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Abstract
Background
Bronchiolitis obliterans (BO) is a clinical syndrome characterized by progressive small airway
obstruction, causing significant morbidity and mortality. Central airway dilatation is one of its
radiological characteristics, but little is known about the clinical and pathological associations
between airway dilatation and BO.
Methods
This retrospective study consecutively included patients who underwent lung transplantation due
to BO at Kyoto University Hospital from 2009 to 2019. Demographic and histopathological
findings of the resected lungs were compared between patients with and without airway
dilatation measured by chest computed tomography (CT) at registration for lung transplantation.
Results
Of a total of 38 included patients (median age, 30 years), 34 (89%) had a history of
hematopoietic stem-cell transplantation, and 22 (58%) had airway dilatation based on CT.
Patients with airway dilatation had a higher frequency of Pseudomonas aeruginosa isolation with
greater residual volume than those without airway dilatation. Quantitative CT analysis revealed
an increase in lung volume to predictive total lung capacity and a percentage of low attenuation
volume < —950 HU at inspiration in association with the extent of airway dilatation. Airway
dilatation on CT was associated with an increased number of bronchioles with concentric

narrowing of the lumen and thickening of the subepithelium of the walls on histology.



Conclusions

In patients with BO, airway dilatation may reflect increased residual volume or air-trapping and
pathological extent of obstructive bronchioles, accompanied by a risk of Pseudomonas
aeruginosa isolation. More attention should be paid to the development of airway dilatation in

the management of BO.



Introduction
Bronchiolitis obliterans (BO) is a form of irreversible airflow obstruction following an injury to
the respiratory and terminal bronchioles from various potential causes [1-3]. The BO's frequency
is rare but is becoming more frequent as a complication of hematopoietic stem-cell
transplantation (HSCT) and lung transplantation [2]. Although the impact of BO on
post-transplantation prognosis is milder than that of restrictive forms, BO typically progresses
and eventually causes death or requires lung transplantation [1-4].

Currently, the presence and progression of BO are primarily defined by spirometry.
However, many studies have emphasized the usefulness of radiological findings [5-9].
Additionally to the low attenuation area at a single expiratory image, the recent development of
computed tomography (CT) analysis enabled us to quantitatively evaluate air-tapping separately
from emphysema by comparing the inspiratory and expiratory images on a voxel-by-voxel basis
with a non-rigid registration technique or parametric response mapping [6, 7, 10].

Central airway dilatation, another radiological characteristic of BO, is less likely to
receive attention than air-trapping. In the 1990s, several studies have focused on central airway
dilatation and its association with airflow limitation in BO [11-14]. Although the sensitivity and
specificity of central airway dilatation to detect the early phase of BO were lower than those of
air-trapping, several studies have mentioned that central airway dilatation is one of the critical
manifestations for detecting the development of BO [5, 15]. Furthermore, because the central
airway dilatation is easily detectable on inspiratory CT, it might be informative during BO
patients' follow-up, i.e., not only for detecting BO. Despite its potential roles in BO's
management, studies on the clinical impacts of central airway dilatation and its association with
pathological findings of BO are limited [16]. This study revealed the underlying clinical,

radiological, and pathological aspects related to airway dilatation among BO patients.



Material and Methods

Study design and subjects

We conducted a historical cohort study enrolling patients who underwent lung transplantation
due to BO that was pathologically confirmed with samples taken during lung transplantation at
the Kyoto University Hospital between January 2009 and April 2019 (Figure 1). The
pathological definition of BO is the existence of one or more bronchioles with concentric
narrowing of the bronchiolar lumen by inflammation and fibrosis [1]. Demographic, clinical,
respiratory functional, radiological at registration for lung transplantation were retrieved from
clinical records. Bacterial cultures were evaluated with the spontaneous sputum at the time of
registration when patients did not exhibit signs of acute infection. Standard laboratory protocols
were used for the identification of pathogenic bacterial species that colonize the lower
respiratory tract. Microbiological analysis was not performed on lung tissue obtained at the time
of transplantation. When available, clinical and respiratory functional data and CT findings
between registration and the transplantation were also collected. Patients were excluded from the
quantitative CT analysis when they lacked high-resolution computed tomography (HRCT) in
defined reconstruction (Supplementary Methods), were on ventilator support, or had a
pneumothorax (Figure 1). Written informed consent for the examination was obtained from each
patient at the time of lung transplantation for research using their clinical data and histological

samples. The Ethics Committee approved the study of Kyoto University (approval No. G0469).



CT analysis
Definition of central airway dilatation
Details of CT and histopathological analyses are described in the Supplementary Methods.

HRCT scanning was acquired at the time of the registration for lung transplantation. On
full-inspiratory CT, airway dilatation was determined when at least one of the following criteria
was fulfilled, independently of interstitial lung abnormalities [17]; (1) internal diameter of the
bronchus greater than that of the adjacent pulmonary artery and (2) lack of tapering of the
bronchial lumen toward the periphery for any generation. The extent of airway dilatation was
semi-quantitatively assessed using a modified Reiff score (Supplementary Methods) [18].
Quantitative CT analysis
The total lung volume (CT-TLV) and the percentage of low attenuation volume < —950
Hounsfield units (HU) (LAV.g50%) were evaluated on full-inspiratory CT. The predicted total
lung capacity (pred TLC) was calculated from the sex and height, and used to adjust the CT-TLV
by the natural size of the lungs [19]. In a subgroup of patients whose full-expiratory CT scans
were available, the percentage of low attenuation volume < —856 HU at expiration (LAV .g56%)
was calculated to evaluate air-trapping. Additionally, non-emphysematous air-trapping,
presumably a surrogate of small airway disease severity, termed functional small airway disease
(FSAD) [20], was calculated by non-rigidly registering inspiratory and expiratory CT scans using
custom software.

For the evaluation of longitudinal CT data before and after the clinical diagnosis of BO

in representative patients, the lumen of a branch from the basal posterior bronchus (B*%a) was

measured as reported previously [15].



Histopathological analysis

The lung tissue obtained at the time of lung transplantation was evaluated. Lungs were inflated
with undetermined pressure and fixed by formalin, processed into paraffin blocks, and cut into a
section of 4-um thickness according to routine surgical pathology protocols [21]. According to a
previous study [22], the six sections from affected lungs containing one or more bronchioles
were stained with hematoxylin and eosin and either elastica van Gieson or elastica-Masson. On
digital images of whole sections [23], relatively circular bronchioles (long axis/short axis < 3)
smaller than 2 mm in long axis were evaluated [22, 24], and the perimeter of the basement
membrane defined as an elastic layer of the bronchiole (Pbm) was measured. The airway wall
thickness of three compartments, including the epithelium, subepithelium (from the bottom of
the epithelium to the basement membrane), and lamina propria (from the basement membrane to
the outer edge of the smooth muscle), was assessed by dividing each area by Pbm (Suppl. Figure
1) [22]. Bronchioles with concentric narrowing of the bronchiolar lumen by inflammation and
fibrosis were identified. The percentage of the number of these bronchioles to the total number of
bronchioles evaluated on sections was measured for each patient to evaluate the pathological
extent of BO. The number of alveolar attachments to the outer wall of bronchioles was counted

and adjusted by Pbm.

Statistical analysis

The patients with BO were divided into those with and without airway dilatation determined by
CT and compared. Continuous variables were compared using the Wilcoxon rank-sum test, and
categorical variables were compared using the Pearson chi-square test. The correlations between
Reiff score and quantitative CT analysis variables or histological analysis were presented as

Spearman correlation coefficients. The threshold of Reiff score in relation to the extent of



pathological BO (the cut-off value was set at the first tertile in our cohort) was estimated using a
receiver operating characteristic (ROC) curve analysis. A two-tailed p-value < 0.05 was
considered statistically significant. All statistical analyses were performed using JMP Pro 14 for
Windows (SAS Institute, Inc., Cary, NC). Data are presented as median values with interquartile

ranges (IQR) for continuous variables and as percentages for categorical variables.

Results

Patients' characteristics

During the study period, 38 patients underwent lung transplantation due to BO (Figure 1). The
main cause of BO was HSCT (89%), followed by lung transplantation (11%). The median time
from BO's clinical diagnosis to lung transplantation registration and from registration to lung
transplantation was 2.1 years and 1.6 months, respectively. Twenty-nine patients (76%) received
living-donor lung transplantation. The patients' clinical features are summarized in Table 1.
Among these cases, 22 (58%) had developed airway dilatation (Reiff score > 1) at the time of
registration for lung transplantation with a median Reiff score of seven. Among the 22 cases,
HRCT at BO’s diagnosis was available for seven patients and two patients had already
developed airway dilatation at the time of the diagnosis. In 21 patients whose pulmonary
function was available, patients with airway dilatation (n = 12) had a higher residual volume
(RV) and a tendency toward higher RV/TLC than those without airway dilatation (n = 9).
However, FEV; did not differ between the two groups. The time from diagnosis of BO to
registration was not significantly different between patients with and without airway dilatation
among patients who had pulmonary function data (p = 0.48) as well as those of the total cohort.
Sputum culture was obtained for 32 patients. Patients with airway dilatation (n =18) had a higher

frequency of detection of Pseudomonas aeruginosa (Table 2).



Quantitative CT analysis

Quantitative CT analysis was performed in 24 patients (Figure 1). On inspiratory CT, patients
with airway dilatation (n = 14) had greater CT-TLV/pred TLC and LAV g50% than those without
airway dilatation (n = 10) (Table 3A). Moreover, there were significant correlations between
Reiff score and CT-TLV/pred TLC, LAV.g50%, (rho = 0.64, p < 0.001 and rho = 0.45, p = 0.029,
respectively) (Figure 2A, 2B). A representative CT image of a BO patient with high LAV _g50% is
shown in Suppl. Figure 2A. Analysis using expiratory CT (n = 17) revealed significantly higher
LAV g56% and a trend for increased fSAD in patients with airway dilatation (n = 10) than those
without airway dilatation (n = 7) (Table 3B). Finally, the Reiff score was marginally correlated
with fSAD (rho = 0.48, p = 0.053).

Longitudinal data from the onset of BO were available for three patients, all of whom
developed BO after lung transplantation. Pulmonary function tests were discontinued due to
recurrent pneumothorax. A patient with airway dilatation (Figure 3A-3D) showed rapid disease
progression, expressed as an increase in RV/TLC and areas of fSAD in the following year after
diagnosis of BO. In contrast, the patient's clinical course without airway dilatation (Figure

3E-3F) was relatively stable during the same period.

Pathological analysis

The number of bronchioles examined per patient and their mean Pbm were similar between
patients with and without airway dilatation recognized on CT (Suppl. Figure 3A, 3B). As shown
in Figure 4A, obstructive bronchioles on histology were more frequently found in patients with
airway dilation than in those without (median [IQR] 65% [38-80] vs. 19% [5-39], p < 0.001).

This difference was still significant even when adjusted for the time from BO’s diagnosis to lung



transplantation registration (p = 0.002). Obstructive bronchioles contained foamy macrophages
(Suppl. Figure 1) as well as the deposition of extracellular matrix in the subepithelium (Figure
3C, 3D) when compared with normal bronchioles (Figure 3G, 3H). In patients with airway
dilatation, the thicknesses of subepithelium, but not the lamina propria, were significantly greater,
while that of the epithelium was smaller than those without airway dilatation (Figure 4B).
Additionally, there were positive correlations between the Reiff score on CT and the pathological
extent of BO or thickness of subepithelium (rho = 0.55, p < 0.001 and rho = 0.57, p < 0.001,
respectively) (Figure 4C, 4D). The first tertile of the extent of BO in our cohort was 62%, and
ROC analysis of Reiff score for this value showed an area under the curve (AUC) of 0.73 with
the best cut-off value of Reiff score of 1 (sensitivity 0.92, specificity 0.60). The number of
alveolar attachments per Pbm was comparable between the groups (Suppl. Figure 3C). On the
pathological observation on dilated central airways, airway dilatation was not accompanied by
traction ectasia due to fibrosis (Suppl. Figure 4). To minimize the effect of the period between
data at registration and transplantation when the pathologies were collected, we limited the
analysis to patients who received living-donor lung transplantation, which yielded similar results

as those of the whole patients (Suppl. Figure 5).

Discussion
To the best of our knowledge, this is the first study that demonstrated associations between
central airway dilatation on CT and pathological severity of BO as well as air-trapping in
patients with BO. Furthermore, central airway dilatation, which was observed in 58% of BO

patients in this study, was associated with isolations of P. aeruginosa from the airway.



Airway dilatation on CT in patients with BO has been studied since the 1990s [8, 11—
16]. Gazourian L et al. recently re-focused on the importance of central airway dilatation by
showing its association with air-trapping represented as RV/TLC [15]. With our results of
increased %RV and CT-TLV/pred TLC in patients with airway dilatation, the relationship
between the presence of airway dilatation and air-trapping in BO was confirmed. We further
demonstrated that airway dilatation was significantly associated with LAV .450% and marginally
with fSAD, an index of air-trapping by CT analysis, using a non-rigid registration technique or
parametric response mapping. We newly revealed that the pathological progression of BO could
be one of the underlying mechanisms of central airway dilatation recognized on CT; the presence
of airway dilatation indicated that 62% of bronchioles were affected with a BO median of 1.6
months later with a sensitivity of 92% and specificity of 60%. Thus, the present data extended
the previous findings by clearly showing an association between the development of airway
dilatation and the histopathological extent of BO. Patients with airway dilatation had a higher
proportion of emphysema-like lesions detected by CT than those without airway dilatation. Of
interest, as shown in the Suppl. Figure 2A, in BO patients the emphysema-like lesion was
homogeneously distributed, and the secondary pulmonary lobule was ill-defined. This spatial
pattern is different from the centrilobular emphysema commonly found in smokers with chronic
obstructive respiratory disease (COPD), which is radiologically characterized by well-defined
low attenuation regions surrounded by normal lung regions. (Suppl. Figure 2B). These findings
suggest that the reduction in lung tissue density revealed by CT in BO patients is not associated
with parenchymal destruction. We speculate that the relatively increased collateral ventilation
due to reduced direct ventilation from conducting airway on parenchyma [25] and the regional

hypoxic vasoconstriction due to local hypoxia might decrease local tissue density [26], which



could be recognized by CT as low attenuation region. Furthermore, impaired lung development
may also induce insufficient alveolization and reduce lung tissue density and CT values in these
regions. Washko G et al. examined patients from 18 to 30 years old until their middle age,
demonstrating that a failure to reach the predicted level of peak FEV; or accelerated decline in
FEV, after that, was associated with the development of airspace dilatation, which was
considered a result of early life inflammatory and immunological events [27]. Although further
study is needed to clarify the relationship between emphysema-like lesion and airway dilatation
in BO, this study is one of the first focusing on emphysema in association with airway dilatation
in BO.

In previous studies of BO, the prevalence of airway dilatation widely ranges between
11%-71% [8, 12, 15], which may be due to the differences in the timing of its detection from the
diagnosis of BO as well as disease severity of BO; one study that reported the lowest prevalence
of airway dilatation included patients around only one year after the diagnosis of BO, which was
about half the time of 2.1 years in our cohort [12]. Indeed, Gazourian L et al. reported
deterioration of airway dilatation over time after the diagnosis of BO in patients with a
progressive decline in FEV3, although they did not assess pathologies [16]. Additionally, our
study's ROC analysis showed the relationship between airway dilatation on CT and
pathologically extensive BO. We concluded that the development of airway dilatation might be a
phenomenon occurring in the relatively progressive or late phase of BO. It might be more
meaningful during BO's follow-up, such as better allocation for lung (re-) transplantation, than
for the early diagnosis.

The mechanisms underlying the associations between central airway dilatation and the
progression of BO remain unclear. When considering our result of the decreased epithelial

thickness of bronchioles in patients with prominent airway dilatation, one possible explanation is



that severe and irreversible injury due to chronic graft-versus-host disease denuded epithelium
and caused chronic low-grade inflammation of the airways, which resulted in an architectural
weakening of proximal airway walls [28, 29]. The microbiome change during the BO's
progression, inducing colonization of P. aeruginosa, could be the second hit for developing
airway dilatation [1, 29, 30].

The assessment of airway dilatation is thus essential. Meanwhile, there is no consensus
in the valid scoring system for the extent of airway dilatation in BO patients. Previous studies of
BO calculated the mean diameter of airway lumen using a specific software [15, 16], while we
adopted the modified Reiff score, which is often used in the evaluation of bronchiectasis. A
previous report of bronchiectasis showed that the extent of bronchiectasis graded similarly using
the Reiff score was significantly associated with airflow limitation, RV, and reduction in gas
transfer, independently of airway wall thickening and air-trapping on CT. At the same time,
these associations were not observed for the diameter of the dilated airways [26]. Therefore, we
consider the Reiff score to be a useful and clinically applicable index for grading the extent of
airway dilatation in BO.

Several limitations should be addressed. First, this is a historical cohort study with
missing data, particularly, the data of HRCT for quantitative analysis and pulmonary function.
Indeed, the results of pulmonary function tests at registration were available only for 53% of our
cohort due to their severe respiratory conditions or recurrent pneumothorax. The results of gas
transfer, which are important to assess emphysema physiologically, were also lacking in most
patients. Second, the small sample size from a single center made it difficult to evaluate
confounding factors that may have affected the results. However, this study is the first to
statistically evaluate the pathologies of BO, particularly in association with airway dilatation.

Moreover, we could confirm our results in a subgroup of patients who received living-donor lung



transplantation, who had a little time gap between CT evaluation and pathology. Further studies
will be required to clarify the mechanisms underlying the association between central airway
dilatation and the progression of BO. Although these limitations warrant careful interpretation of
our results, the clinical, radiological, and pathological findings of this study re-emphasize the
importance of airway dilatation recognition in BO's management. This would be particularly
important because many patients with severe BO repeat pneumothorax in their clinical courses,

which hamper pulmonary function tests.

Conclusions
Central airway dilatation on CT may reflect the histopathological extent of BO and isolations of
Pseudomonas aeruginosa from the airway, emphasizing the importance of its recognition in the
management of BO. The mechanisms underlying the associations between central airway

dilatation and the development of BO may need further study.
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Table 1. Patient characteristics at registration for lung plantation.

Airway dilatation- Airway dilatation+ p-
n=16 n=22 value
Male 9 (56) 9 (41) 0.35
Age, year 33 (14 -47) 25 (15-42) 0.43
Height, cm 158 (141 - 169) 159 (143 - 164) 0.89
Weight, kg 39.3 (25.7 - 50.6) 40.0 (28.9 — 49.6) 0.70
Ex-smokers 1(6) 3(14) 0.46
Causes of BO
HSCT 14 (88) 20 (91) 0.74
Lung transplantation 2 (13) 2(9)
Bilateral / Right / Left 0(0)/1(6)1(6) 2(9)/0(0)/0(0)
BO with prominent fibrosis 3(19) 1(5) 0.16
Prednisolone use 11 (69) 19 (86) 0.19
dose, mg/day 15 (7.5-15) 8 (4-125) 0.13
Immunosuppressive agent use 6 (38) 12 (55) 0.30
Inhaled corticosteroid use 10 (63) 12 (55) 0.62
Time from the causes of BO to diagnosis of BO, 2.3(0.8-5.2) 1.3(0.7-2.9) 0.17
year
Time from BO’s diagnosis to registration, year 15(0.6-4.1) 2.8(1.1-6.0) 0.15
Age at diagnosis of BO, year 31 (13 -44) 21 (12 -37) 0.31
Time from registration to lung transplantation”,
2.4 (0.6 —18.8) 1.5(1.2-17.3) 0.73
month
Pulmonary function test’
FVC, % of predicted 48.3 (16.3 — 68.4) 46.5 (38.9 — 50.8) 1.00
FEV1, % of predicted 20.1 (16.7 — 44.0) 22.0 (18.3-23.0) 0.76
FEV./FVC, % 68.5 (35.0 - 96.1) 42.7 (34.5-50.1) 0.15
RV, % of predicted 87.0 (54.6 — 166.2) 176.8 (131.7 -236.1) 0.03
RVITLC, % 46.4 (41.9 - 50.8) 53.2 (46.9 — 58.9) 0.12
Pneumonia within a past year 6 (38) 8 (36) 0.94
Reiff score 0 7(4-10) -

BO; bronchiolitis obliterans, HSCT; hematopoietic stem cell transplantation, F\VC; forced vital capacity, FEV;

forced expiratory volume 1.0, RV; residual volume, TLC; total lung capacity. All values are expressed as median

(interquartile range) except categorical variables, which are expressed as n (%). “29 patients received living-donor

lung transplantation. favailable for 21 patients (airway dilatation+ n = 12, airway dilatation- n = 9).



Table 2. Bacterial culture of the sputum at registration.

Airway dilatation-

Airway dilatation+

p-value
n=14 n=18
Streptococcus ssp. 0 (0) 1(6) 0.37
Staphylococcus ssp. 0 (0) 2 (11) 0.20
Pseudomonas aeruginosa 0 (0) 7 (39) 0.01
Other gram-negative bacilli
Jram-negat 2 (14) 3(17)
Haemophilus influenzae 1) 0
Klebsiella oxytoca
_ ) 1(7) 0 0.85
Escherichia coli
0 2 (11)
Stenotrophomonas
. 0 1(6)
maltophilia
Normal flora only 12 (86) 8 (44) 0.02
No growth 0 (0) 1(6) 0.37

All values are expressed as n (%).



Table3. Quantitative analysis for inspiratory CT (A) and paired inspiratory and expiratory CT
(B) among patients with and without airway dilatation.

A
Airway dilatation- Airway dilatation+
p-value
n=10 n=14
CT-TLV/pred TLC, % 42.0 (21.3-58.9) 69.7 (56.7 — 97.0) 0.009
LAV 950%, % 15.3 (5.7 -25.1) 29.3 (15.1-41.7) 0.050
B
Airway dilatation- Airway dilatation+
p-value
n=7 n=10
LAV 556%, % 46.3 (0.6 —57.2) 66.5 (54.1 — 72.6) 0.036
fSAD, % 10.0 (0.2 -33.9) 34.7 (28.3 - 36.4) 0.057

CT-TLV; total lung capacity calculated on inspiratory CT, pred TLC; predicted total lung
capacity, LAV g50%; low-attenuation volume < -950 Hounsfield units (HU) at end inspiration,
LAV g56%; low-attenuation volume < -856 HU at end-expiration, fSAD; functional small airway
disease. All values are expressed as median (interquartile range).



Figure legends

Figure 1
. L. Patients who underwent lung transplantation
Analysis of clinical data for BO
and pathology from2009-2019
n=38
I I
Airway dilatation- Airway dilatation+
n=16 n=22
T T T T T T T T T T T T neligible patients (= 8) | Ineligible patients (n=8)
differentreconstruction of HRCT(n = 3) * differentreconstruction of HRCT (n = 6)
. . pneumothorax (n = 3) pneumothorax (n=1)
Quantitative analysis requiring ventilator support(n = 1)
. . n=10 n= 14
on inspiratory CT
Patients without CT at end Patients without CT at end
expiration (n = 3) expiration (n = 4)
Analysis with non-
rigid technique n=7 n=10

Figure 1. Patient flow chart. Thirty-eight patients were included and 22 of them had airway
dilatation on CT. Twenty-four and seventeen patients were quantitatively analyzed for
inspiratory CT and paired inspiratory-expiratory CT, respectively. BO; bronchiolitis obliterans,

HRCT; high-resolution computed tomography.



Figure 2
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Figure 2. Associations between the Reiff score and variables on inspiratory CT. (A)
CT-TLV/pred TLC and (B) LAV _g50%. The extent of airway dilation was expressed by the Reiff
score, which assessed the number of lobes involved (with the lingula considered to be a separate
lobe) and the degree of dilatation (tubular = 1, varicose = 2, and cystic = 3). The maximum score
is 18, and the minimum score is 1 for a patient with airway dilatation. Patients without airway
dilatation were scored as 0. CT; computed tomography, TLC; total lung capacity, LAV .g50%);

percentage of low attenuation volume < -950 Hounsfield units.
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Figure 3. Longitudinal data of patients with (A-D) and without (E—H) airway dilatation. (A) and
(E) show HRCT of each patient. The airways with a white arrow were measured for lumen. The

longitudinal changes in pulmonary function test (unavailable from the middle due to repeating



pneumothorax in both patients) and indices on HRCT are presented in (B) and (F). (C) and (G)
show representative lung histology of the patients. The small airways < 2 mm in diameter are
shown with arrows (white arrow: normal airway, black arrow: narrowing or obstructive airway).
[(C) elastica Masson stain, (G) elastica van Gieson stain]. (D) and (H) show one of the narrowing
and normal airways, respectively, at high magnification of circled airways in (C) and (G) [(D)
elastica Masson stain, (H) elastica van Gieson stain]. HRCT; high-resolution computed
tomography, LAV g50%; percentage of low attenuation volume < -950 Hounsfield units, fSAD;

functional small airway disease, RV; residual volume, TLC; total lung capacity.
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Figure 4. Pathological measurements related to BO of relatively circular bronchioles. (A) The
percentage of narrowing or obstructive bronchioles due to BO among the total number of
assessed bronchioles per patient and (B) thickness of airway wall compartments adjusted by Pbm.
(C) and (D) show the associations between Reiff score and the extent of BO and thickness of
subepithelium. The Reiff score assesses the number of lobes involved (with the lingula
considered to be a separate lobe) and the degree of dilatation (tubular = 1, varicose = 2, and
cystic = 3). The maximum score is 18, and the minimum score is 1 for a patient with airway
dilatation. Patients without airway dilatation were scored as 0. The boxes represent the
interquartile range with a median (the horizontal line). BO; bronchiolitis obliterans, Pbm;

perimeter of the basement membrane. *; p < 0.05



Supplemental files

Methods

CT analysis

High-resolution computed tomography (HRCT) was acquired with an Aquilion 64
(Toshiba; Tokyo, Japan); the scanning conditions were as follows: 0.5-mm collimation,
500-millisecond scan time, 120 peak Kkilovoltage, and auto-exposure control.
Reconstruction was performed with a high spatial frequency algorithm (FC51 or FC85).
HRCT findings were independently reviewed by two pulmonologists, who were
unaware of any prior clinicopathological report. The rate of concordance for the
presence of airway dilatation between the two observers was 89%. When there was
disagreement between the two observers, a third blind observer was consulted. The
extent of airway dilation was expressed by a modified Reiff score, which assessed the
number of lobes involved (with the lingula considered to be a separate lobe) and the
degree of dilatation (tubular = 1, varicose = 2, and cystic = 3). The maximum score is 18,
and the minimum score is 1 for a patient with airway dilatation. Patients without airway
dilatation were scored as 0. Inter- observer reproducibility of Reiff was assessed using
the intraclass correlation coefficient (r= 0.95).

Quantitative CT analysis

HRCT reconstructed by FC 51 with, a slice thickness of 0.5 mm or 1 mm were
quantitatively analyzed by the SYNAPSE VINCENT volume analyzer Ver 5.3
(FUJIFILM Medical, Tokyo, Japan). When both full expiratory and inspiratory CT were
available, analysis with non-rigid registration technique was performed. Briefly, voxels
with values > -950 HU at inspiration and < -856 HU at expiration were classified as
fSAD. Relative volumes of each classification were used as global measures, which
were calculated as a sum of voxels within a class normalized to the sum of all voxels
within the expiratory lungs multiplied by 100.

Histopathological analysis

A pulmonologist trained by pathologists evaluated the lung tissue, and a pathologist
additionally confirmed the diagnosis of BO. The slides’ whole slide imaging was
scanned using the Hamamatsu NDP slide scanner (Hamamatsu Nanozoomer S360) and
assessed on the virtual slides by NDP View 2 ™.



Figure Legends

Suppl. Figure 1

Suppl. Figure 1. An obstructive airway from a patient with bronchiolitis obliterans (A)
showing each fractional area (B) (elastica van Gieson stain); arrowheads show basement
membrane.



Suppl. Figure 2

34 year old female

AP
Height 164 cm, Weight 51 kg
r never smoker
Pulmonary function
“ FVC 2.1L
FEV, 0.63L (16.2%)
CT variables
LAV g50% 61.5%
' fSAD 26.8%

50 year old male
Height 168.8cm, Weight 54.2 kg
60 pack year former smoker

Pulmonary function
FVC 2.92L
FEV, 0.58L (17.6%)

CT variables
LAV 550% 47.8%
fSAD 31.9%

Suppl. Figure 2. (A) Representative CT image of a bronchiolitis obliterans patient with
airway dilatation with high LAV g50%. (B) Reference CT image of chronic obstructive
pulmonary disease with comparable pulmonary function for the better understanding of
radiological characteristics of bronchiolitis obliterans patients. CT; computed
tomography, LAV ¢50%; the percentage of low attenuation volume < -950 Hounsfield
units, fSAD; functional small airway disease.



Suppl. Figure 3
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Suppl. Figure 3. Pathological measurements of relatively circular bronchioles. (A) The
number of bronchioles examined per patient, (B) mean perimeter of the basement
membrane (Pbm), and (C) the number of alveolar attachments per Pbm. The boxes
represent the interquartile range with a median (the horizontal line). There were no
significant differences between patients with and without airway dilatation.



Suppl Figure4
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Suppl. Figure 4. The dilated central airway of a patient with bronchiolitis obliterans
(hematoxylin and eosin stain). *; pulmonary artery.



Suppl Figure 5
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Suppl. Figure 5. Pathological measurements related to BO in patients who received
living-donor lung transplantation (Airway dilatation +; n = 16, Airway dilatation-; n =
13). (A) The percentage of the number of narrowing or obstructive bronchiole due to
BO among the total number of assessed bronchioles per patient and (B) thickness of
airway wall compartments adjusted by Pbm. (C) and (D) show the associations between
Reiff score and the extent of BO and thickness of subepithelium. (E) shows the number
of alveolar attachments per Pbm. BO; bronchiolitis obliterans. *; p < 0.05.



