologists typically use visual estima-
tion, comparing bronchus dimensions with adjacent pul-
monary arteries [2]. Nonetheless, this method has
limitations. First, the radiologist might find it difficult to
discern subtle changes or to evaluate alterations in the
smaller airways. Second, it lacks quantitative data neces-
sary to precisely measure the severity and extent of the
bronchial widening and wall thickening. Additionally,
variability between and within observers in defining air-
way disease severity poses challenges [3].
Ideally, precise objective measurements are pivotal, a

practice that has been realized in only a limited number of
studies. For instance, in cystic fibrosis, manual measure-
ments of all visible pairs of bronchus-artery (BA) dimen-
sions on chest CT scans proved sensitive and accurate in
identifying and tracking bronchial wall widening and
thickening [4]. However, this method is time-consuming,
taking one to five days to measure all BA pairs on a chest
CT scan depending on patient age and size. Recently, an
automated algorithm was developed and validated, redu-
cing analyzing time to 20 min and enabling comprehensive
analysis of bronchus and pulmonary artery dimensions for
all visible BA pairs on chest CT scans [5].
A recent study provided normative data on trachea,

right and left main bronchi dimensions obtained from CT
scans, focusing on children and adolescents [6]. However,
there is limited data on BA dimensions of smaller airways
serving as reference values. This issue was addressed in a
systematic review by Meerburg et al, in which the
authors concluded that no validation study exists for
establishing cutoff values defining bronchiectasis and that
BA ratios could depend on age [7]. Additionally, a pro-
spective assessment of bronchial dimensions in healthy
subjects using chest CT would involve exposing them to

ionizing radiation, raising ethical concerns, especially in
children.
Therefore, this study aimed to assess the developmental

trend of quantitative CT parameters derived from chest
CT scans and establish normative data of lung density, BA
dimensions and BA ratios based on a large cohort of
normal chest CT scans obtained from participants from
childhood into young adulthood.

Materials and methods
Study participants
This retrospective study included participants who
underwent chest CT between 2003 and 2013 for various
diagnostic indications. CT scans were collected in an
anonymized imaging archive from 10 different centers
across America and Europe as part of the international
multicenter Normal Chest CT Study Group (NCCTSG) to
establish reference values of central airways. In the pre-
vious study, inclusion criteria were: all chest CT protocols;
age 0 and 20 years at the time of CT; and normal trachea,
lung, and heart as indicated by the radiologist reports. 294
of the 1160 patients have been previously reported [6].
The previous article provided normative data on trachea
and right and left main bronchi dimensions of children
and adolescents. The current manuscript presents nor-
mative data for lung density, BA dimensions, BA ratios
from segmental bronchi to the most peripheral detectable
bronchi.
The study was approved by the institutional

review board of all participating centers (listed in
Appendix S1).

CT data
Each CT is anonymous and provided with a code (study
number). The study number consists of a center number
followed by a patient number. Anonymized CT scans
contained only information about sex, age at the time of
the chest CT, and CT protocol. Information related to the
indication for the chest CT scan, comorbidities, and the
patient’s weight, height, and ethnicity were not available
in relation to the ethics approval. Initial reports by radi-
ologists at international centers indicated normal findings
for these scans. For the previous study, an independent
thoracic radiologist with 20 years of experience in cardi-
othoracic imaging (observer 1) evaluated the chest CT
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scan findings for image quality and normal findings. A
second observer, with 3 years of experience in thoracic
imaging (observer 2), reevaluated all CT scans to assess
image quality, lung inflation, and normal findings. The
eligibility criteria for chest CT scans included: no evidence
of pulmonary or cardiac abnormalities (including the
airways, vessels, lung parenchyma and chest wall); con-
tiguous helical CT acquisition; full lung coverage, slice
thickness of 1.5 mm or less; detection of more than 10
bronchus-artery pairs; both non-contrast and contrast-
enhanced scans; and absence of significant motion arti-
facts. In addition, statistical analysis excluded participants
under 7 years as CT scans in these participants were more
likely to be obtained during a voluntary inspiratory breath
hold. Lung inflation assessment to determine the quality
of inspiratory level as good, moderate, or poor was con-
ducted using a Standard Operating Procedure detailed in
Appendix S2 [8]. Summary of the scan parameters is
shown in Tables S1a and S1b.

Quantitative analysis
The BA method was executed using LungQ-BA V2.0.1
(Thirona) software. The LungQ-BA software auto-
matically identifies patient-specific anatomical features
from chest CT images [5]. Briefly, the BA method [9]
utilized two AI-based algorithms on the inspiratory CT
scans. The first algorithm segments the bronchial tree
from the CT images focusing on bronchi with a visible
lumen. The second algorithm matches the adjacent artery
for each identified bronchial branch (BA pair), quantifying
several parameters measured perpendicular to the long-
itudinal axis of the bronchus and pulmonary artery. These
parameters include bronchial outer diameter (Bout),
bronchial inner diameter (Bin), bronchial wall thickness
(Bwt), diameter of the adjacent pulmonary artery (A)
(Fig. 1). The following ratios are computed for each BA
pair: Bout/A, Bin/A, and Bwt/A. The BA dimensions of each
individual bronchial branch are computed as averages of
all measurements within that branch. For each BA pair,
the bronchial generation number (G) is defined starting
from segmental bronchi (G0), and incrementally num-
bered as bronchi bifurcate into two or more bronchial
branches (Fig. 1). Labels automatically extend from seg-
mental bronchi to the most peripheral detectable bronchi,
registering additional information, such as segmental
generation (generation number), bronchopulmonary seg-
ments, and lobe. The Bwt/Bout, and BWA/BOA (bronchial
wall area/bronchial outer wall area, BOA= [Bout/2]

2 × π,
BWA= [Bout/2]

2 × π − [Bin/2]
2 × π) are computed using

the assumption of a perfect circle for bronchial cross-
sections. The square root of wall area of a 10-mm lumen
perimeter (Pi10), a parameter used in various studies to
evaluate bronchial wall thickness, total lung volume, and

mean lung density, is automatically derived by using
another module from the same software package.

Interrater reliability
To test inter-observer reliability of observer 1 and 2 for
normal findings of CT scans, Cohen’s kappa statistic is
used. The Cohen’s kappa result should be interpreted as
follows: values ≤ 0 as indicating no agreement and
0.01–0.20 as none to slight, 0.21–0.40 as fair, 0.41–0.60 as
moderate, 0.61–0.80 as substantial, and 0.81–1.00 as
almost perfect agreement [10].

Statistical analysis
Participants were divided into seven age subgroups: six
subgroups with 3-year intervals for children and one
separate group for young adults (18–24 years). CT para-
meters are reported as either the median with inter-
quartile range (IQR) or the mean ± standard deviation
(SD), depending on the data distribution. The threshold
for ratios to differentiate abnormal from normal bronchi
was chosen as the [mean + 2SD] [11]. For descriptive
analysis, we included all seven age subgroups. However, to
investigate the effect of contrast on BA dimensions and
ratios, we included the use of iodine contrast in all
models.
Mixed-effects models were used to analyze bronchus

diameters (Bout, Bin, and Bwt) and ratios (Bout/A, Bin/A,
Bwt/A, and Bwt/Bout, BWA/BOA) with the assumption of
multiple measurements per subject. Age, sex, total lung
volume, CT scanners (Philips, SIEMENS, and TOSHIBA),
and use of iodine contrast (yes/no) were considered as
fixed effects. Participants, lobes, and segmental genera-
tions were treated as random effects in the analyses. For
outcomes (Bwt, Bout/A, Bin/A, Bwt/A, and Bwt/Bout), the
logarithmic scale was used due to non-normally dis-
tributed residuals. Linear regression models’ analyses
were used to assess the relationship between mean lung
density, total lung volume, Pi10, age, sex, CT scanners
(Philips, SIEMENS, and TOSHIBA), and the use of iodine
contrast.
All statistical analyses were performed using R, version

4.3.2 (R Foundation for Statistical Computing, 2005).
A p-value less than 0.05 was considered significant.
Adjustment for multiple testing [12] was not performed
and the estimate, confidence interval and unadjusted
p-values are provided for data interpretation.

Results
Study population
From the original dataset of 1160 CT scans from the
Normal Chest CT Group, 745 scans were excluded for
either not meeting the inclusion criteria or being unsui-
table for analysis with the automatic BA method. Of the
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remaining 415 scans, an additional 35 were excluded due
to analysis failures in 25 scans and the detection of fewer
than 10 BA pairs in 15 subjects. A detailed flowchart
illustrating this process is shown in Fig. 2. The final
dataset comprised 375 CT scans, consisting of 156
females and 219 males (mean age (SD) 12.7 (5.0) years;
range 0–24 years). The agreement between observers on
normal findings of CT scans was fair (0.32; 95% CI 0.23 to
0.41). Iodine contrast was administered in 165 CT scans
(44%), while 210 were non-contrast CT scans. 96% of the
CT scans had moderate to good lung inflation. The
characteristics of the analyzed CT scans are presented in
Table 1.
From the 375 CT scans that were successfully analyzed

by the BA method, more generations and BA pairs could
be detected with increasing age. The three-dimensional
reconstructions of the bronchial tree (Fig. 3a) and the plot
illustrating the average BA-pair count with the segmental
generations (Fig. 3b) clearly demonstrate the growth-
related increase in detectable BA pairs across patients.
The boxplot of BA-pair number with segmental genera-
tions in each age group is provided in Appendix Fig. S1.
All measurements showed no difference among the

three manufacturers (all p > 0.05). CT parameters assessed
by the BA method on iodine contrast CT scans differed

from those on non-contrast CT scans, therefore results
are shown separately.

Non-contrast CT scan results
Bronchial dimensions
Figure 4 shows the measurements obtained by the automatic
BA method, showing that the size of Bout, Bin, and Bwt
decreased from the central bronchi towards the periphery of
the lung in each age group. Median and IQR of the Bout, Bin,
and Bwt according to age group are presented in Table S2.
Mixed-model analyses showed an increase of 0.02 mm per
additional year of age in both Bout (95% CI 0.006 to 0.034;
p= 0.005) and Bin (95% CI 0.004 to 0.027 mm; p= 0.007),
while Bwt did not change with age (estimate 0.003 mm; 95%
CI −0.024 to 0.029; p= 0.18). The Bout (95% CI −0.179 to
−0.012 mm; p= 0.03) of female was 0.1 mm less than male
but there were no differences in Bin (estimate−0.03 mm; 95%
CI −0.094 to 0.042; p= 0.46) or Bwt (estimate 0.03 mm; 95%
CI 0.002 to 0.048; p= 0.09) by sex (Table S3).

Bronchial ratios
Figure 5 shows changes in BA ratios obtained using the
automated BA method across age groups. Three bronchial
wall-related ratios (Bwt/A, Bwt/Bout, and BWA/BOA) were
higher in the 0 to 6 years subgroups compared to age

Fig. 1 Schematic view of the bronchial tree and of a bronchus-artery (BA) pair in cross-section, showing measurements for each bronchus [5]. The
bronchial tree (blue) with its accompanying pulmonary artery system (pink) is shown on the left. The segmental bronchi are defined as G0 and the sub-
segmental bronchi as G1. When a bronchus splits into two or more branches, the generation number increases by one. On the right, a bronchus-artery
(BA)-pair is shown, the bronchus in blue and the adjacent pulmonary artery in pink, which is drawn by pretending they are perfect circles. The arrows
depict the bronchus and pulmonary artery dimensions that can be measured by the automatic BA method: Bronchial outer diameter (Bout); Bronchial
inner diameter (Bin), Bronchial wall thickness (Bwt), and adjacent pulmonary Artery diameter (A)
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Fig. 2 Flowchart of Normal Chest CT Group dataset

Table 1 Demographics of Normal Chest CT datasets and number of BA pairs assessed by automatic BA method

Age range

(years)

Sample size (CT with

contrast)

Age (years) Median

[IQR range]

Male (%) No. of BA pairs

in total

No. of BA pairs

per scan

Mean (SD)

Range of detectable

generations

All 375 (165) 13.4 [9.9, 16.8] 58.4 45,122 120 (68) G0–G4

> 0 to ≤ 3 24 (6) 1.6 [1.4, 2.3] 62.5 753 31 (18) G0–G4

> 3 to ≤ 6 23 (5) 4.7 [3.8, 5.3] 69.6 1037 45 (31) G0–G6

> 6 to ≤ 9 34 (10) 7.6 [6.7, 8.3] 38.2 2962 87 (43) G0–G6

> 9 to ≤ 12 71 (29) 10.8 [10.0, 11.4] 62.0 8531 120 (45) G0–G7

> 12 to ≤ 15 82 (28) 13.6 [12.8, 14.5] 68.3 10,932 133 (56) G0–G8

> 15 to ≤ 18 85 (48) 16.7 [15.8, 17.4] 49.4 11,426 134 (69) G0–G8

> 18 to ≤ 24 56 (39) 19.0 [18.5, 19.6] 58.9 9481 169 (74) G0–G9

IQR interquartile range (shows in (25th percentile, 75th percentile)), % percentage, no. number, SD standard deviation, G segmental generation, G0 segmental bronchi,
G1 first consecutive sub-segmental bronchi, and so forth

Lv et al. European Radiology (2025) 35:4846–4860 4850



groups above 6 years (Fig. 4b). Median (IQR) and the
upper limit of normal (shown as mean + 2SD) for five
ratios (Bout/A, Bin/A, Bwt/A and Bwt/Bout, BWA/BOA) in
each segmental generation are presented per age group in
Table 2. After adjusting for age, sex, total lung volume,
and use of iodine contrast, no changes were observed in
Bout/A (estimate 0.001/year; 95% CI −0.038 to 0.041;
p= 0.67), Bin/A (estimate 0.002/year; 95% CI −0.036 to
0.040; p= 0.50), Bwt/A (estimate 0.001/year; 95% CI
−0.007 to 0.008; p= 0.31), Bwt/Bout (estimate 0.0004/year;
95% CI −0.007 to 0.008; p= 0.46), or BWA/BOA (estimate
0.0003/year; 95% CI −0.003 to 0.004; p= 0.86) in relation

to participant age. No sex differences were found for all
five ratios (Bout/A: estimate −0.004, 95% CI −0.034 to
0.026, p= 0.80; Bin/A: estimate −0.016, 95% CI −0.045 to
0.013, p= 0.29; Bwt/A: estimate 0.004, 95% CI −0.002 to
0.009, p= 0.25; and Bwt/Bout: estimate 0.005, 95% CI
−0.002 to 0.011, p= 0.17; and BWA/BOA: estimate −0.016,
95% CI −0.037 to 0.004, p= 0.11) (Table S4).

Mean lung density, total lung volume, and Pi10
The median and IQR of the mean lung density, total lung
volume, and Pi10 are shown according to age group in
Table S5. After adjusting for age, sex, and use of iodine

Fig. 3 Relationship between branching and age. BA pair, bronchus-artery pair; CT, computed tomography. a Representative three-dimensional volume
rendering of the bronchial tree for each age group. b Plot of the average BA-pair count compared to the segmental generations. In the horizontal axis of
Fig. 2b, segmental generation 0 indicates the segmental bronchi and 1 indicates consecutive sub-segmental bronchi and so forth. The number of BA
pairs represents the number of detectable bronchial branches. Note that according participant’s group, bronchi located more distally from segmental
generation 4 are present in lower numbers or not visible, especially in the younger age groups, due to the resolution of the CT scanner. Some adjacent
arteries originating from G0 were challenging to detect due to their clustered anatomical structure. Thus unpaired bronchial measurements (lacking
paired arteries) were excluded from the dataset. As a result, the average number of branching artery pairs from G0 ranged between 7 to 10
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contrast, both mean lung density (estimate 7.7 Hounsfield
Unit (HU) per year of age; 95% CI 5.20 to 10.24; p < 0.001)
and total lung volume (estimate 235.4 mL per year; 95%
CI 208.72 to 262.07; p < 0.001) increased with older age
(Table S6). Conversely, Pi10 exhibited a decrease of 0.025
per year (95% CI −0.043 to −0.007; p= 0.006) with older
age. Females had lower mean lung density (estimate
−20.89 HU; 95% CI −35.256 to −6.524; p= 0.004) and
total lung volume (estimate −786.36 mL; 95% CI −979.12
to −593.61; p < 0.001) compared to males (Table S6).
However, there was no difference observed in Pi10 (esti-
mate 0.012, 95% CI −0.086 to 0.109, p= 0.81) by sex.

Both mean lung density (estimate −0.04 HU per mL; 95%
CI −0.049 to −0.036; p < 0.001) and Pi10 (estimate
−0.00006 per mL; 95% CI −0.000116 to −0.000001;
p= 0.04) showed decrease with increasing total lung
volume (Table S6).

Iodine contrast CT scan results
Median (IQR) and the upper limit of normal (shown as
mean + 2SD) for five ratios (Bout/A, Bin/A, Bwt/A and Bwt/
Bout, BWA/BOA) in each segmental generation are pre-
sented per age group in Table 3. The presence of iodi-
nated contrast led to greater values for Bwt (estimate 0.04

Fig. 4 Bronchial dimensions of non-iodine contrast CT scans in each segmental generation grouped by age. Plots (a–c) show trends of Bout (a), Bin (b),
and Bwt (c) (vertical axis) in each age group against segmental generation (horizontal axis). Note that 1 indicates the sub-segmental bronchi and Gn+1 the
consecutive higher generations. Each line represents a different age group. The point on each line shows the median of the bronchial dimensions in
each segmental generation. The variability of the median of bronchial dimensions after segmental generation 6 is caused by the limited number of
detected BA pairs related to the resolution limitation of commonly used CT scanners
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mm; 95% CI 0.014 to 0.059; p= 0.007), Bwt/Bout (estimate
0.01, 95% CI 0.006 to 0.019; p < 0.001), and BWA/BOA

(estimate 0.04, 95% CI 0.020 to 0.059; p < 0.001). Fur-
thermore, it resulted in lower values for Bin (estimate
−0.13 mm; 95% CI −0.198 to −0.069; p < 0.001), Bout/A
(estimate −0.22, 95% CI −0.254 to −0.188; p < 0.001), Bin/
A (estimate −0.17; 95% CI −0.199 to −0.143; p < 0.001),
and Bwt/A (estimate −0.01; 95% CI −0.019 to −0.008;
p < 0.001) in comparison to non-iodine contrast scans.
Bout (estimate −0.05 mm; 95% CI −0.132 to 0.026;
p= 0.19) and Pi10 (estimate 0.007 mm; 95% CI −0.094 to
0.107; p= 0.90) were affected less in participants who
received iodine contrast. The mean lung density of iodine
contrast CT scans was higher (estimate 47.18 HU; 95% CI
33.346 to 61.014; p < 0.001) than that of non-iodine con-
trast scans. Detailed results of the BA method on iodine
contrast CT scans are shown in the online supplement
(Tables S3, S4, and S6).

Discussion
To the best of our knowledge, this is the first large cohort
study providing normative CT data encompassing lung
density, BA dimensions, and BA ratios in children from
preschool age to young adulthood. We have established
reference values for several AI-based BA method-derived
CT parameters, describing age- and sex-related differ-
ences in BA dimensions, BA ratios, lung volume, and
density.
Our findings indicate that both bronchial outer and

lumen diameters increase with age from above the age of

6 to 24 years. However, the relationship between bronchi
and pulmonary artery dimensions demonstrates no age-
dependent change aligning with a previous study [11]
which showed no correlation in BA ratios with age. This
suggests a synchronous growth pattern between bronchi
and paired pulmonary arteries. Even though the BA ratios
do not change with age, for clinical relevance we propose
age-specific upper limits of normal values for defining
abnormal bronchial widening and wall thickening
(Table 2). Our cutoff values for Bin/A are similar to the
current cutoff values range used for defining bronchial
widening in adults, ranging between 1 to 1.5 [2, 13], but
they are greater than the range proposed in a study
involving children, which ranges between 0.5 and 0.8
[4, 11, 14, 15]. This discrepancy can be explained by dif-
ferent criteria and procedures to define the boundary of
the bronchial wall. The automatic BA method is trained
using phantoms rather than manual measurements [5].
Our cutoff values for Bout/A are around 1.5 from 0 to 15
years and larger above the age of 15 to 24 years. We
believe that our proposed cutoff values, tailored to patient
age and derived from a large dataset, offer enhanced
precision compared to those currently in use. These cutoff
values can be used to define bronchial pathology in chil-
dren on both non-contrast and contrast-enhanced CT
scans, providing an objective outcome measure that is
superior to current radiological visual assessments.
A change in bronchial wall thickness with age was not

found. Additionally, regarding all wall thickness-related
outcomes (Bwt/A, Bwt/Bout, and BWA/BOA), bronchial wall

Fig. 5 The BA ratios of non-iodine contrast CT scans in each age group. Panel a shows the ratios of bronchial diameters, while Panel b represents the
ratios of bronchial wall thickness. Bout/A: ratio of bronchial outer diameter and adjacent pulmonary artery; Bin/A: ratio of bronchial inner diameter and
adjacent pulmonary artery; Bwt/A: ratio of bronchial wall thickness and adjacent pulmonary artery; Bwt/Bout: ratio of bronchial wall thickness and bronchial
outer diameter; Bwa/Boa: ratio of bronchial wall area and bronchial outer wall area. Each box shows median (horizontal line), interquartile range (solid box),
1.5*quartile range (whiskers), and outliers (circles). Plots show stable ratios of Bout/A, Bin/A, Bwt/A, Bwt/Bout, and Bwa/Boa across the age groups
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thickness became thinner from central to peripheral
generations, which is in line with previous results [16].
Pi10 was used to express and evaluate bronchial wall
thickening based on a large number of BA measurements
over a range of generations [9, 17]. In our study, we noted
a decrease in Pi10 for the higher age groups, which
implies that the bronchial ratios are a more accurate
parameter for evaluating bronchial wall thickening than
Pi10 as it is independent of age and size-dependent
changes in bronchial diameters.
Interestingly, we observed a slight increase in mean lung

density from age above 6 to 24 years, which contrasts with the
findings of a previous study. Another study showed that the
mean lung density decreases linearly from birth to adulthood
when adjusted by age and height [18]. We speculate that this
discrepancy might be due to our inclusion of more con-
founders (age, sex, total lung volume, and contrast conditions)
in our models. Mean lung density is influenced by the relative
amount of air and tissue volume within a given voxel [19], and
as such, changes in mean lung density are likely affected by
the degree of lung inflation. As our chest CT scans were
not spirometry-controlled, the discrepancy could be
explained by varying inspiratory levels achieved by the study
subjects following the technicians’ commands. To mitigate
this effect, we visually checked the lung inflation, with 96% of
CT scans deemed to have moderate to good lung inflation.
While further studies with standardization of CT volume are
essential to elucidate the shifts in mean lung density during
growth, our results suggest that the current cutoff values for
air trapping (< −856 HU) [20, 21] and emphysema (−950
HU) [22] used in adult thoracic imaging may need to be
adjusted for children.
We observed sex differences in both total lung volume

and bronchial outer diameter. While the former aligns
with existing literature [23], we cannot dismiss the pos-
sibility that the observed sex differences in bronchial
outer diameter might be a type 1 error, especially con-
sidering that bronchial lumen and wall thickness
remained consistent across sexes. These findings match
those of previous studies on central airways [6] challen-
ging the long-standing assumption that females have
inherently smaller airways [24]. Our results indicate that
the difference in bronchial size between sexes primarily
lies in the bronchial outer diameter, a distinction observed
consistently from youth to middle age [25].
In our study, participants younger than 6 years were

excluded from statistical analysis for two main reasons. First,
despite the moderate to good lung inflation of the included
CT scans, most participants aged 6 years or younger were
typically unable to perform a voluntary breath-hold scan.
Hence scans are typically obtained at lower lung volumes,
within the functional residual capacity range, rather than close
to total lung capacity. Suboptimal inspiration during CT scansTa
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results in reduced dimensions, especially of the bronchial
lumen diameter [26–28], and an increase in wall thickness.
Reduced lumen diameter may lead to an underestimation of
bronchial widening, while bronchial wall thickness may be
overestimated, as illustrated in Fig. 5, which presents boxplots
for participants younger than 7 years. Second, the CT scan
parameters used for younger participants are often different
compared to those used in older participants, which are
routinely set at a lower radiation dose for safety concerns
(Table S1a, S1b). This lower radiation dose could potentially
result in reduced image quality and sharpness, limiting the
software’s ability to accurately measure bronchial wall
dimensions. As a result, we excluded these younger partici-
pants from the analysis.
The overall agreement between the two observers was

fair, which could be attributed to the different aims of the
studies for which the data have been used. The first
observer who selected the CT scans for the previous study
focused on central airway assessment and parenchymal
abnormalities, while the second observer for the current
study selected scans focusing on peripheral airways and
lung density. CT scans excluded from the previous study
analysis included abnormalities, such as bronchial wall
thickness, small nodules, or cysts. Abnormalities detected
by one or both observers were excluded.

Limitations
There are some limitations to our study. First, its retro-
spective nature resulted in a wide range of CT protocols
being used and suboptimal volume optimization repre-
senting current practices across multiple centers. Never-
theless, we would like to emphasize that these real-world
data provided valuable insight into the developmental
trends of bronchial dimensions with growth, aiding in the
definition of bronchial widening and wall thickening in
children. While the retrospective design inherently limits
control over data collection and introduces the potential
for selection bias (Appendix S3), we believe that including
data from multiple international centers with diverse
patient populations and varying CT protocols strengthens
the study’s generalizability to a wider range of populations.
Second, we were unable to adjust our study results for

known confounders in respiratory function studies, such
as height, or body mass index, as these data were not
available in relation to consent restrictions. Most impor-
tantly, the subject’s height is directly related to airways
size and total lung volume. To reduce the impact of this
missing variable, we corrected the airways measurements
for age, sex, and total lung volume as obtained from the
CT data. We believe that this correction is likely to have
largely corrected the potential effect of length on bron-
chial anatomy and development.
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Finally, it is important to acknowledge that the CT
dataset included patients who underwent CT for various
clinical reasons. Therefore, we could not entirely exclude
the presence of subtle lung pathology in these partici-
pants. To mitigate this problem, normal CT scans were
assessed by two independently trained radiologists to
detect any lung abnormality. Despite these limitations,
this dataset is currently the most suitable and practically
the best available to generate reference values to provide
guidance for the evaluation of chest CT scans in children
from preschool age to young adulthood. Our findings
highlight the critical influence of a CT protocol and
volume standardization, emphasizing the ongoing need
for the continued collection of normal chest CT scans.
This effort is crucial for further refinement
and optimization of reference values, ultimately advancing
the reliability and clinical utility of these diagnostic tools.

Conclusions
Our study provides comprehensive and valuable nor-
mative CT data for BA dimensions, BA ratios and lung
density from childhood into young adulthood without
the use of volume standardization. We have successfully
established novel age-dependent reference values for
several AI-based BA method-derived CT parameters,
showing age and sex-related differences in bronchial
dimensions, lung volume and density. We observed a
consistent age-related synchronous growth pattern
between bronchi and paired pulmonary arteries. We
propose age-specific upper limits of normal values to
define abnormal bronchial widening or wall thickening,
offering enhanced precision compared to current stan-
dards. These cutoff values have the potential to aid in
the diagnosis of bronchial disease in pediatric and young
adult populations. Further studies are needed to collect
chest CT scans with volumetric control and incorporate
additional respiratory-related parameters (such as
height, weight, and body mass index) to accurately
investigate bronchial development. The proposed cutoff
values could facilitate the automatic detection and
quantification of bronchial disease, as well as the
assessment of treatment effects.

Abbreviations
A Adjacent pulmonary artery diameter
AI Artificial intelligence
BA Bronchus-artery
Bin Bronchial lumen diameter
Bin/A The ratio of bronchial lumen diameter and adjacent artery diameter
Bout Bronchial outer diameter
Bout/A The ratio of bronchial outer diameter and adjacent artery

diameter
BWA/BOA The ratio between bronchial wall area and bronchial outer

wall area

Bwt Bronchial wall thickness
Bwt/A The ratio of bronchial wall thickness and adjacent artery

diameter
Bwt/Bout The ratio between bronchial wall thickness and bronchial outer

diameter
G Segmental bronchial generation
Pi10 The square root of wall area of a 10-mm lumen perimeter
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Study subjects or cohorts overlap
The cohort has been previously reported in Kuo et al [6]. In the previous study,
the dataset consisted of 294 out of 1160 chest CT scans of children and
adolescents were collected retrospectively by the international multicenter
Normal Chest CT Study Group. The previous study aimed to define normative
data on central airway dimensions, in particular trachea, right main bronchi, and
left main bronchi, in chest CT of children. On these 294 inspiratory CT scans,
central airways were semi-automatically analyzed using Myrian XP-Lung software
(version 1.19.1, Intrasense). The intrathoracic tracheal length was measured from
the carina to the thorax inlet manually. In the recent study, the dataset consisted
of 375 out of 1160 chest CT scans of children and young adults. The primary aim
of the current study is to establish normative data for the dimensions of
peripheral airways extending down to the 6th bronchial generation, in chest CT
of children. On these 375 inspiratory CT scans, bronchi and adjacent pulmonary
arteries were automatically analyzed using LungQ (version 2.0.1, Thirona). Using
this algorithm, we computed the following bronchus and artery parameters from
segmental bronchi to the most peripheral detectable bronchi: bronchial outer
diameter (Bout), bronchial inner diameter (Bin), adjacent pulmonary artery
diameter (A), bronchial wall thickness (Bwt), bronchial wall area (BWA), and
bronchial outer area (BOA). From these parameters, we computed the following
ratios: Bout/A, Bin/A, Bwt/A, Bwt/Bout, and BWA/BOA. Furthermore, mean lung
density, total lung volume, and the square root of wall area of bronchi with a 10-
mm lumen perimeter (Pi10) were obtained by using another module from the
same software package.

Methodology

● Retrospective
● Observational
● Multicenter study
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