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[Abstract]   

Background: The early radiologic signs of progression in bronchiectasis remain unclear. 

Objectives: To compare endobronchial optical coherence tomography (EB-OCT) and chest computed 

tomography (CT) for evaluating radiological progression of bronchiectasis via stratifyng the presence 

(TW+) or absence (TW-) of thickened-walled bronchioles surrounding dilated bronchi among patients 

mailto:nanshan@vip.163.com


with bronchiectasis based on CT, and determine the risk factors. 

Methods: In this prospective cohort study, we performed both chest CT and EB-OCT at baseline and 

5-year follow-up, to compare changes in airway caliber metrics. We evaluated bacterial microbiology, 

sputum matrix metalloproteinase-9 levels and free neutrophil elastase activity at baseline. We 

compared clinical characteristics and airway caliber metrics between group TW+ and TW-. We 

ascertained radiological progression at 5 years via CT and EB-OCT. 

Results: We recruited 75 patients between 2014 and 2017. At baseline, EB-OCT metrics - mean 

luminal diameter (P=0.017), inner airway area (P=0.005), and airway wall area (P=0.009) of 7th-9th 

generation bronchioles were significantly greater in group TW+ than in group TW-. Meanwhile, EB-

OCT did not reveal bronchiole dilatation (compared with the same segment of normal bronchioles) 

surrounding non-dilated bronchi on CT in group TW-. At 5 years, 53.1% of patients in group TW+ 

progressed to have bronchiectasis measured with EB-OCT, compared with only 3.3% in group TW- 

(P<0.05). 34 patients in group TW+ demonstrated marked dilatation of medium-sized and small 

airways. Higher baseline neutrophil elastase activity and TW+ bronchioles on CT predicted 

progression of bronchiectasis.  

Conclusion: Thickened-walled bronchioles surrounding the dilated bronchi, identified with EB-OCT, 

indicates progression of bronchiectasis.  

 

[Key words] Early Bronchiectasis; Prognosis; High-resolution Computed Tomography; 
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Take-home messages 

EB-OCT imaging could reveal the evolution of thickened-walled bronchioles surrounding the dilated 

bronchi, indicating radiologic progression of bronchiectasis. 

 

 

 

 



Introduction 

Bronchiectasis is pathologically defined as the irreversible dilation of the tracheobronchial tree.  

Because chronic airway infections, inflammation and destruction have been the core elements driving 

the progression of bronchiectasis [1], breaking this vicious cycle is central to the treatment of 

bronchiectasis. Early identification and diagnosis may help improve the management of bronchiectasis 

[2,3]. 

Few studies, however, have revealed the mechanisms of pathogenesis, especially how 

bronchiectasis initially develops [4,5]. Chest high-resolution computed tomography (HRCT) images 

have revealed that the bronchioles with thickened walls surrounding the dilated bronchi might progress 

into the typical radiologic bronchiectasis [6,7]. However, without the use of sophisticated and 

quantitative analytic softwares that have not been extensively adopted for clinical application, chest 

HRCT might be capable of evaluating the airways up to the sixth generation bronchi. Direct airway 

morphological assessment may help to probe the early morphological changes (bronchial dilatation 

and remodeling) with a greater resolution. The advent of endobronchial optical coherence tomography 

(EB-OCT) [8,9,10] has made it possible to evaluate the structural changes (including airway wall 

thickening) up to the ninth generation of bronchi in a real-time fashion. 

We performed a longitudinal study with EB-OCT and chest CT to determine their diagnostic value 

for evaluating radiolocal progression of bronchiectasis via stratifyng patients according to the 

presence/absence of tree-in-bud signs (the frequent chest imaging characteristics indicative of 

bronchial wall thickening) surrounding the dilated bronchi on chest HRCT images to the typical 

radiologic bronchiectasis, and to explore the risk factors. Our findings may provide the rationale for 

early intervention of the bronchial dilatation with inflammatory infiltration to prevent from the 

progression to clinically significant bronchiectasis. 

 

Methods 

Study population 

Between July 2014 and February 2017, we recruited consecutive patients with symptomatic 

bronchiectasis (part of the Progressive Bronchiectasis Early Surveillance Program) from Guangzhou 

Institute of Respiratory Diseases. Eligible patients had radiologic evidence of bronchiectasis, as 

evaluated centrally with chest HRCT by an experienced radiologist [11]. Patients were dichotomized 



into two groups based on the presence or absence of radiologist-reported tree-in-bud signs on baseline 

HRCT: 1) those with tree-in-bud signs surrounding dilated bronchi (Group TW+), and 2) those without 

tree-in-bud signs surrounding dilated bronchi (Group TW-). All patients underwent OCT, HRCT, 

spirometry and sputum induction on the same day at baseline and 5-year longitudinal follow-up (no 

interim reassessments were performed). At longitudinal follow-up, the radiological progression of 

bronchiectasis was ascertained via both EB-OCT and HRCT. 

The disease control group consisted of nine patients who underwent bronchoscopy for biopsy of 

lung nodules within the study time frame. Patients in the disease control group underwent a single 

chest HRCT and EB-OCT assessment at the initial visit only (no follow-up visits). 

The study was approved by the ethics committee of the First Affiliated Hospital of Guangzhou 

Medical University (Medical Ethics Approval 2014 [No. 51]), and all patients provided written 

informed consent. 

Chest HRCT, Spirometry, and Bronchiectasis Severity Index assessment 

Unenhanced chest CT examinations were performed using different commercial CT scanners at 

baseline (Aquilion 16, Toshiba, Japan) and follow-up visits (Perspective 64, Seimens, Germany). 

Images were acquired during breath-hold at full inspiration. The fixed tube voltage was 120 kVp with 

adaptive current modulation. The raw imaging data were reconstructed into 2 mm slice thickness with 

the soft-tissue algorithm at baseline and 1 mm slice thickness at follow-up, respectively. The three-

dimensional bronchial tree images were reconstructed using the Direct Path navigation system (version 

1.1, Olympus, Osaka, Japan). Bronchiectasis was diagnosed if the internal diameter of bronchi was 

greater than that of the accompanying pulmonary artery, a lack of normal bronchial tapering, or visible 

bronchi within 10 mm of the pleural surface. Tree-in-bud sign referred to the centrilobular bronchial 

dilatation filled with mucus, pus, or fluid [7]. The radiologic severity of bronchiectasis was scaled by 

using a modified Reiff score on a lobar basis, where the lingular lobe was regarded as a separate lobe 

[12]. The maximal total score was 18 for six lobes [13]. Radiologic progression of bronchiectasis was 

defined as the evolvement from the initial tree-in-bud sign or thickened bronchial walls into the typical 

signs of bronchiectasis. Two chest radiologists (with 16 and 23 years experience) independently scored 

the chest CT images. Progression of bronchiectasis could be ascertained only when the two radiologists 

reached a consensus. 

Spirometry was conducted by using spirometers (QUARK PFT, COSMED Inc., Milan, Italy), 



complying with the American Thoracic Society/European Respiratory Society guidelines [14]. 

Variation between the best two maneuvers was <5% or 200ml in forced vital capacity and forced 

expiratory volume in one second (FEV1), with the maximal values being reported. The predicted values 

were calculated according to the model proposed by Zheng et al [15]. 

Bronchiectasis Severity Index (BSI) [16] was adopted to rate the severity of bronchiectasis. The 

BSI comprised the age, body-mass index, prior exacerbations and prior hospitalization in the preceding 

year, FEV1 predicted%, Medical Research Council dyspnea score, the number of bronchiectatic lobes, 

Pseudomonas aeruginosa infection, and colonization with other PPMs. The BSI of ≤4, 5-8 and ≥9 

denoted mild, moderate and severe bronchiectasis, respectively. 

Navigation planning, EB-OCT Data Acquisition and Analysis 

To more accurately evaluate airway structural changes (particularly the small airways), we performed 

EB-OCT assessment of the 3rd to 9th generation bronchi surrounding the radiologically dilated bronchi. 

For patients in group TW+, we initially labeled for EB-OCT measurement with the Direct Path version 

1.1 navigation system (Olympus, Osaka, Japan), and advanced the detector to the bronchi with 

thickened walls or bud-in-tree sign surrounding the radiologically dilated bronchi on chest HRCT 

images. Typically, we selected 3-5 regions of interest (ROI) where there were tree-in-bud signs within 

the diameter of 2 cm of the dilated bronchi on chest CT. The entry of these ROIs into the CT navigation 

system would allow us to establish a pathway which stemmed from the large airways to the tree-in-

bud signs (bronchioles). We selected the ROIs within the diameter of 2 cm of the dilated bronchi on 

CT images because most of these affected bronchioles have already been located in the 9th generation 

bronchi (the detection limit of EB-OCT) or more distal bronchioles. Only the ninth generation of the 

right lung bronchus 9 segment was subject to EB-OCT assessment among disease controls. In our 

study, around 87% of patiens in group TW- were subject to the measurement of the airway caliber at 

the same lung lobe as compared with those in group TW+. The 9th generation bronchi of the right 

lower lobe were evaluated as the control airway segment in a minority of patients who did not have 

bronchiectasis in the same lung lobe. 

The bronchoscope with an EB-OCT detector was advanced into the target lobe with the Lightlabs 

C7XR OCT system (St. Jude Medical). The probe's outer diameter was 0.9 mm (C7 Dragonfly 

catheters), which could automatically rotate and pull back. We inserted the scanning probe with an 

ultrafine flexible bronchoscope (B260f; Olympus; outer diameter: 2.8 mm, internal diameter: 1.2 mm) 



to the labeled target bronchus, according to the planned pathway generated by the DirectPath system. 

Patients held their breath after full inspiration. The EB-OCT catheter was pulled back to the third-

generation bronchus for automatic scanning. The identical virtual path was established for each patient 

to guide the EB-OCT detector for advancing to an identical anatomical location. The EB-OCT scan 

was performed at a rotary frame rate of 180Hz and a pullback rate of 1.8 cm/s, and hence 540 

consecutive EB-OCT images were generated in each pullback procedure (length: 5.4cm) within 3 

seconds. EB-OCT parameters included the mean luminal diameter (Dmean), inner airway area (Ai) 

and airway wall area (Aw) from the third to ninth generation. The airway wall area percentage (Aw%) 

was calculated as [Aw/(Ai + Aw)]×100% [17]. The EB-OCT parameters detected from the 3rd to 4th, 

from the 5th to 6th, and from the 7th to 9th generation of bronchi were averaged, respectively, to reflect 

the morphology of the large, medium-sized and small airways. Data were analyzed using a 

computerized software (OCT system software, St. Jude Medical). The normal range of the airway 

caliber has been published previously [8]. 

Sputum induction 

Fresh induced sputum was sampled via induction with hypertonic saline (3%~5%) during hospital 

visits. Following removal of contents in oral cavity and chest physical therapy for 15 minutes, patients 

expectorated into 60ml sterile clear plastic container. Eligible samples should have 25 leukocytes or 

greater and 10 epithelial cells or lower under microscopic field (×100). Within 2 hours, sputum was 

split for bacterial culture and ultracentrifugation (50,000g) at 4℃ for 90 minutes to prepare for sputum 

sol stored in -80℃ freezers until further measurements. 

Sputum bacterial culture 

The methods for sputum bacterial culture have been described previously [13]. Briefly, fresh sputum 

was homogenized, followed by inoculation for overnight culture. Potentially pathogenic 

microorganisms (PPMs) consisted of Pseudomonas aeruginosa (PA), Haemophilus influenzae, 

Haemophilus parainfluenzae and miscellaneous clinically significant bacteria [18]. Bacterial load, 

expressed as the colony forming unit per milliliter (cfu/ml), was reported for the PPMs only.  

Sputum biomarker assessments 

Sputum matrix metalloproteinase-9 (MMP-9) level was measured by using Luminex multiplex assay 

(Biorad Inc., USA) [13] with the Bioplex reader (Biorad Inc., USA). The lower and upper bound of 

detection was (0.14, 302.50) ng/ml for MMP-9. Free neutrophil elastase (NE) activity was quantified 



in sputum supernatant by using an NE activity assay kit according to the manufacturer`s instructions 

(Cayman Chemicals, Ann Arbor, MI, USA). Measurements were performed in duplicates and the mean 

was included for further analysis.  

Statistical analysis 

No formal sample size calculation could be made due to the lack of existing morphological data. We 

empirically aimed to recruit more than 50 patients each in the group TW+ and TW-. Currently, the gold 

standard for defining the upper limit of the normal absolute internal diameter of bronchi is lacking. We 

defined bronchiectasis according to EB-OCT provided that the airway internal diameter measured with 

EB-OCT at baseline was two times greater than that of the same corresponding bronchial segment 

among the age-matched healthy controls [8]. 

For the between-group comparisons, numerical data were presented as mean ± standard deviation 

for normal distribution or otherwise as median (interquartile range), and were compared by using the 

two-sample independent t-test or Wilcoxon rank-sum test. Categorical data were expressed as the 

number (percentage) and compared with chi-square test. Bonferroni correction was applied to adjust 

for multiple comparisons. Correlation analyses were conducted by using Pearson's or Spearman's 

model, with or without adjustment for confounding factors (age, sex, body-mass index). We calculated 

the difference of EB-OCT parameters by subtracting the values of the 5-year reassessment with that of 

the baseline levels. 

Univariable logistic regression model was used to determine the associations between the 

radiologic progression of bronchiectasis on EB-OCT and the clinical variables, including age, female 

sex, body-mass index, smoking status, the duration of disease, respiratory symptoms at baseline, 

modified Reiff score, bronchiectasis severity index (BSI), exacerbations within the previous 2 years, 

forced expiratory volume in one second (FEV1) predicted%, TW+, sputum NE activity and MMP-9 

levels at baseline, sputum bacterial density at baseline, and the detection of PA at baseline. We only 

included the parameters with both the statistical (P ≤0.10) and clinical significance into the 

multivariable logistic regression model: the BSI, exacerbations within the previous 2 years, FEV1 

predicted%, TW+, sputum NE activity and MMP-9 levels at baseline, and the detection of PA at 

baseline. 

Statistical analysis was performed using SPSS, version 16.0 (SPSS Inc., USA) and GraphPad 

Prism 5.0 (GraphPad Inc., USA). P<0.05 was deemed statistically significant for all analyses unless 



otherwise stated. 

Patients or the public were not involved in the design, or conduct, or reporting, or dissemination 

plans of our research. 

 

Results 

Patient characteristics 

Of 137 patients with bronchiectasis who underwent screening at baseline, 69 with tree-in-bud signs 

surrounding the dilated bronchi (TW+) and 68 patients without tree-in-bud signs surrounding the 

dilated bronchi (TW-) were included. Sixty-two patients were excluded due to a variety of reasons 

(e.g., consent withdrawal or lost to follow-up), 75 patients and 9 disease controls were included in the 

final analysis (Figure 1).  

Table 1 presents the baseline demographics and clinical characteristics. The BSI was comparable 

between group TW+ and group TW- (P>0.05). A higher proportion of patients in group TW+ had post-

infectious bronchiectasis and isolation of PA than in group TW- (both P<0.05). Compared with group 

TW-, group TW+ had a lower BMI and more severe airflow limitation (both P<0.05). Most patients 

(98.4% in group TW+ and 96.7% in group TW-) had used mucolytics within 6 months, followed by 

theophylline (73.4% in group TW+ and 68.9% in group TW-). 

Bronchiectasis detected with EB-OCT and HRCT measurement at the baseline visit 
For the 7th to 9th generation of bronchi at baseline, the baseline EB-OCT metrics Dmean (mean: 3.96 vs 

2.05 mm, P=0.017), Ai (mean: 10.25 vs 4.27 mm2, P=0.005), Aw (mean: 2.61 vs 0.83 mm2, P=0.009) 

and Aw% (mean: 19.64% vs 17.85%, P=0.039) of the bronchioles with thickened walls surrounding 

the dilated bronchioles (TW+) on CT images were significantly greater than those of the same 

bronchiole segments in group TW-. However, at the 3rd-6th generation of bronchi, there were no 

significant differences in the Dmean, Ai and Aw between group TW+ and group TW- at baseline visit 

(all P>0.05) (Table 2). The tree-in-bud signs were mainly located in the lower lobes (67.2%), followed 

by the middle (including the lingula) lobe (28.1%). 

Progression of bronchiectasis detected with EB-OCT and HRCT measurement 

For the 5th-6th generation bronchi, there was a significant increase from baseline in Dmean (mean 

difference: 2.17, 95%CI: 1.04, 4.29), Ai (mean difference: 14.39, 95%CI: 8.63, 21.64) and Aw (mean 

difference: 2.68, 95%CI: 2.12, 3.06) and a decrease in the Aw% (mean difference: -3.1, 95%CI: -5.21, 



-1.37) at 5-year follow-up in group TW+, but not in group TW-. For the 7th -9th generation bronchi, we 

also noted a significant increase from baseline in the Dmean (mean difference: 1.97, 95%CI: 1.59, 2.75), 

Ai (mean difference: 17.66, 95%CI: 9.54, 21.84) and Aw (mean difference: 2.67, 95%CI: 1.48, 3.94) 

and a decrease in the Aw% (mean difference: -3.27, 95%CI: -6.16, -1.72) at 5-year follow-up in group 

TW+, but not in group TW- (Table 2). 

At 5-year follow-up, the proportion of patients with an increase from baseline in the magnitude 

of bronchiectasis, measured with EB-OCT, was markedly higher in group TW+ than in group TW- 

(53.1% vs. 3.3%, P<0.05). Of the 64 patients in group TW+, 15 had developed typical bronchiectasis 

(11 cases in the lower lobes, 8 cases in the middle lobe and 4 cases in both the middle and lower lobes). 

Meanwhile, the magnitude of bronchiectasis in HRCT scan was greater in group TW+ than in group 

TW- (23.4% vs. 0%, P<0.05) as compared with baseline (Figure 1). Furthermore, the bronchioles with 

radiologically visible thickened walls on the initial CT scans developed into the typical columnar or 

cystic bronchiectasis on HRCT at 5 years (Figure 2).   

Longitudinal EB-OCT measurement of the bronchioles 

To confirm the structural changes of bronchioles on HRCT images obtained with EB-OCT, we next 

labeled the 7th to 9th generation of bronchi surrounding the dilated bronchi in the navigation system, 

which corresponded to the tree-in-bud signs of the same segment shown on chest HRCT (Figure 3). 

We also compared the changes during longitudinal follow-up with EB-OCT measurement. Figure 4 

demonstrates the representative cross-sectional EB-OCT images of the 3rd, 5th, 7th and 9th generation 

of bronchi in a 52-year-old female patient in group TW+ at baseline and at 5 years, and in a 46-year-

old male patient with lung cancer (in TW- group) at baseline.  

At 5 years, 34 out of 64 bronchiectasis patients in group TW+ (53.1%) demonstrated a marked 

dilatation of both the medium-sized (from the 5rd to 6th generation) and small airways (from the 7th to 

9th generation). However, no marked dilatation was observed corresponding to the 3rd and 4th 

generation bronchi at 5 years. There was a notable increase in the D5-6 (mean: 3.90 vs 6.07 mm, 

P<0.05), Ai5-6 (mean: 13.76 vs 28.15 mm2, P<0.05), D7-9 (mean: 3.96 vs 5.93 mm, P<0.05) and Ai7-9 

(mean: 10.25 vs 27.91 mm2, P<0.05) at 5 years as compared with the baseline levels (Table 2). At 5 

years, there were no significant changes in the EB-OCT metrics of all airway segments (large-to-

medium plus small airways) in group TW- [D3-4 (mean: 5.21 vs 4.88 mm, P>0.05), Ai3-4 (mean: 24.61 

vs 21.75 mm2, P>0.05); D5-6 (mean: 3.84 vs 4.20 mm, P>0.05), Ai5-6 (mean: 17.18 vs 19.50 mm2, 



P>0.05); D7-9 (mean: 2.05 vs 2.28 mm, P>0.05) and Ai7-9 (mean: 4.27 vs 4.64 mm2, P>0.05)] compared 

with the baseline levels. According to the assessment made by two indepdenent radiologists, there 

were no significant changes in the airway diameter (progression to radiologically typical 

bronchiectasis) on chest HRCT in group TW-. 

Associations between the progression on EB-OCT assessment and clinical characteristics of 

bronchiectasis 

The associations between the progression of bronchiectasis measured with EB-OCT and the clinical 

characteristics (e.g., CT parameters, lung function, inflammatory markers and microbiology) are 

shown in Table 3. Multivariable logistic regression analysis was performed to determine the factors 

associated with the EB-OCT progression of bronchiectasis. Higher sputum NE activity (OR=1.05, 

95%CI: 1.01~1.10, P=0.030) and the TW+ bronchioles on chest CT images (OR=140.42, 95%CI: 

1.03~19077.11, P=0.048) were independently associated with the progression of bronchiectasis on 

EB-OCT.  

 

 

Discussion 

Progression of bronchiectasis has been attributed to the vicious cycle of chronic airway infection, 

inflammation and destruction [1]. Few studies have explored the morphological and the radiologic 

progression of bronchiectatic airways based on the cohort study designs. How the unaffected bronchi 

progressed into the radiologically typical bronchiectasis remains unclear. In this study, we have 

demonstrated the longitudinal changes in the morphological characteristics of the dilated bronchi, 

evidenced by the thickened wall bronchioles surrounding the dilated bronchi visible on chest HRCT, 

or the tree-in-bud signs detected with EB-OCT. Our findings have provided the higher-resolution 

images of different airway segments (particularly the small airways) in a real-time fashion. Apart from 

the higher sputum NE activity, the presence of bronchioles with thickened walls surrounding the 

dilated bronchi on HRCT at baseline could independently predict the progression of bronchiectasis at 

5 years of follow-up. 

 Because of the limited resolution of chest HRCT, we have characterized the small airways with 

EB-OCT, which has been used to evaluate small airways in patients with COPD [17]. Identifying the 

events that predated the development of typical bronchiectasis may provide further clues to inform 



clinicians the key signs of radiologic bronchiectasis progression. The vicious vortex hypothesis posits 

that both airway infection and inflammation (also indicated by the mucus plugging or infiltration) are 

imperative drivers of bronchiectasis. To this end, we have specifically focused on the TW+ bronchi 

which are mainly localized in the small airways. In our study, the EB-OCT criteria detected more 

patients with radiological progression of bronchiectasis than the HRCT criteria could be partly 

interpreted by the greater ability of EB-OCT to directly evaluate the morphology of more distal 

airways. The difficulty in identifying the subtle structural changes in small airways could be 

circumvented with EB-OCT assessment. Here, we showed that the radiological bronchiectasis was 

more pronounced in small airways (mostly at the 7th to 9th generation bronchi) which had significant 

bronchial wall thickening and luminal dilatation, compared with the same bronchiolar segments from 

the disease controls. However, neither the increased wall thickness of the proximal (3rd to 5th 

generation) bronchi nor the dilatation of the bronchial lumen was not evident (Figure 3, Table 2). This 

might be because the distal bronchial wall thickness was less notable than that of the proximal 

bronchial wall, thus appearing more susceptible to the insult of the inflammatory responses or 

enzymatic digestion [19]. Due to the limited resolution, early-stage bronchial dilatation (particularly at 

the distal airways) could not be readily distinguished in the HRCT apart from the tree-in-bud signs or 

bronchi with thickened walls [20].  

Not all bronchi with tree-in-bud signs or thickened walls would develop into typical radiologic 

bronchiectasis. A previous study has reported that bronchiectasis was more prominent in the 

bronchioles surrounding the dilated bronchi [21]. Therefore, the lesion with dilatation of the 

bronchioles surrounding the radiologically typical dilated bronchi might be regarded as the 

characteristic sign of bronchiectasis. To verify this finding, we have performed EB-OCT assessment 

on the bronchioles in patients with interstitial pneumonia and bronchiolitis obliterans with tree-in-bud 

signs or bronchiolitis on chest HRCT in our pilot study, with findings showing that these patients had 

thickening of the bronchial wall without bronchiectasis on both chest HRCT and EB-OCT images 

(Cheng LL, et al. unpublished data). Therefore, the bronchioles with thickened walls surrounding the 

bronchi are susceptible of progression into the typical radiologic dilatation. The diagnosis of these 

early signs of bronchiectasis could be based on the specific HRCT imaging characteristics (such as 

tree-in-bud signs or bronchi with thickened walls surrounding the dilated bronchi). EB-OCT might 

be valuable for detecting the early-stage bronchiectasis (Figure 1, Figure 3). Our findings have 



provided the evidence that distal bronchiole dilation and higher sputum bacterial loads, higher 

concentration of sputum MMP-8 and -9 might be predictors of the development of typical 

bronchiectasis on HRCT [22,23]. Our findings have also lent support to the previous observation that 

higher NE activity was the key predictor of bronchiectasis development in children with cystic fibrosis 

[24]. 

Progression to bronchiectasis has been observed in a subgroup of patients with cystic fibrosis [25]. 

In a study which recruited 168 patients with cystic fibrosis who had no detectable bronchiectasis on 

the first chest CT scan, 94 patients (56%) developed into radiologically typical bronchiectasis within 

one year [25]. Furthermore, air trapping on chest HRCT was associated with the subsequent 

development of typical bronchiectasis. Our findings indicated that progressive bronchial dilatation 

might have occurred in the bronchioles with thickened walls which cannot be detected on the initial 

HRCT. The air trapping might be related to the thickening of the bronchial wall as well as mucus 

hypersecretion that resulted in mucus plugging and dynamic hyperinflation. 

Notably, the bronchial dilatation surrounding the radiologically visible dilated bronchi 

independently predicted the development of typical bronchiectasis (Table 3). Our findings have added 

to the vicious cycle theory that the progression of bronchiectasis could have resulted from the 

aggravated airway infections, heightened inflammatory responses and persistent airway destruction 

[26]. In line with our observations, Mott et al. also found that the radiological progression of 

bronchiectasis was associated with heightened neutrophilic inflammation [25]. Furthermore, the 

heightened elastase activity in sputum was associated with the bronchiectasis severity index and 

radiological extent of bronchiectasis [27].  

Some limitations should be taken into account. The detection of the more distal airways (e.g., the 

10th generation and beyond) remains challenging because the EB-OCT detector could not reach beyond 

the 9th generation, which has hampered the imaging of smaller or more distal bronchi surrounding the 

dilated bronchus shown on the chest CT. Moreover, because of the airway structural changes (e.g., 

alveolar or bronchiolar damage), the precise localization of same the bronchioles before and after the 

5-year longitudinal follow-up might not be feasible in some of the patients despite the use of the 

automated computerized software. Therefore, our data could not confirm whether the typical 

bronchiectasis evolved from the same dilated airway with early signs of bronchiectasis. Follow-up 

studies with a longer duration would enable a better longitudinal comparisons of the airway structural 



changes, thus providing greater insights into the patterns of bronchiectasis progression.  

In summary, EB-OCT assessment reveals that the wall thickening of airways surrounding the 

dilated bronchi independently predicts the progression into radiologically typical bronchiectasis. Our 

findings have further lent support to the vicious vortex hypothesis, suggesting the need of early 

detection and intervention of bronchiectasis to halt the vicious cycle. 

 

 

Abbreviations 

HRCT: high-resolution computed tomography 

EB-OCT: endobronchial optical coherence tomography 

TW+: tree-in-bud signs (bronchial wall thickening) surrounding the dilated bronchi 

TW-: no tree-in-bud signs surrounding the dilated bronchi 

Dmean: mean luminal diameter 

Ai: inner airway area 

Aw: airway wall area 

Aw%: airway wall area percentage 

PPMs: potentially pathogenic microorganisms 

PA: Pseudomonas aeruginosa 

cfu/ml: colony forming unit per milliliter 

MMP-9: matrix metalloproteinase-9 

NE: neutrophil elastase 

BSI: bronchiectasis severity index 

FEV1: forced expiratory volume in one second 
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Figure legends 

Figure 1. Subject recruitment flowchart 

 



Figure 2. longitudinal changes in chest radiologic manifestations in a patient in group TW+ and 

a patient in group TW- during the 5-year follow-up. 

A1-A2: longitudinal changes in chest radiologic manifestations in a 77-year-old male (group TW+); 

B1-B2: longitudinal changes in chest radiologic manifestations in a 49-year-old male (group TW-). 

The bronchioles surrounding the dilated bronchi are characterized by thickened walls or tree-in-bud 

signs but no significant dilatation is shown on chest high-resolution computed tomographic scans at 

the initial visit (A1). There are markedly dilated bronchioles at the same bronchial segment within the 

same patient after 5 years of follow-up (A2). However, no tree-in-bud signs are developed after years 

of follow-up in a patient who does not have tree-in-bud signs at the initial visit (B1 and B2). 

 

Figure 3. Chest high-resolution computed tomographic scans and the visualization with an 

automated navigation system 

Chest HRCT images were obtained at 0.5-1.0 mm collimation in DICOM format, and transformed into 

the DirectPath version 1.1 navigation system (Olympus, Japan) for reconstruction of three-dimensional 

bronchial tree images. The bronchioles surrounding the dilated bronchi were labeled and the guided 

pathways were generated. The bronchoscope with detector was passed into the target bronchiole for 

EB-OCT measurement according to the planned pathway generated by DirectPath system.  

Panels A1, B1, C1 and D1 display the cross-sectional images of the carina (A), right main bronchus 

(B), right upper lobe bronchus (C) and the target bronchiole (D) for the virtual path. Panel E 

demonstrates the simulated guidance pathway (blue curve) to the target bronchiole (entry of the fiber 

bronchoscopy probe from the trachea to the target bronchiole). 

 

Figure 4. Cross-sectional endobronchial optical coherence tomography images of multiple 

airway generations in patients with (TW+) and without (TW-) tree-in-bud signs on CT 

Cross-sectional images of endobronchial optical coherence tomography in the (A) 3rd, (B) 5th, (C) 7th, 

and (D) 9th generation bronchi. A1, B1, C1 and D1 denotes EB-OCT images of the 3rd, 5th, 7th and 9th 

generation bronchi in group TW-. A2, B2, C2 and D2 denotes the EB-OCT images of the 3rd, 5th, 7th 

and 9th generation bronchi in group TW+ at baseline, and A3, B3, C3 and D3 denotes the EB-OCT 



images of the 3rd, 5th, 7th and 9th generation bronchi in group TW+ at 5 years. 

Compared with the images derived from the same bronchial segment of a representative patient in 

group TW- (C1, D1), the mean luminal diameter (Dmean), inner luminal area (Ai) and airway wall 

area (Aw) of the bronchioles with thickened walls surrounding the dilated bronchioles on CT images 

are significantly greater at the 7th to 9th generation of bronchi at the initial visit (C2, D2). Meanwhile, 

no differences could be found in the Dmean, Ai and Aw between the bronchioles at the 3rd to 5th 

generation between a representative patient in group TW+ (A1, B1) and group TW- (A2, B2). At 5 

years, there has been a marked dilatation of the 5th as well as from the 7th to 9th generation of bronchi 

(B3, C3, D3) as compared with the tree-in-bud signs at baseline (B2, C2, D2). No marked dilatation 

of the 3rd generation bronchi was noted (A3). 

The images at panels A2-D2 (at baseline) and A3-D3 (at 5-year longitudinal follow-up) were derived 

from the same bronchiectasis patient. 

 



Table 1. Baseline levels of the bronchiectasis patients 

Parameter TW + (n=64) TW - (n=61) P 

Anthropometry     
 

Age, years, mean ± SD  53.6±16.6 54.8±17.0 0.684 
BMI, kg/m2, median [IQR]  19.34±2.21 20.29±3.44 0.039 

  Females (No., %)                                                           39 (60.9) 31 (50.8) 0.258 
Non-smokers (No., %)  51 (79.7) 49 (80.3) 0.929 

Disease-related parameters    

Disease duration, years, median [IQR] 3.5 [2.3, 4.9] 3.3 [2.1, 4.8] 0.810 

Acute exacerbations within 2 years, median [IQR] 2 [1, 2] 2 [1, 2] 0.213 

Bronchiectasis severity index, median [IQR] 3 [2, 4] 2 [2, 3] 0.06 

Imaging characteristics    

No. of bronchiectatic lobes, median [IQR] 3 [2, 3] 2 [2, 3] 0.153 

Modified Reiff score for HRCT, median [IQR] 3.5 [3, 4] 3 [2, 4] 0.032 

No. of lung segments with tree-in-bud signs, median [IQR] 1 [1, 2] 0 [0, 0] 0.00 

Location of tree-in-bud sign    

    Upper lobe (No., %) 3 (4.7) 0 0.260 

    Middle and lingula lobe (No., %) 18 (28.1) 0 <0.001 

    Lower lobe (No., %) 43 (67.2) 0 <0.001 

Lung function indices      
FEV1 predicted %, mean ± SD 54.3±15.8 62±19.6 0.018 
FVC predicted %, mean ± SD 68.3±11.3 78.1±19.2 0.001 
FEV1/FVC%, mean ± SD 68.4±14.4 70.7±14.1 0.359 
DLCO predicted %, mean ± SD 74.3±19.4 86.4±17.4 <0.001 

Aetiology    
  Post-infectious (No., %) 24 (37.5) 13 (21.3) 0.047 

  Immunodeficiency (No., %) 
9 (14.1) 7 (11.5) 

0.665 

Miscellaneous (No., %) 5 (7.8) 8 (13.1) 0.332 

Idiopathic (No., %) 26 (40.6) 33 (54.1) 0.131 

Sputum bacteriology 
  

 

Pseudomonas aeruginosa (No., %) 48 (75) 6 (9.8) <0.001 

Haemophilus influenzae (No., %) 
6 (9.4) 17 (27.9) 

0.008 

Other potentially pathogenic bacteria (No., %) 1 (1.6) 11 (18) 0.002 

Commensals (No., %) 
1 (1.6) 13 (21.3) 

<0.001 

Medications ever used within 6 months      
Inhaled corticosteroids (No., %) 7 (10.9) 6 (9.8) 0.840 
Mucolytics (No., %) 63 (98.4) 59 (96.7) 0.531 
Theophylline (No., %) 47 (73.4) 42 (68.9) 0.571 
Macrolides (No., %) 23 (35.9) 26 (42.6) 0.444 

 

 



Table 2. EB-OCT Parameters at baseline and 5 years 

   Group TW+ Group TW-   

 
EB-OCT 

Parameters 
Control 

Baseline 

(n=64) 

5 years 

(n=39) 

Difference * 

(95%CI) 

P 

Value 

Baseline 

(n=61) 

5 years 

(n=36) 

Difference * 

(95%CI) 

P 

Value 

Pa 

Value 

Pb 

Value 

Large 

airways 

D3-4 (mm) 5.60±1.08 5.05±1.96 5.23±2.09 0.18 (-0.21, 1.16) 0.388 5.21±2.08 4.88±1.38 -0.33 (-1.13, 0.48) 0.514 0.277 0.387 

Ai3-4 (mm2) 25.51±9.69 23.23±18.05 
26.71±

12.48 
3.48(-1.61, 10.37) 0.074 24.61±17.97 21.75±9.69 -2.86 (-9.85, 4.13) 0.652 

0.739 0.152 

Aw3-4 (mm2) 3.33±0.97 3.71±0.91 3.41±1.46 -0.30 (-0.94, 0.11) 0.539 2.79±1.00 3.52±1.32 0.73 (0.17, 1.28) 0.148 0.085 0.528 

Medium-

sized 

airways 

D5-6 (mm) 3.76±1.26 3.90±1.03 6.07±2.39 2.17 (1.04, 4.29) 0.011 3.84±0.90 4.20±1.10 0.49 (-0.03, 1.02) 0.761 0.671 0.029 

Ai5-6 (mm2) 18.27±6.11 13.76±6.78 28.15±4.31 14.39 (8.63, 21.64) 0.006 17.18 ±8.27 19.50±8.46 2.46 (-2.17, 7.09) 0.079 0.084 0.008 

Aw5-6(mm2) 2.05 ±0.31 1.96±0.29 4.64±0.82 2.68 (2.12, 3.06) 0.015 1.95 ±0.28 2.27±0.39 0.35 (0.16, 0.54) 0.236 0.373 0.013 

Aw5-6% 11.20 ±4.59 16.66±9.10 13.56±5.81 -3.1 (-5.21, -1.37) 0.042 13.79±12.47 12.10±5.36 -1.97 (-7.21, 3.26) 0.442 0.086 0.041 

Small 

airways 

D7-9 (mm) 1.84±0.46 3.96±0.91 5.93±1.54 1.97 (1.59, 2.75) 0.029 2.05±0.63 2.28±0.51 0.22 (-0.10, 0.53) 0.752 0.017 0.002 

Ai7-9 (mm2) 3.32 ±1.66 10.25±4.62 27.91±4.73 17.66 (9.54, 21.84) 0.004 4.27±2.05 4.64±2.38 0.43 (-0.81, 1.67) 0.493 0.005 0.001 

Aw7-9 (mm2) 0.62 ±0.31 2.61±0.84 5.28±1.93 2.67 (1.48, 3.94) 0.027 0.83±0.33 0.76 ±0.11 -0.11 (-0.24, 0.03) 0.516 0.009 0.001 

Aw7-9% 16.70±5.25 19.64±7.38 16.37±3.87 -3.27 (-6.16, -1.72) 0.016 17.85±10.91 17.49±9.87 -1.14 (-6.89, 4.62) 0.691 0.039 0.027 

* Shown are the values of the 5-year reassessment minus that of the baseline levels. 

5-6 = from fifth- to sixth-generation bronchi; 7-9 = from seventh- to ninth-generation bronchi; Ai = inner luminal  

area; Aw = airway wall area; D = inner diameter; EB-OCT = endobronchial optical coherence tomography.  

a = The P value for the comparison of each of the EB-OCT parameter between group TW+ and group TW- at baseline. 

b = The P value for the comparison of each of the EB-OCT parameter between group TW+ and group TW- at 5 years. 

TW+: The bronchioles with thickened walls around dilated bronchioles (tree-in-bud sign) on CT image 

TW-: The bronchioles without thickened walls around dilated bronchioles (tree-in-bud sign) on CT image 



Table 3. Clinical factors associated with progression of bronchiectasis 

Clinical factors 
Progression of bronchiectasis on EB-OCT Univariable model Multivariable model 

No (n=39)  Yes (n=36) OR (95% CI) p Value OR (95% CI) p Value 

Age 56.5±16.7 50.4±17.6 0.98 [0.95~1.01] 0.124 - - 

Sex (female) 19 (48.7%) 23 (63.9%) 0.54 [0.21~1.36] 0.188 - - 

BMI 20.2±3.3 19.0±2.2 0.85 [0.72~1.01] 0.064 - - 

Non-smoker (%) 32 (82.1%) 27 (75%) 1.52 [0.50~4.64] 0.458 - - 

Duration of bronchiectasis (years) 3.5 [2.2~5.6] 3.1 [2.3~4.7] 0.88 [0.69~1.11] 0.278 - - 

Modified Reiff score for HRCT 3.0 [2.0~4.0] 4.0 [3.0~6.0] 1.68 [1.20~2.36] 0.003 - - 

Bronchiectasis severity index (BSI) 2.0 [2.0~3.0] 4.0 [3.0~4.3] 2.48 [1.52~4.04] <0.001 2.08 [0.48~9.06] 0.330 

Exacerbations within previous 2 years 1.0 [1.0~2.0] 2.0 [1.0~3.0] 1.79 [1.10~2.92] 0.020 1.10 [0.12~10.21] 0.935 

FEV1 predicted % 61.0[41.1~78.7] 54.3 [42.0~67.3] 0.98 [0.96~1.01] 0.148 1.01 [0.92~1.11] 0.850 

Respiratory symptoms at the initial visit 28(71.8%) 31 (86.1%) 1.96 [0.64~6.02] 0.237 - - 

Sputum NE activity at the initial visit (μg/mL) 37.3 [22.6~70.9] 154.4 [123.8~173.4] 1.06 [1.03~1.10] 0.000 1.05 [1.01~1.10] 0.030 

Sputum MMP-9 at the initial visit (ng/mL) 353.3 [200.8~599.6] 1790.0 [1382.1~2509.0] 1.00 [1.00~1.01] 0.000 1.00 [1.00~1.00] 0.681 

PA at the initial visit 2 (5.1%) 31 (86.1%) 5.13 [1.91~13.80] 0.001 4.18 [0.27~65.50] 0.308 

Sputum bacterial densities at the initial visit (×107 cfu/ml）  6.4 [6.0~7.2] 7.1 [6.0~7.5] 1.06 [0.76~1.49] 0.724 - - 

TW+ 5 (12.8%) 34 (94.4%) 115.60 [20.96~637.45] <0.001 140.42 [1.03~19077.11] 0.048 

Inhaled corticosteroids 4 (10.3%) 4 (11.1%) - - - - 

Macrolides 17 (43.6%) 10 (27.8%) - - - - 

Mucolytics 39 (100%) 36 (100%) - - - - 

Theophylline 33 (84.6) 26 (72.2%) - - - - 

Univariate logistic regression model was used to determine the associations between the radiologic progression of bronchiectasis on EB-OCT and the clinical variables, 

including age, female sex, body-mass index, smoking status, the duration of disease, respiratory symptoms at baseline, modified Reiff score, bronchiectasis severity 

index (BSI), exacerbations within the previous 2 years, forced expiratory volume in one second (FEV1) predicted%, TW+, sputum NE activity and MMP-9 levels at 

baseline, sputum bacterial density at baseline, and the detection of PA at baseline.  

We only included the parameters with both the statistical (P value of 0.10 or less) and clinical significance into the multivariate logistic regression model: the BSI, 

exacerbations within the previous 2 years, FEV1 predicted%, TW+, sputum NE activity and MMP-9 levels at baseline, and the detection of PA at baseline. 

TW+: The bronchioles with thickened walls around dilated bronchioles (tree-in-bud sign) on CT image 

 

 

 

 

 

 

 

 



 
 

Figure 1. Subject recruitment flowchart 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 2. longitudinal changes in chest radiologic manifestations in a patient in group TW+ and a patient in group TW- during the 5-year follow-up. 

A1-A2: longitudinal changes in chest radiologic manifestations in a 77-year-old male (group TW+); B1-B2: longitudinal changes in chest radiologic 

manifestations in a 49-year-old male (group TW-). The bronchioles surrounding the dilated bronchi are characterized by thickened walls or tree-in-bud signs 

but no significant dilatation is shown on chest high-resolution computed tomographic scans at the initial visit (A1). There are markedly dilated bronchioles 

at the same bronchial segment within the same patient after 5 years of follow-up (A2). However, no tree-in-bud signs are developed after years of follow-

up in a patient who does not have tree-in-bud signs at the initial visit (B1 and B2). 

 

 

 

 

 

 

 



 
 

Figure 3. Chest high-resolution computed tomographic scans and the visualization with an automated navigation system Chest HRCT images were obtained 

at 0.5-1.0 mm collimation in DICOM format, and transformed into the DirectPath version 1.1 navigation system (Olympus, Japan) for reconstruction of 

three-dimensional bronchial tree images. The bronchioles surrounding the dilated bronchi were labeled and the guided pathways were generated. The 

bronchoscope with detector was passed into the target bronchiole for EB-OCT measurement according to the planned pathway generated by DirectPath 

system. Panels A1, B1, C1 and D1 display the cross-sectional images of the carina (A), right main bronchus (B), right upper lobe bronchus (C) and the target 

bronchiole (D) for the virtual path. Panel E demonstrates the simulated guidance pathway (blue curve) to the target bronchiole (entry of the fiber 

bronchoscopy probe from the trachea to the target bronchiole). 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4. Cross-sectional endobronchial optical coherence tomography images of multiple airway generations in patients with (TW+) and without (TW-) 

tree-in-bud signs on CT Cross-sectional images of endobronchial optical coherence tomography in the (A) 3rd, (B) 5th, (C) 7th, and (D) 9th generation 

bronchi. A1, B1, C1 and D1 denotes EB-OCT images of the 3rd, 5th, 7th and 9th generation bronchi in group TW-. A2, B2, C2 and D2 denotes the EB-OCT 

images of the 3rd, 5th, 7th and 9th generation bronchi in group TW+ at enrollment, and A3, B3, C3 and D3 denotes the EB-OCT images of the 3rd, 5th, 7th 



and 9th generation bronchi in group TW+ at 5 years. Compared with the images derived from the same bronchial segment of a representative patient in 

group TW- (C1, D1), the mean luminal diameter (Dmean), inner luminal area (Ai) and airway wall area (Aw) of the bronchioles with thickened walls 

surrounding the dilated bronchioles on CT images are significantly greater at the 7th to 9th generation of bronchi at the initial visit (C2, D2). Meanwhile, no 

differences could be found in the Dmean, Ai and Aw between the bronchioles at the 3rd to 5th generation between a representative patient in group TW+ 

(A1, B1) and group TW- (A2, B2). At 5 years, there has been a marked dilatation of the 5th as well as from the 7th to 9th generation of bronchi (B3, C3, D3) 

as compared with the tree-in-bud signs at enrollment (B2, C2, D2). No marked dilatation of the 3rd generation bronchi was noted (A3). The images at panels 

A2-D2 (at enrollment) and A3-D3 (at 5-year longitudinal follow-up) were derived from the same bronchiectasis patient. 


