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Abstract
Background  Little is known about whether central airway morphological changes beyond traction bronchiectasis 
develop and affect clinical outcomes in patients with idiopathic pulmonary fibrosis (IPF). This study aimed to compare 
central airway structure comprehensively between patients with IPF, subjects with interstitial lung abnormality (ILA), 
and those without ILA (control) using computed tomography (CT). We further examined the prognostic impact of 
IPF-specific CT airway parameters in patients with IPF.

Methods  This retrospective study included male patients with IPF, and male health checkup subjects divided into 
those with ILA and control based on lung cancer screening CT. Using an artificial intelligence-based segmentation 
technique, the extent of fibrotic regions in the lung was quantified. After airway tree segmentation, CT parameters 
for central airway morphology, including the lumen area of the extrapulmonary airways (LAextra), wall and lumen 
area of the segmental/subsegmental intrapulmonary airways (WAintra and LAintra), tracheal distortion (tortuosity and 
curvature) and bifurcation angle of the main carina, were calculated.

Results  There were 106 patients with IPF, 53 subjects with ILA, and 1295 controls. Multivariable models adjusted for 
age, height and smoking history revealed that LAintra and WAintra were larger in both ILA and IPF, and that tracheal 
tortuosity and curvature were higher in IPF, but not in ILA, than in the control, whereas the bifurcation angle did not 
differ between the 3 groups. According to multivariable Cox proportional hazards models including only patients with 
IPF, increased WAintra was significantly associated with greater mortality (standardized hazard ratio [95% confidence 
interval] = 1.58 [1.17, 2.14]), independent of the volume of fibrotic regions, normal-appearing regions, or the whole 
airway tree in the lung.

Conclusion  Increased lumen area and wall thickening of the central airways may be involved in the pathogenesis of 
ILA and IPF, and wall thickening may affect the prognosis of patients with IPF.
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Background
Idiopathic pulmonary fibrosis (IPF) is a devastating inter-
stitial lung disease (ILD) without established curative 
treatments. Despite extensive attempts to control disease 
progression with antifibrotic drugs, the clinical prognosis 
remains unsatisfactory [1, 2]. In addition to the alveolar 
epithelium, which is a primary pathological site of IPF 
[3], a growing body of literature suggests the involvement 
of cells constituting central and peripheral airways in 
pulmonary fibrosis [4–6]. Previous studies have focused 
mainly on traction bronchiectasis in the intrapulmonary 
central airways visible on computed tomography (CT) 
and in the peripheral airways on histology, while little is 
known about the morphological changes in central air-
ways such as the trachea, main bronchi, or segmental 
bronchi.

Lung parenchyma fibrosis generates traction force 
and causes bronchial dilation, termed traction bronchi-
ectasis. The high incidence of traction bronchiectasis 
in IPF suggests that even other morphological changes 
in the airway may be secondary to pulmonary paren-
chyma fibrosis in patients with IPF. However, this con-
cept has been challenged by recent studies showing that 
the number of terminal bronchioles is lower even in local 
nonfibrotic regions [7, 8] and that airway volume is asso-
ciated with prognosis independent of changes in the lung 
parenchyma [9]. It is presumed that airway lesions may 
develop independently of surrounding fibrosis not only in 
patients with IPF but also in patients with an early-stage 
disease that would be subsequently diagnosed as IPF. In 
the early stage of pulmonary fibrosis, interstitial lung 
abnormality (ILA), defined as an incidental radiological 
abnormality suggestive of underlying ILD [10], has been 
increasingly recognized as a precursor to ILDs, including 
IPF [11], and the significance of airway lesions in ILA has 
recently been explored [12]. Therefore, we hypothesized 
that central airway morphological changes indepen-
dent of lung parenchyma fibrosis are associated with the 
pathogenesis of ILD, including IPF.

The purpose of this study was to examine whether the 
central airways display greater morphological changes on 
CT in subjects with ILA and IPF than in those without 
ILA or ILD. Since the wall area, tortuosity and eccentric-
ity of the airways have been reported as airway morpho-
logical features in ILD, without detailed analyses of their 
clinical relevance [12–15], this study comprehensively 
quantified tortuosity, curvature, torsion, and eccentric-
ity of the trachea; bifurcation angle of the main carina; 
lumen areas of the extra- and intrapulmonary airways; 
and wall areas of the intrapulmonary airways in patients 

with IPF, subjects with ILA and control subjects. The 
airway parameters that differed between controls and 
patients with IPF were examined for prognostic impact 
using follow-up data of patients with IPF.

Methods
Study design
This retrospective study used two different datasets: those 
of an IPF cohort and a health checkup cohort. The IPF 
cohort data included all consecutive male patients with 
IPF who were aged 40 years or older and who underwent 
CT and spirometry within a period of 3 months during 
the exacerbation-free period at Kyoto University Hospital 
between 2011 and 2019. The health checkup cohort data 
included all consecutive male subjects who were aged 40 
years or older who underwent spirometry and lung can-
cer screening CT in the Japanese medical checkup pro-
gram during the following periods: 2012–2014 at Kitano 
Hospital, 2016–2020 at Takeda Hospital, and 2019–2022 
at Kyoto Preventive Medical Center. In Japan, subjects 
in medical checkup programs can voluntarily select an 
option for lung cancer screening CT regardless of their 
smoking history. In both cohorts, the exclusion criteria 
were lack of demographic data and smoking informa-
tion, inappropriate quality CT images, pleural effusion, 
pneumothorax and pneumomediastinum. The study was 
conducted in accordance with the Declaration of Hel-
sinki. The ethics committees of Kyoto University Hospital 
(R2733-8, R2751-2, R1660-6, R1353, R1323-2) approved 
the study and waived written informed consent because 
of its retrospective nature.

Spirometry
Spirometry was conducted without a bronchodilator and 
was evaluated in each facility by well-trained technicians 
according to the American Thoracic Society/European 
Respiratory Society statement [16]. The predicted forced 
expiratory volume in 1  s (FEV1) and forced vital capac-
ity (FVC) values were calculated using the LMS (lambda, 
mu, sigma) method reference equations, taking age, sex 
and height into account [17]. The diffusing capacity of the 
lung for carbon monoxide (DLCO) was measured in the 
IPF cohort, and the predicted values were calculated by 
the reference equations for the Japanese population [18].

CT acquisition
The entire lungs were scanned at full inspiration using 
an Aquilion 64, Aquilion ONE, Aquilion PRIME scanner 
(Canon Medical Systems, Otawara, Japan) and Revolu-
tion EVO (GE Healthcare, Chicago, Illinois, USA). The 
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scanning conditions were 120 kVp and autoexposure 
control. Images with 0.5  mm/1.25  mm slice thickness 
were reconstructed with a sharp kernel. Phantom tubes 
mimicking airways were scanned at all the scanners to 
validate the accuracy of segmentation. As shown in Sup-
plementary Figure S1, there were no systematic differ-
ences in measurement errors between the different CT 
scanners.

CT analysis
Automatic three-dimensional segmentation of the lung 
parenchyma and entire airway tree from the original 
chest CT was performed with SYNAPSE VINCENT soft-
ware (FUJIFILM, Tokyo, Japan). From the volume of seg-
mented lung parenchyma (Lung volumeCT), the percent 
predicted volume of lung parenchyma (%Lung volumeCT) 
was calculated according to the reference values of the 
Japanese population [19]. The segmented airway tree was 
exported as DICOM files and further processed using a 
custom script implemented in Python 3. To perform the 
morphological analysis of the airway, images were res-
caled to have isotropic 1–1.25 mm voxels for subsequent 
analyses. The trachea above the level of the aortic arch 
was automatically removed because the entire trachea 
was not always included on CT.

Diagnosis of IPF and ILA
The diagnosis of IPF was based on the official ATS/ERS/
JRS/ALAT guidelines [20, 21]. As previously reported 

[22], one chest radiologist and two pulmonologists who 
were blinded to the patient information visually assessed 
the chest CT images for ILA according to the Fleischner 
Society’s guidelines [6]. The cases with discordance were 
judged by a chest radiologist or by consultation with two 
raters. Subtypes of ILA (non-subpleural, subpleural non-
fibrotic, subpleural fibrotic) were also classified.

AIQCT software
Radiological parenchymal and airway abnormalities of 
the lung parenchyma were automatically segmented and 
quantified using AI-based image analysis software named 
AIQCT (Fujifilm Corporation, Tokyo, Japan) [9]. AIQCT 
uses a network architecture based on U-Net to automati-
cally classify chest CT images into the following types: 
normal lung, ground-glass opacity, reticulation, con-
solidation, honeycombing, nodules, hyperlucency, inter-
lobular septum, bronchi, and vessels. The percentage of 
fibrotic area (% Fibrosis) was defined as the percentage 
of lung volume occupied by regions with reticulation and 
honeycombing.

Geometric analysis of the central airway
Automatic three-dimensional segmentation of the entire 
airway tree from the original chest CT was performed 
by SYNAPSE VINCENT software (FUJIFILM, Tokyo, 
Japan). Figure 1A provides an overview of the geometric 
evaluation of the airway. First, the mean airway lumen 
and wall areas were measured. To further evaluate the 

Fig. 1  Airway morphology assessment. A. Overview of the geometric evaluation of the airway. Tortuosity, curvature and torsion of the trachea were 
measured. Mean airway lumen and wall areas were measured from the coloured airway branch. Geometric mean of the extrapulmonary airway lumen 
area (LAextra) was calculated for trachea, RMB, LMB and TIM. Geometric mean of the intrapulmonary airway lumen area (LAintra) and mean volume of the 
wall area (WAintra) were calculated for the segmental and subsegmental bronchi. Bifurcation angle of the main carina was also measured. RMB: right 
main bronchus, LMB: left main bronchus, TIM: truncus intermedius, LA: lumen area WA: wall area. B. Measurement of the lumen area and wall area was 
performed by SYNAPSE VINCENT software based on the full-width half-maximum principle. C. Path length (Lp) and Euclidean distance (Le) of the trachea 
were acquired from the centreline of the airway tree. Tortuosity of the trachea was calculated as the path length divided by the Euclidean distance
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geometric properties of the trachea, the following param-
eters were extracted: tortuosity, curvature, torsion, 
eccentricity, and bifurcation angle of the main carina. 
The details of each airway parameter are described below.

Central airway size and wall area assessment
Lumen and wall areas were measured on SYNAPSE VIN-
CENT software. The cross-sectional lumen area (LA) at 
14 branch segments, including the trachea, right and left 
main bronchus (RMB and LMB), bronchus intermedius, 
and segmental and subsegmental bronchus of 5 paths 
(RB1, RB4, RB10, LB1, LB10, sRB1, sRB4, sRB10, sLB1 
and sLB10), was measured by applying the full-width 
half maximum principle, as previously reported [23, 24] 
(Fig. 1A and B). The geometric means of the extrapulmo-
nary airway lumen area (LAextra) and the intrapulmonary 
airway lumen area (LAintra) were calculated from the geo-
metric mean of each airway area as follows:

•

	LAextra= 4
√

LAtrachea × LARMB × LALMB × LATIM

•

	
LAintra= 10

√
LARB1 × LARB4 × LARB10 × LALB1 × LALB10×
LAsRB1 × LAsRB4 × LAsRB10 × LAsLB1 × LAsLB10

LA: lumen area; RMB: right main bronchus; LMB: left 
main bronchus; TIM: truncus intermedius.

Wall area (WA) of the segmental and subsegmental air-
ways at the above 10 sites (RB1, RB4, RB10, LB1, LB10, 
sRB1, sRB4, sRB10, sLB1 and sLB10) was also measured. 
The geometric mean of these wall areas (WAintra) was 
calculated.

Tortuosity, curvature, torsion
First, the segmented airway tree was skeletonized to 
obtain the centreline of the tree. The branching points 
were localized, and the location of the trachea was auto-
matically identified using the custom Python scripts 
“Skan” and “ductal_morphology” (from ​h​t​t​​p​s​:​/​​/​g​i​​t​h​​u​b​.​c​o​
m​/​s​h​i​z​u​o​-​k​a​j​i​/​d​u​c​t​a​l​_​m​o​r​p​h​o​l​o​g​y​​​​​) [25]. The path length 
and Euclidean distance of the trachea were acquired from 
the centreline of the airway tree. Tortuosity of the trachea 
was calculated as the path length divided by the Euclid-
ean distance (Fig. 1C).

Second, the curvature and torsion of the trachea were 
calculated (Supplementary Figure S2). Curvature repre-
sents two-dimensional steepness of the curve, whereas 
torsion represents three-dimensional curve twisting. The 
details of this method are described in Supplementary 
Figure S2. To compute these measures, ten points along 
the centreline of the trachea were sampled, and a spline 

curve was fitted through these points. The overall curva-
ture and torsion were then calculated as the mean values 
across the ten sampled points. The correlations of torsion 
and curvature with tortuosity were also evaluated (Sup-
plementary Figure S3).

Eccentricity and bifurcation angle of the main carina
Eccentricity refers to the deviation of the airway’s cross-
section from a true circle. Eccentricity ranges between 0 
and 1, where 0 is the representation of a true circle and a 
value near 1 represents a very elongated ellipse. A cross-
section of the airway perpendicular to the centreline was 
made at 10 locations, and the mean eccentricity at these 
cross-sections was used as the eccentricity of the trachea 
(Supplementary Figure S4). The bifurcation angle of the 
main carina was calculated by two vectors: vectors from 
the main carina to the end points of the left and right 
main bronchi.

Statistical analysis
Values are expressed as the mean ± standard deviation 
(SD) unless otherwise indicated. %Fibrosis and mean 
torsion of the trachea were log-transformed to follow a 
normal distribution to run statistical tests other than cal-
culating Spearman’s correlation coefficient. The normal-
ity of the other parameters was tested. The three groups 
(checkup cohort with and without ILA and the IPF 
group) were compared by analysis of variance (ANOVA) 
followed by Dunnett’s post hoc test. Spearman’s corre-
lation coefficient (rho) was calculated between airway 
parameters and %Fibrosis. Multivariable linear regres-
sion models were constructed to test whether each CT 
parameter was associated with ILA or IPF. The mod-
els included the presence of ILA or IPF, age, height, 
and smoking history (current smoking, smoking dura-
tion ≥ 20 years and daily tobacco consumption ≥ 1 pack/
day) as independent variables, based on previous reports 
showing the associations of age and sex with airway size 
[26, 27]. Differences in survival rates according to the 
median values of each airway parameter were estimated 
by Kaplan‒Meier analysis in the IPF cohort. The log-rank 
test was also used to compare survival curves between 
groups. Patients were censored at the time of lung trans-
plantation or the last visit up to 10 years. A Cox propor-
tional hazards model was used to assess the associations 
between airway parameters and survival. The indepen-
dent variables of age, height, smoking pack-years, FVC, 
DLCO, %Fibrosis, airway volume and normal lung volume 
from AIQCT were selected based on previous reports 
[9, 20]. Each variable was standardized for multivariable 
linear regression models and Cox proportional hazards 
models. Statistical analyses were performed using R sta-
tistical software version 4.1.0.

https://github.com/shizuo-kaji/ductal_morphology
https://github.com/shizuo-kaji/ductal_morphology
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Results
Of the 108 patients with IPF, 2 were excluded due to 
unsuitable CT images, and 106 patients were included. 
Of the 1381 health checkup subjects, 33 were excluded 
due to lack of demographic data, inappropriate CT 
images or pneumothorax, and 1348 were included (Sup-
plementary Figure S5).

Based on the presence of ILA, 1348 health checkup 
subjects were divided into those with ILA (n = 53, 3.9%) 
and those without ILA (control, n = 1295, 96.1%). Table 1 
describes the characteristics of the control, ILA, and IPF 
groups. There was no significant difference in %Lung 
volume between the control and ILA. The ILA and IPF 
groups had higher proportions of former smokers. 
Among cases of ILA, the most common type was sub-
pleural fibrotic type (n = 26, 49.1%), followed by subpleu-
ral non-fibrotic type (n = 24, 45.3%) and non-subpleural 
type (n = 3, 5.7%).

As shown in Table  2, LAextra was larger in IPF, and 
LAintra and WAintra were larger in ILA and IPF than in the 
control. Tortuosity and curvature of the trachea were sig-
nificantly higher in IPF, but not in ILA. Tracheal eccen-
tricity was higher in both ILA and IPF. There were no 
significant differences in tracheal torsion or the bifurca-
tion angle of the carina between the groups. The trends 
for LAextra, LAintra, WAintra, tortuosity, curvature, and tor-
sion are shown in Fig. 2.

Table 3 shows that in the multivariable models, LA intra 
and WAintra were larger in ILA and IPF than in the con-
trol after adjusting for age, height and smoking history. 
Moreover, LAextra was larger and tortuosity and curvature 
were higher in IPF than in the control. Similar results 
were obtained when subjects suspected of other airway 
diseases (asthma, COPD, combined pulmonary fibrosis 
and emphysema (CPFE)) were excluded, when the sub-
jects were limited to those with a history of smoking, or 
when the health checkup cohort was divided into sub-
jects with and without subpleural fibrotic ILA (Supple-
mentary Table S1 & S2 & S3).

Figure 3 shows the associations between %Fibrosis and 
airway parameters. WAintra was associated with %Fibro-
sis in ILA and IPF (rho = 0.35, p = 0.01, and rho = 0.31, 
p = 0.001, respectively). LAextra was associated with 
%Fibrosis in IPF (rho = 0.23, p = 0.02).

Moreover, the associations of airway parameters 
with mortality in IPF were examined. The log-rank test 
showed that WAintra was associated with mortality, but 
the other airway parameters were not (Fig. 4). A Cox pro-
portional hazards model revealed that increased WAintra 
was associated with mortality when adjusted for age, 
height, smoking pack-years, FVC, DLCO, %Fibrosis, nor-
mal lung volume, and airway volume (Table 4).

Table 1  Patient characteristics
ILA -  
(Control)

ILA + IPF p

n 1295 53 106
Age 56.8 (10.2) 67.7 (8.2) 71.4 (8.7) < 0.001
Sex, male, n(%) 1295 (100.0) 53 (100.0) 106 (100.0)
Height, cm 170.3 (6.0) 168.7 (7.4) 165.7 (6.0) < 0.001
Weight, kg 70.4 (10.7) 68.7 (9.5) 67.5 (10.7) 0.017
Current smoker, n(%) 500 (38.6) 21 (39.6) 6 (5.7) < 0.001
Former smoker, n(%) 405 (31.3) 23 (43.4) 94 (88.7) < 0.001
Smoking pack-years NA NA 46.6 (33.0)
Smoking duration, ≥ 20 
years, n(%)

761 (58.8) 40 (75.5) 92 (86.8) < 0.001

Daily tobacco con-
sumption, ≥ 1 pack/
day, n(%)

501 (38.7) 31 (58.5) 83 (78.3) < 0.001

%FEV1 95.1 (14.6) 91.8 (14.8) 87.2 (16.1) < 0.001
%FVC 97.5 (12.7) 94.5 (14.1) 82.3 (17.8) < 0.001
FEV1/FVC 0.77 (0.07) 0.75 (0.08) 0.82 (0.08) < 0.001
%DLCO NA NA 46.1 (14.8)
Lung VolumeCT, L 5248 (922) 4842 (860) 3684 (877) < 0.001
%Lung VolumeCT 105.4 (16.2) 102.0 

(16.2)
81.6 (18.0) < 0.001

%Fibrosis 0.10 [0.04, 
0.25]

0.81 [0.43, 
1.91]

6.50 [4.04, 
11.38]

< 0.001

Patient characteristics of the three groups: ILA- (health checkup cohort without 
ILA), ILA+ (health checkup cohort with ILA), and IPF. Data are expressed as mean 
(SD) or n (%). %Fibrosis is expressed as median [interquartile range], although 
statistical analysis was performed after log transformation to make this variable 
follow a normal distribution. Comparisons of the three groups were performed 
by analysis of variance (ANOVA). Asterisk (*) means %DLCO was measured only in 
IPF and could not be measured in two patients (n = 104). FEV1: forced expiratory 
volume in 1  s, FVC: forced vital capacity, DLCO: diffusing capacity of the lung 
for carbon monoxide, %Lung VolumeCT: the percent predicted volume of lung 
parenchyma (lung volume divided by the reference value)

Table 2  Differences in all airway parameters between ILA-, 
ILA + and IPF groups

ILA -  
(Control)

ILA + IPF p

LAextra, mm2 190.3 (33.4) 194.3 (33.4) 217.9 (46.9)*** < 0.001
LAintra, mm2 16.6 (4.7) 18.6 (5.0)** 20.6 (5.4)*** < 0.001
WAintra, mm2 46.0 (8.3) 51.0 (9.5)*** 61.7 (9.7)*** < 0.001
Tortuosity 1.18 (0.03) 1.18 (0.03) 1.19 (0.04)*** < 0.001
Curvature 0.10 (0.05) 0.10 (0.04) 0.12 (0.05)** 0.003
Torsion 0.40 [0.26, 

0.61]
0.48 [0.29, 
0.64]

0.42 [0.28, 0.59] 0.64

Eccentricity 0.53 (0.09) 0.55 (0.10) 0.55 (0.10) 0.013
Bifurcation 
angle

95.3 (10.2) 93.3 (9.3) 93.6 (12.1) 0.11

Data are expressed as mean (SD) or n (%). Torsion is expressed as median 
[interquartile range], although statistical analysis was performed after log 
transformation to make this variable follow a normal distribution. P value 
indicates a difference between three groups according to ANOVA (analysis of 
variance). Asterisks (*) indicate significant differences according to Dunnett’s 
post hoc test; ** p < 0.01, *** p < 0.001
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Discussion
This study showed that LA intra and WAintra were larger in 
ILA and IPF than in the control even after adjustment for 
age, height and smoking history. LAextra, tortuosity and 
curvature were greater in IPF than in the control, with 
no significant difference between control and ILA. While 
WAintra was weakly associated with %Fibrosis, survival 

analyses in patients with IPF showed that a larger WAintra 
was associated with higher mortality independent of 
%Fibrosis, normal lung volume, and airway volume. This 
is the first study to compare various central airway mor-
phologies in patients with ILA and IPF relative to control 
and to explore the prognostic impact of larger wall areas 
in patients with IPF. Our data support the recent hypoth-
esis that in addition to lung parenchymal fibrosis, airway 
diseases may also be involved in the pathogenesis of IPF.

The larger LAintra and WAintra in both ILA and IPF and 
their absence or weak correlations with %Fibrosis sug-
gest that the size of the lumen and wall areas of the intra-
pulmonary central airways cannot be explained solely 
by the surrounding fibrosis and traction bronchiectasis. 
We postulate the following two mechanisms. First, the 
enlargement of lumen and wall areas of the central air-
ways develops in the early stage of IPF. This would be 
consistent with recent reports on the involvement of the 
airway epithelium in the fibrotic process in ILD [6, 28]. 
Second, the larger lumen and wall of central airways may 
be native structures that increase susceptibility to lung 

Table 3  Multivariable analysis of differences in airway 
parameters between ILA-, ILA + and IPF groups

ILA - (Control) ILA + IPF
LAextra Ref 0.03 [-0.24, 0.29] 0.72 [0.51, 0.93]***
LAintra Ref 0.34 [0.07, 0.61]* 0.91 [0.70, 1.12]***
WAintra Ref 0.36 [0.11, 0.60]** 1.58 [1.38, 1.77]***
Tortuosity Ref 0.03 [-0.25, 0.31] 0.26 [0.04, 0.48]*
Curvature Ref -0.14 [-0.41, 0.14] 0.36 [0.14, 0.58]**
The association between each airway parameter and the presence of ILA or IPF 
was evaluated in multivariable regression models. Models were adjusted for 
age, height and smoking history (current smoking, smoking duration and daily 
tobacco consumption). Values are expressed as standardized estimate [95% 
confidence interval]. Significant differences are indicated as follows: * p < 0.05, 
** p < 0.01, *** p < 0.001

Fig. 2  Distributions of and differences in representative airway parameters between ILA-, ILA + and IPF. Asterisks (*) indicate significant differences by 
Dunnett’s post hoc test; ** p < 0.01, *** p < 0.001
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fibrosis and promote IPF development. This concept 
is in line with the previous finding that a smaller air-
way size for a given lung size (dysanapsis) is associated 
with lower pulmonary function in healthy subjects and 
future development of chronic obstructive pulmonary 
disease (COPD) [23, 24, 29], although the directionality 
is opposite with IPF and COPD. Demographic factors 
such as age, sex, and body size cannot fully explain the 
wide variation in airway dimensions in healthy subjects 
[26]. Moreover, genetic factors such as fibroblast growth 
factor 10 (FGF10) or FGF18, which are factors associated 
with lung fibrosis [30, 31], can also affect native airway 
structure [32, 33]. Further studies are needed to clarify 
whether healthy individuals who carry genetic factors 
associated with native airway structure exhibit larger rel-
ative airway sizes and more frequently develop IPF.

The larger WAintra in both ILA and IPF and the prog-
nostic impact of larger WAintra independent of %Fibrosis 
in IPF are the main findings of this study. This finding is 
consistent with previous reports on thickening of the air-
way wall in ILD or ILA [8, 34]. An increase in airway wall 
thickness has been correlated with reductions in lung 
volume in some ILA populations [12]. Together with the 
observed weak association between WAintra and %Fibro-
sis in ILA and IPF, we speculate that airway wall thick-
ening may progress in parallel with the progression of 
lung fibrosis in ILD. Furthermore, our log-rank test and 
Cox proportional hazard models showed a significant 

association between airway wall thickening and prog-
nosis, independent of lung parenchymal abnormali-
ties, airway volume, or pulmonary function test results. 
Although the underlying mechanism is unclear, airway 
wall thickening may be an independent prognostic fac-
tor. Various airway lesions in peripheral lung tissues have 
been reported in IPF, including inflammatory cell infiltra-
tion and peribronchiolar fibrosis leading to airway wall 
thickening [4, 5], but very few reports have focused on 
pathologic changes in the central airway. Thus, further 
studies using relatively large lung tissue samples includ-
ing the central airways are needed to explore what his-
tological features could be represented by a CT finding 
of increased wall area of the segmental and subsegmental 
airways in patients with IPF.

The greater tortuosity and curvature of the trachea 
observed in IPF are consistent with previous reports on 
the associations between ILD and airway lumen distor-
tion [13, 14]. However, the lack of associations between 
these airway parameters and mortality is not consistent 
with the study by Cheung et al., who reported that seg-
mental tortuosity was associated with IPF mortality [14]. 
Our study and the study by Silva BRA et al. [13] mea-
sured the tortuosity of the trachea, whereas Cheung et 
al. [14] measured the tortuosity of airway generation 2–6. 
The different locations of the airways used for measur-
ing tortuosity might have caused the discordant results. 
Interestingly, such geometric morphological changes 

Fig. 3  Associations between %Fibrosis and airway parameters. Spearman’s correlation coefficient (rho) is shown in each graph, and its significance is 
indicated as follows: * p < 0.05, ** p < 0.01
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can be observed even in tracheas where the influence of 
traction bronchiectasis is not apparent. Moreover, since 
tortuosity and curvature were not significantly different 
between ILA and the control, those changes are presum-
ably features of progressed IPF rather than early-stage 
IPF. In this study, tortuosity and curvature were related 
to IPF, but torsion showed no relationship. Furthermore, 
the correlation between curvature and tortuosity was 
stronger than the correlation between torsion and tortu-
osity. Mathematically, curvature and torsion are impor-
tant metrics in the evaluation of curves since two curves 
are congruent when they have the same curvature and 
torsion. Theoretically, both high curvature and high tor-
sion should lead to high tortuosity, but increased tracheal 
tortuosity in IPF can be ascribed mainly to curvature, 

two-dimensional steepness differences in the trachea. 
Difference in the correlations of these two parameters 
with tortuosity, and different results of these two parame-
ters in IPF and the control, imply that both curvature and 
torsion need to be considered when evaluating the geo-
metric properties of the central airway.

No significant differences in tracheal eccentricity or the 
bifurcation angle of the main carina were found between 
patients with ILA or IPF and control. Airway eccentricity 
has also been analysed as a morphological marker of the 
airway [15]. The eccentricity of the airway was elevated 
in ILD and COPD, which may indicate the presence of 
airway lesions [13, 35]. The bifurcation angle of the main 
carina has been widely used to assess the morphologi-
cal features of the airway. The bifurcation angle is not 

Fig. 4  Survival curves for airway parameters, Differences in survival rates according to the median values of each airway parameter were estimated via 
Kaplan‒Meier analysis in IPF cohort. The log-rank test was also used to compare survival curves between groups
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affected by age, sex, or body size [36, 37] and can influ-
ence air velocity or particle deposition [38, 39]. However, 
as our data did not show an association between these 
two parameters and ILA or IPF, the bifurcation angle 
and eccentricity may not be factors characterizing airway 
morphology in IPF.

There are several limitations to this study. First, due to 
the small number of female subjects with ILA or IPF, only 
males were included. Second, this study was conducted 
only in the Japanese population. Given that ethnicity 
affects airway morphology, the present results need to 
be confirmed in other populations. Third, multiple CT 
scanners with different conditions were used, which may 
have affected the results. Despite the systematic error of 
the overestimation of wall area in CT measurements [40], 
we believe that the impact of different CT scanners was 
small because the extent of measurement errors did not 
differ between the scanners, and the analysis was per-
formed in the central airway. Fourth, because of the lack 
of information about the total amount of smoking in the 
health checkup cohort, smoking duration ≥ 20 years and 
daily tobacco consumption ≥ 1 pack/day were used in the 
multivariable analysis.

In conclusion, the central airway lumen area and air-
way wall area were larger in IPF and ILA. Their associa-
tions with lung fibrosis were weak, and a larger wall area 
was associated with higher mortality independent of lung 
fibrosis in patients with IPF. Therefore, wall thickening of 
the central airways can develop even in subjects with ILA 
and subsequently becomes an important prognostic fac-
tor in patients with IPF.
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