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1Introduction

The growing prevalence and clinical burden of chronic airways diseases such as 
bronchiectasis disease, asthma and COPD highlight the urgent need for a better 
understanding of disease mechanisms and more effective management strategies. 

Chronic lung disease has always posed enormous health challenges globally, impacting 
millions of lives. Historically, bronchiectasis mostly occurred as a consequence of 
tuberculosis or other severe respiratory infections, which have been a primary cause 
of death and morbidity throughout all of premodern history. The author of this thesis 
has drawn inspiration from his personal experiences in the care for many patients 
with obstructive lung disease (COPD and asthma), infectious lung disease (including 
tuberculosis) and bronchiectasis disease, which is it at the intersection of the two. 
Other inspirations have been many works of art and literature. Particularly Thomas 
Mann’s “The Magic Mountain” (Der Zauberberg) is striking for its depiction of the 
care for tuberculosis in the early 20th century, before the existence of effective antibiotic 
treatment and in the early days of X-ray diagnostics. This novel vividly illustrates the 
prolonged suffering and social isolation, and most of all the ineffectiveness of the 
management strategies of the time. While tuberculosis is no longer a major threat in 
the Western world, bronchiectasis disease still has much of the same inefficacy of the 
current spectrum of management, as well as little hope of true recovery. At the same 
time, COPD and asthma have taken prominence as the major challenges of our time 
in respiratory medicine. This historical context is crucial for understanding the current 
state of disease management, the ongoing challenge to offer our patients better care, 
and as the motivation for the research in this thesis. 

Bronchiectasis: definition, pathogenesis and clinical 
implications

Bronchiectasis is characterized by abnormal and permanent dilation of the bronchi, 
meeting the diagnostic criteria outlined in the Fleischner Society definition, which 
includes a broncho-arterial ratio >1.0, lack of tapering of the bronchi, and visibility 
of airways within 1 cm of the pleura.[1] When this radiological abnormality is 
accompanied by symptoms such as cough, phlegm, and recurrent airway infections, 
it is called bronchiectasis disease. [2] Bronchiectasis disease is a chronic inflammatory 
condition that can arise from a variety of underlying disorders—such as post-infectious 
damage, immunodeficiencies, or connective tissue diseases—or without a clear 
underlying cause, most commonly categorized as idiopathic. The clinical presentation 
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can vary widely, ranging from mild cough and sputum production to frequent 
exacerbations and severe respiratory compromise.

Bronchiectasis disease can be further characterized as a muco-obstructive lung disease 
characterized by mucus obstruction and chronic inflammation. Other muco-obstructive 
lung diseases include chronic obstructive pulmonary disease (COPD), cystic fibrosis 
(CF), and primary ciliary dyskinesia (PCD)[3], as well as some asthma endotypes.[4] In 
muco-obstructive lung disease, impairments in the epithelial lining fluid homeostasis, 
increased secretion of mucins, or both, result in overly thick mucus.[5] This can lead 
to the adherence of mucus to the airway wall, the formation of mucus plaques and 
the inability to properly clear mucus via the mucociliary escalator. Thick mucus in 
smaller airways or dilated bronchiectatic airways can be difficult to expectorate. The 
presence of hyperconcentrated, static mucus plaques can lead to obstructed airflow, 
opportunities for colonization and chronic infection by pathogenic microorganisms, 
and a neutrophilic muco-inflammatory cycle.[6] This can result in (recurrent) bacterial 
exacerbations, progressive airway damage and remodeling, a disease mechanism 
captured in the ‘vicious vortex’ hypothesis of bronchiectasis disease.[7]

The epidemiology of bronchiectasis disease varies globally, with a notable prevalence in 
both developed and developing countries.[8, 9] Although comprehensive global data 
are scarce, studies suggest that the prevalence across different countries is around ~1% 
of the population and appears to be increasing, attributed in part to aging populations 
and improved diagnostics, most notably the increased use of chest CT scans.[10, 11] 
However, inclusion criteria for studies and diagnostic methods vary significantly, and 
the investigation of underlying diseases also differs. Consequently, prevalence data are 
inconsistent. The emergence of automated methods to objectively assess key features 
of structural lung disease in bronchiectasis may be one way to improve these estimates.
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Figure 1. The ‘vicious vortex’ hypothesis of bronchiectasis. From: Flume PA, Chalmers JD, Olivier KN. 
Advances in bronchiectasis: endotyping, genetics, microbiome, and disease heterogeneity. Lancet. 2018 
Sep;392(10150):880-890. 

Radiological bronchiectasis: relationship with asthma and 
COPD

Notably, the presence of bronchiectatic airways is increasingly recognized as a 
complicating factor in the highly common airway diseases such as asthma and COPD. 
When radiological bronchiectasis is present in these diseases, it is often associated with 
more frequent exacerbations, increased airflow obstruction, and a substantial impact 
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on quality of life and prognosis.[12-14] This underscores the importance of early and 
accurate identification of ectatic airway changes.

Asthma is a highly prevalent lung disease affecting an estimated 262 million people 
worldwide.[15] Interestingly, it was shown in the European Multicentre Bronchiectasis 
Audit and Research Collaboration (EMBARC)[16] cohort that 31% of bronchiectasis 
disease patient have a co-diagnosis of asthma.[9] Asthma is characterized by bronchial 
hypersensitivity and chronic inflammation of both the large and small (<2mm) airways 
[17, 18], typically with eosinophilic infiltration and upregulation of Th2-type cytokines, 
particularly IL-5, IL-4, IL-9, and IL-13. Recent research has highlighted a subgroup of 
asthma patients with radiologically significant mucus plugging on high-resolution CTs, 
characterized clinically by severe airflow obstruction and a lack of response to both 
bronchodilators and systemic glucocorticoids.[19]

COPD is even more prevalent than asthma, with an estimated 299 million people 
affected worldwide.[15] In the EMBARC cohort, a high percentage of 26% of 
bronchiectasis patients had a co-diagnosis of COPD.[9] Characteristic of COPD is 
persistent airflow obstruction due to lung damage secondary to chronic tobacco 
smoking or other inhaled substances.[20] Similar to asthma, in COPD there is airway 
inflammation of both the large and small airways [21, 22], with increased airway 
wall thickness associated with decreased airflow.[23] However, airway inflammation 
in COPD is typically neutrophilic, similar to bronchiectasis disease. Tobacco smoke 
exacerbates neutrophilic inflammation by inducing the release of proinflammatory 
cytokines and chemokines, increasing neutrophil recruitment and activation, and 
causing oxidative stress that further damages the airway epithelium and perpetuates the 
inflammatory response.[24, 25]

Shared symptoms and disease mechanisms

Bronchiectasis disease, asthma, and COPD share many symptoms and disease 
mechanisms. These include chronic airway inflammation with similar endotypes, 
airflow obstruction, airway remodeling, mucus hypersecretion and plugging, and 
colonization with pathogenic microorganisms such as Pseudomonas aeruginosa, 
Aspergillus fumigatus, or non-tuberculous mycobacteria. Some clinical phenotypes (e.g. 
bronchial hyperreactivity and ‘frequent exacerbator’) can also be recognized across all 
three conditions. These similarities can blur the distinction between the conditions, 
yet they can also serve as shared starting points for research questions and therapeutic 
interventions. Importantly, new methods of radiological evaluation can be used 



15INTRODUCTION

1to phenotype pathological airway changes with great precision irrespective of the 
diagnostic label.

Airway remodeling across diseases

Airway remodeling, which is characterized by structural changes in the airway wall, is 
driven by chronic inflammation and is a common feature of chronic airway diseases.
[26-28] Airway wall changes include epithelial alterations, subepithelial fibrosis, 
goblet cell hyperplasia, basement membrane thickening, increased airway smooth 
muscle mass, and angiogenesis. This physiological response to injury may lead to 
persistently altered airway structure and function.[29] These changes contribute to 
airway narrowing, decreased lung function, and increased severity of symptoms. Airway 
wall thickening was shown to be an important determinant of airflow obstruction in 
pathological specimens of both asthma and COPD.[23, 30] Radiological measurements 
of airway wall thickening have also been linked to reduced airflow in both asthma and 
bronchiectasis [31, 32] as well as in COPD.[33] 

Figure 2. Airway cross-section showing diverse signs of airway remodeling. 

From: Hsieh A, Assadinia N, Hackett TL. Airway remodeling heterogeneity in asthma and its relationship 
to disease outcomes. Front Physiol. 2023 Jan 19:14:1113100. 
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Mucus hypersecretion and plugging

Mucus hypersecretion, mucus plaque formation, and plugging are critical features in 
the pathogenesis of the aforementioned obstructive airway diseases, driven by chronic 
inflammation and an imbalance in mucin production and clearance. In bronchiectasis 
disease and COPD, mucus hypersecretion results from neutrophilic inflammation 
and an increase in mucin-producing cells (goblet cell hyperplasia), leading to thick, 
tenacious mucus that is difficult to clear. Mucus can stick to the airway wall and 
contribute to a reduction in the airway lumen and consequently a reduction in airflow. 
Furthermore, the formation of mucus plaques can create hypoxic conditions for the 
underlying airway epithelium, contributing to a mucoinflammatory positive feedback 
cycle.[3]

In COPD, chronic inflammation leads to structural changes, not only mucous gland 
hypertrophy but also loss of alveoli and narrowing and loss of small airways.[34] In 
airway samples from patients with COPD, higher concentrations of mucins have been 
reported in association with decreased rates of mucociliary clearance.[35] Recently, 
mucus plugs in COPD have been associated with decreased lung function and quality 
of life, and even with higher all-cause mortality.[36, 37] This was first demonstrated 
using visual counting of mucus plugs[36], but this method is time-consuming and 
prone to human inconsistency, limiting its practical adoption. 

Mucus hypersecretion and mucus plugs have been recognized in the pathophysiology 
of asthma for over a hundred years, but more recently in relation to both mucus and 
blood eosinophil levels and radiological mucus scores.[19, 38] Elevated Charcot-
Leyden crystal galectin messenger RNA in the sputum of patients with bronchiectasis 
and severe asthma underscores the role of eosinophilic inflammation, linking it to the 
pathophysiology of bronchial dilatation and mucus hypersecretion in these conditions.
[39] 
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Figure 3. Mucus plugs as visualized on chest CT in asthmatic subjects. Mucus plug with branching 
(yellow arrow) seen in longitudinal section is identified as a tubular opacification (frontal plane). (B) Mucus 
plug with extensive branching seen in longitudinal section (transverse plane). (C) Mucus plug seen in cross-
section is identified as rounded opacification (transverse plane). From: Dunican EM, Elicker BM, Gierada 
DS et al. Mucus plugs in patients with asthma linked to eosinophilia and airflow obstruction. J Clin Invest. 
2018 Mar 1;128(3):997-1009. 

Inflammatory endotypes: neutrophilic and eosinophilic

The inflammatory response in bronchiectasis, asthma, and COPD can be broadly 
categorized into neutrophilic or eosinophilic endotypes, reflecting the underlying 
immune mechanisms that can influence treatment choices. 

In bronchiectasis disease, neutrophil activity, particularly neutrophil elastase, plays 
a central role. The formation of neutrophil extracellular traps (NETs) is linked to 
disease severity because high sputum levels of neutrophil elastase correlate with more 
severe disease manifestations and are associated with exacerbations and decrease with 
antibiotic treatment.[40] Both NETs and neutrophil elastase are under investigation 
as disease markers and therapeutic targets.[41] Importantly, high levels of active 
neutrophil elastase are associated with low microbiome diversity and specifically with 
Pseudomonas aeruginosa infection.[42]

Although neutrophilic inflammation is the most prevalent, an eosinophilic profile of 
bronchiectasis disease was identified in 22.6% of patients with blood eosinophil counts 
of ≥300 cells/µl.[43] From a pathophysiological viewpoint, eosinophils have also 
demonstrated elastolytic capacity and the secretion of substances that can damage the 
bronchial wall such as eosinophil cationic protein and metalloproteases.[44] 
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As known, eosinophils are the predominant type of inflammation in asthma. Eosinophils 
are also increasingly recognized as a distinct trait in COPD.[20, 45] Eosinophil 
levels are considered to predict response to steroid therapy and are used as the basis 
for the prescription of inhaled corticosteroids (ICS). In addition, with the emergence 
of specific biological medications, the use of these anti-inflammatory therapies to 
target eosinophils and associated Th2-response interleukins has been successful in the 
treatment of selected patients with (severe) asthma and COPD.[46, 47] Regarding the 
bronchial wall, intraepithelial eosinophils in the bronchial wall of asthma patients were 
associated with type 2 inflammation and bronchial hyperreactivity.[48] Manual CT 
measurements of the airway wall area (as a marker for wall thickness) of a few selected 
segmental bronchi were associated with sputum eosinophil counts and lower lung 
function in patients with eosinophilic asthma.[49]

Rationale for the current research: personalized medicine

Understanding the shared pathophysiological components of airway remodeling, mucus 
hypersecretion, and inflammatory endotypes underscores the need for a comprehensive 
approach to chronic airway diseases. The ‘personalized medicine’ paradigm aims to tailor 
interventions to the unique characteristics of each patient, considering factors such as 
genetic susceptibility, immunological profiles, microbiome, radiological markers, and 
environmental exposure. By moving beyond a one-size-fits-all approach, personalized 
strategies have the potential to improve treatment efficacy, minimize adverse effects, 
and optimize resource use in respiratory care, as well as research strategies. [50-52] 

Bronchiectasis disease, with its variability in symptom severity, etiological mechanisms 
as well as its radiological features and extent of disease, appears to be particularly suited 
for a personalized medicine approach. The mechanisms behind the pathognomonic 
irreversible dilation of the airway and the great disease heterogeneity are still relatively 
poorly understood. Radiographic findings vary greatly among patients and are 
strongly influenced by the underlying cause, such as a severe past lung injury giving 
rise to limited, focal abnormalities and some systemic aetiologies and comorbidities 
showing more diffuse abnormalities. Until recently, no objective, quantitative measure 
of bronchiectasis has been widely adopted. Thus, both previous examples of either 
limited or diffuse abnormalities are grouped under the same label of ‘bronchiectasis’. A 
systematic evaluation of the variety and extent of radiological abnormalities in a large 
cohort of bronchiectasis patients may improve our understanding of the heterogeneity 
and deepen our understanding of the links between disease, etiological factors and 
patient subgroups. 
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1Automated radiological analysis

The increased use of chest CT scans for diagnosing and understanding chronic airways 
diseases also comes with the need for improved image analysis methods of these CTs.

A highly significant development is the emergence of automated tools for precise 
quantification of airway (and vascular) parameters on chest CT scans. By providing 
objective and reproducible measurements, clinicians can have objective biomarkers of 
airways disease activity and progression. Automated measurements are not only more 
consistent and objective than human radiological scoring, but they can also be much 
more sensitive, accurate and efficient. Without automation, the practical adoption of 
such measurements would likely remain limited to research settings and not suitable for 
clinical use. 

An example of such an automated method is the bronchial-artery (BA) analysis, which 
can measure all bronchial and arterial dimensions across the bronchial tree. Different 
BA-ratios have been investigated as markers for bronchial widening and bronchial wall 
thickening. Using a traditional bronchiectasis definition of the outer dimension of a 
bronchus (Bout) being greater than that of the accompanying artery, different cut-offs 
of a Bout/A ratio of >1.5 or >1.1 can be used to calculate the percentage of enlarged 
airways. Additionally, bronchial wall thickness can be assessed using BA-ratios for wall 
thickness (Bwt/A) and the ratio of bronchial wall area to bronchial outer area (Bwa/Boa). 
Interestingly, automated assessment of all visible BA-pairs on chest CTs has already been 
shown to be a sensitive method to detect airway wall thickening and airway widening 
in cystic fibrosis (CF) [53, 54] and pediatric asthma.[55] 

Similar to automatic assessment of bronchial dimensions, the presence of mucus plugs 
across the bronchial tree can now also be investigated using fully automated algorithms. 
As mentioned before, in the past years studies have demonstrated the relationship 
between mucus plugs and lung function, symptoms and even all-cause mortality (in 
COPD), supporting the relevance of mucus plugs in chronic airways disease.[36, 37, 
56] Algorithms can now automatically segment the bronchial tree, quantify the total 
number and volume of mucus plugs for the entire lung as well as for each individual 
bronchopulmonary segment. 
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Figure 4. Schematic view of the bronchial tree and of a bronchus-artery (BA) pair in cross-section. The 
bronchial tree (blue) with its accompanying artery system (pink) is shown on the left. The segmental bronchi 
are defined as G0 and the subsegmental bronchi as G1. Bout: bronchial outer diameter, Bin: bronchial lumen 
diameter, Bwt: bronchial wall thickness, A: artery. From: Lv, Q, Gallardo-Estrella L, Andrinopoulou ER et 
al., Automatic analysis of bronchus-artery dimensions to diagnose and monitor airways disease in cystic fibrosis. 
Thorax. 2023 Dec 15;79(1):13-22. 
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1Importantly, the use of such automated measurements can reveal airway changes which 
previously were not detected. While the traditional evaluation of bronchiectasis only 
highlights those airways which already acquired irreversible dilatation, quantitative 
markers of airway wall thickening and mucus plugging can signal airway inflammation 
potentially before the damage becomes irreversible, providing an opportunity for earlier 
intervention. If airway wall thickening and mucus plugging can be used as a surrogate 
for inflammatory activity, those patients can be identified who are most likely to benefit 
from anti-inflammatory interventions, antibiotic treatment, or intensified airway 
clearance. Integrating such quantitative CT analyses into clinical practice supports the 
move towards personalized medicine. 

Anti-inflammatory therapies

Asthma and COPD have long been understood as conditions driven by chronic 
inflammation, while an inflammatory paradigm is also increasingly applied to 
bronchiectasis disease. The high prevalence of asthma, COPD and bronchiectasis as 
concomitant diagnoses, along with similarity in symptoms, has led to a high use of 
ICS and bronchodilator therapy in bronchiectasis, with over 50% of patients in the 
EMBARC cohort being prescribed these treatments.[9] As another example, 58% of the 
participants in the recent large ASPEN phase III trial were using inhaled corticosteroids 
at baseline.[57] However, this practice lacks proper justification, as there are no 
controlled studies supporting ICS or in combination with long-acting beta agonists 
(ICS/LABA) efficacy in bronchiectasis alone. The only double-blind comparison, which 
studied high-dose budesonide versus medium-dose budesonide-formoterol, indicated 
symptomatic benefits but lacked a placebo comparison.[58] A 2018 Cochrane 
review highlighted insufficient evidence to recommend ICS use in these patients.
[59] Moreover, some data suggest potential downsides, including increased risks of 
exacerbations and hospitalizations.[60] To address this knowledge gap, randomized 
controlled studies are needed that focus on bronchiectasis disease patients without an 
asthma or COPD co-diagnosis. 

While the broad use of ICS for managing chronic inflammation in bronchiectasis 
remains questionable, there is a much stronger rationale for employing targeted anti-
Th2 therapies in cases of bronchiectasis driven by a clear Th2-mediated inflammatory 
response, such as in allergic bronchopulmonary aspergillosis (ABPA). These targeted 
therapies hold promise for improving clinical outcomes by addressing the specific Th2-
inflammatory pathway involved. However, controlled studies investigating different 
biologicals in bronchiectasis disease have so far not been completed, although case series 
do show strong signs of efficacy.[61] Nonetheless, the potential for these treatments to 
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address specific inflammatory pathways aligns with the goals of personalized medicine, 
which seeks to tailor therapies to individual inflammatory profiles. More research 
into the efficacy of biologics in bronchiectasis could lead to more precise and effective 
treatment strategies.

Aims of  this thesis

1.	 Radiological markers in bronchiectasis, asthma and COPD

This part explores how radiological signs such as airway dimensions, mucus plugs, 
and structural lung disease in bronchiectasis, asthma, and COPD are related to 
clinical characteristics. It aims to uncover the underlying mechanisms driving airway 
remodeling, obstruction, and disease progression through advanced imaging techniques 
and automated analyses. Understanding these relationships could identify potential 
markers for diagnosing airways disease, monitoring progression, therapy choices and 
risk assessment.

Research questions: 
-	 What relationships exist between visually scored structural lung disease and 

clinical phenotype in bronchiectasis patients, and can these associations inform 
our understanding of disease heterogeneity and the necessity for individualized 
approaches? (EMBARC BEST-CT study, chapter 2)

-	 Can a fully automated bronchus-artery (BA) analysis quantify structural 
abnormalities in patients from a bronchiectasis clinical trial, and how do these 
metrics compare with visually scored semi-quantitative BEST-CT visual scoring 
and correlate with spirometry measures of airflow obstruction? (iBEST CT study, 
chapter 3)

-	 What insights can be gained from automatic analysis of structural lung abnormalities 
in a large cohort of bronchiectasis patients, and how can AI-based metrics enhance 
phenotyping and disease monitoring? (EMBARC automated analysis study, 
chapter 4)

-	 How do chest CT airway dimensions, mucus plugs, lung function, and eosinophilia 
interact in patients with bronchiectasis and an asthma co-diagnosis, and what does 
this imply about the pathophysiology and potential markers for disease severity? 
(BASIIS study, chapter 5)

-	 How does automated quantification of mucus plugs in COPD patients relate to 
clinical outcomes such as all-cause mortality, and what is the potential of such 
analyses for disease monitoring and risk stratification? (COPDGene: automated 
mucus plugs analysis study, chapter 6)
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12.	 Impact of anti-inflammatory therapies on clinical outcomes

This part examines the role of anti-inflammatory therapies in managing chronic 
symptoms and changing disease courses in bronchiectasis with and without asthma. 
Clinical endpoints such as chronic cough and exacerbation frequency are evaluated 
after initiation of anti-inflammatory treatment, with the aim of guiding therapeutic 
interventions.

Research questions:
-	 What is the efficacy of combined beclomethasone-formoterol inhalation therapy in 

reducing chronic cough in non-CF bronchiectasis patients, and what implications 
does this have for clinical practice and the understanding of the role of inflammation 
in bronchiectasis symptoms? (FORZA randomized controlled trial, chapter 7)

-	 How does treatment with dupilumab affect exacerbation frequency and prednisone 
dosage in patients with allergic bronchopulmonary aspergillosis (ABPA) and 
asthma, and what does this reveal about the potential of biologic agents to modulate 
immune responses and improve clinical outcomes in ABPA. (Dupilumab in ABPA 
case series, chapter 8)



24 CHAPTER 1

References

1.	 Bankier, A.A., et al., Fleischner Society: Glossary of Terms for Thoracic Imaging. Radiology, 2024. 
310(2): p. e232558.

2.	 Aliberti, S., et al., Criteria and definitions for the radiological and clinical diagnosis of bronchiectasis 
in adults for use in clinical trials: international consensus recommendations. Lancet Respir Med, 2022. 
10(3): p. 298-306.

3.	 Boucher, R.C., Muco-Obstructive Lung Diseases. N Engl J Med, 2019. 380(20): p. 1941-1953.
4.	 Most, J.F., Muco-Obstructive Lung Diseases. N Engl J Med, 2019. 381(10): p. e20.
5.	 Kesimer, M., et al., Airway Mucin Concentration as a Marker of Chronic Bronchitis. N Engl J Med, 

2017. 377(10): p. 911-922.
6.	 Cole, P.J., Inflammation: a two-edged sword--the model of bronchiectasis. Eur J Respir Dis Suppl, 

1986. 147: p. 6-15.
7.	 Flume, P.A., J.D. Chalmers, and K.N. Olivier, Advances in bronchiectasis: endotyping, genetics, 

microbiome, and disease heterogeneity. Lancet, 2018. 392(10150): p. 880-890.
8.	 Chandrasekaran, R., et al., Geographic variation in the aetiology, epidemiology and microbiology of 

bronchiectasis. BMC Pulm Med, 2018. 18(1): p. 83.
9.	 Chalmers, J.D., et al., Bronchiectasis in Europe: data on disease characteristics from the European 

Bronchiectasis registry (EMBARC). Lancet Respir Med, 2023. 11(7): p. 637-649.
10.	 O’Donnell, A.E., Bronchiectasis - A Clinical Review. N Engl J Med, 2022. 387(6): p. 533-545.
11.	 Quint, J.K., et al., Changes in the incidence, prevalence and mortality of bronchiectasis in the UK from 

2004 to 2013: a population-based cohort study. Eur Respir J, 2016. 47(1): p. 186-93.
12.	 Perez-Miranda, J., L. Traversi, and E. Polverino, Bronchiectasis in severe asthma: a distinct phenotype? 

Curr Opin Pulm Med, 2019. 25(1): p. 71-78.
13.	 Bendien, S.A., et al., Bronchiectasis in Severe Asthma: Does It Make a Difference? Respiration, 2020: 

p. 1-9.
14.	 Shi, L., et al., Impact of Radiographic Bronchiectasis in COPD. Respir Care, 2020. 65(10): p. 1561-

1573.
15.	 Diseases, G.B.D. and C. Injuries, Global burden of 369 diseases and injuries in 204 countries and 

territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet, 
2020. 396(10258): p. 1204-1222.

16.	 Chalmers, J.D., et al., The EMBARC European Bronchiectasis Registry: protocol for an international 
observational study. ERJ Open Res, 2016. 2(1).

17.	 Donovan, G.M. and P.B. Noble, Small airways vs large airways in asthma: time for a new perspective. 
J Appl Physiol (1985), 2021. 131(6): p. 1839-1841.

18.	 Siora, A., et al., Small airways in asthma: From inflammation and pathophysiology to treatment 
response. Respir Med, 2024. 222: p. 107532.

19.	 Dunican, E.M., et al., Mucus plugs in patients with asthma linked to eosinophilia and airflow 
obstruction. J Clin Invest, 2018. 128(3): p. 997-1009.

20.	 Agusti, A., et al., Global Initiative for Chronic Obstructive Lung Disease 2023 Report: GOLD 
Executive Summary. Am J Respir Crit Care Med, 2023. 207(7): p. 819-837.

21.	 Hogg, J.C., P.T. Macklem, and W.M. Thurlbeck, Site and nature of airway obstruction in chronic 
obstructive lung disease. N Engl J Med, 1968. 278(25): p. 1355-60.

22.	 Saetta, M., et al., CD8+ T-lymphocytes in peripheral airways of smokers with chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med, 1998. 157(3 Pt 1): p. 822-6.

23.	 Tiddens, H.A., et al., Cartilaginous airway dimensions and airflow obstruction in human lungs. Am J 
Respir Crit Care Med, 1995. 152(1): p. 260-6.



25INTRODUCTION

1
24.	 Piero, M., et al., Remodeling in Response to Infection and Injury. American Journal of Respiratory and 

Critical Care Medicine, 2001. 164(supplement_2): p. S76-S80.
25.	 Stämpfli, M.R. and G.P. Anderson, How cigarette smoke skews immune responses to promote infection, 

lung disease and cancer. Nat Rev Immunol, 2009. 9(5): p. 377-84.
26.	 Hirota, N. and J.G. Martin, Mechanisms of airway remodeling. Chest, 2013. 144(3): p. 1026-1032.
27.	 An, S.S., et al., Airway smooth muscle dynamics: a common pathway of airway obstruction in asthma. 

Eur Respir J, 2007. 29(5): p. 834-60.
28.	 Hsieh, A., N. Assadinia, and T.L. Hackett, Airway remodeling heterogeneity in asthma and its 

relationship to disease outcomes. Front Physiol, 2023. 14: p. 1113100.
29.	 Kips, J.C. and R.A. Pauwels, Airway wall remodelling: does it occur and what does it mean? Clin Exp 

Allergy, 1999. 29(11): p. 1457-66.
30.	 Chetta, A., et al., Airways remodeling is a distinctive feature of asthma and is related to severity of 

disease. Chest, 1997. 111(4): p. 852-7.
31.	 Kim, J.H., et al., Relationships Between High-Resolution Computed Tomographic Features and Lung 

Function Trajectory in Patients With Asthma. Allergy Asthma Immunol Res, 2023. 15(2): p. 174-
185.

32.	 Yamamoto, Y., et al., Impact of bronchial wall thickness on airflow obstruction in bronchiectasis. Respir 
Physiol Neurobiol, 2022. 295: p. 103788.

33.	 Mohamed Hoesein, F.A., et al., Airway wall thickness associated with forced expiratory volume in 1 
second decline and development of airflow limitation. Eur Respir J, 2015. 45(3): p. 644-51.

34.	 Xu, F., et al., The molecular and cellular mechanisms associated with the destruction of terminal 
bronchioles in COPD. Eur Respir J, 2022. 59(5).

35.	 Anderson, W.H., et al., The Relationship of Mucus Concentration (Hydration) to Mucus Osmotic 
Pressure and Transport in Chronic Bronchitis. Am J Respir Crit Care Med, 2015. 192(2): p. 182-90.

36.	 Diaz, A.A., et al., Airway-Occluding Mucus Plugs and Mortality in Patients With Chronic Obstructive 
Pulmonary Disease. JAMA, 2023. 329(21): p. 1832-1839.

37.	 Okajima, Y., et al., Luminal Plugging on Chest CT Scan: Association With Lung Function, Quality of 
Life, and COPD Clinical Phenotypes. Chest, 2020. 158(1): p. 121-130.

38.	 Dunnill, M.S., The pathology of asthma, with special reference to changes in the bronchial mucosa. J 
Clin Pathol, 1960. 13(1): p. 27-33.

39.	 Frossing, L., A. Von Bulow, and C. Porsbjerg, Bronchiectasis in severe asthma is associated with 
eosinophilic airway inflammation and activation. J Allergy Clin Immunol Glob, 2023. 2(1): p. 36-
42.

40.	 Keir, H.R., et al., Neutrophil extracellular traps, disease severity, and antibiotic response in bronchiectasis: 
an international, observational, multicohort study. Lancet Respir Med, 2021. 9(8): p. 873-884.

41.	 Chalmers, J.D., et al., Phase 2 Trial of the DPP-1 Inhibitor Brensocatib in Bronchiectasis. N Engl J 
Med, 2020. 383(22): p. 2127-2137.

42.	 Oriano, M., et al., Sputum neutrophil elastase associates with microbiota and Pseudomonas aeruginosa 
in bronchiectasis. Eur Respir J, 2020. 56(4).

43.	 Shoemark, A., et al., Characterization of Eosinophilic Bronchiectasis: A European Multicohort Study. 
Am J Respir Crit Care Med, 2022. 205(8): p. 894-902.

44.	 Guan, W.J., et al., Significance and Potential Role of Eosinophils in Non-Cystic Fibrosis Bronchiectasis. 
J Allergy Clin Immunol Pract, 2023. 11(4): p. 1089-1099.

45.	 David, B., et al., Eosinophilic inflammation in COPD: from an inflammatory marker to a treatable 
trait. Thorax, 2021. 76(2): p. 188-195.

46.	 Agache, I., et al., Efficacy and safety of treatment with biologicals (benralizumab, dupilumab, 
mepolizumab, omalizumab and reslizumab) for severe eosinophilic asthma. A systematic review for the 



26 CHAPTER 1

EAACI Guidelines - recommendations on the use of biologicals in severe asthma. Allergy, 2020. 75(5): 
p. 1023-1042.

47.	 Donovan, T., et al., Anti-IL-5 therapies for chronic obstructive pulmonary disease. Cochrane Database 
Syst Rev, 2020. 12(12): p. CD013432.

48.	 Al-Shaikhly, T., et al., Location of eosinophils in the airway wall is critical for specific features of airway 
hyperresponsiveness and T2 inflammation in asthma. Eur Respir J, 2022. 60(2).

49.	 Inoue, H., et al., CT-assessed large airway involvement and lung function decline in eosinophilic 
asthma: The association between induced sputum eosinophil differential counts and airway remodeling. J 
Asthma, 2016. 53(9): p. 914-21.

50.	 Martins, M., H.R. Keir, and J.D. Chalmers, Endotypes in bronchiectasis: moving towards precision 
medicine. A narrative review. Pulmonology, 2023. 29(6): p. 505-517.

51.	 Schoettler, N. and M.E. Strek, Recent Advances in Severe Asthma: From Phenotypes to Personalized 
Medicine. Chest, 2020. 157(3): p. 516-528.

52.	 Brightling, C. and N. Greening, Airway inflammation in COPD: progress to precision medicine. Eur 
Respir J, 2019. 54(2).

53.	 Chen, Y., et al., Automatic bronchus and artery analysis on chest computed tomography to evaluate the 
effect of inhaled hypertonic saline in children aged 3-6 years with cystic fibrosis in a randomized clinical 
trial. J Cyst Fibros, 2023.

54.	 Lv, Q., et al., Automatic analysis of bronchus-artery dimensions to diagnose and monitor airways disease 
in cystic fibrosis. Thorax, 2023.

55.	 van den Bosch, W.B., et al., Children with severe asthma have substantial structural airway changes on 
computed tomography. ERJ Open Res, 2024. 10(1).

56.	 Dunican, E.M., et al., Mucus Plugs and Emphysema in the Pathophysiology of Airflow Obstruction and 
Hypoxemia in Smokers. Am J Respir Crit Care Med, 2021. 203(8): p. 957-968.

57.	 Information, I.I.M., ASPEN Study: Phase 3 Study to Assess the Efficacy, Safety, and Tolerability of 
Brensocatib in Participants with Non-Cystic Fibrosis Bronchiectasis. 2024.

58.	 Martinez-Garcia, M.A., et al., Clinical efficacy and safety of budesonide-formoterol in non-cystic fibrosis 
bronchiectasis. Chest, 2012. 141(2): p. 461-468.

59.	 Kapur, N., et al., Inhaled corticosteroids for bronchiectasis. Cochrane Database Syst Rev, 2018. 5(5): 
p. CD000996.

60.	 Polverino, E., et al., Inhaled corticosteroids use in patients with bronchiectasis: Data from the EMBARC 
registry. European Respiratory Journal, 2021. 58(suppl 65): p. OA1312.

61.	 Oriano, M., et al., T2-High Endotype and Response to Biological Treatments in Patients with 
Bronchiectasis. Biomedicines, 2021. 9(7).



27INTRODUCTION

1





Part I

Imaging and Quantification





Chapter 2
Structural Lung Disease and Clinical 
Phenotype in Bronchiectasis Patients: 

The EMBARC CT Study

Angelina LP Pieters, Tjeerd van der Veer, Jennifer J Meerburg, Eleni-Rosalina 
Andrinopoulou, Menno M vd Eerden, Pierluigi Ciet, Stefano Aliberti, Pierre-Regis Burgel, 

Megan L Crichton, Amelia Shoemark, Pieter C Goeminne11, Michal Shteinberg,  
Michael R Loebinger, Charles S Haworth, Francesco Blasi, Harm AWM Tiddens,  

Daan Caudri*, James D Chalmers*

* D. Caudri and J. Chalmers share senior authorship based on equal contribution.

Am J Respir Crit Care Med. 2024 Jul 1;210(1):87-96.



32 CHAPTER 2

Abstract

Rationale:  Chest computed tomography (CT) scans are essential to diagnose and monitor 
bronchiectasis (BE). To date, few quantitative data are available about the nature and extent 
of structural lung abnormalities (SLAs) on CT scans of patients with BE.  Objectives:  To 
investigate SLAs on CT scans of patients with BE and the relationship of SLAs to clinical 
features using the EMBARC (European Multicenter Bronchiectasis Audit and Research 
Collaboration) registry. Methods: CT scans from patients with BE included in the EMBARC 
registry were analyzed using the validated Bronchiectasis Scoring Technique for CT (BEST-CT). 
The subscores of this instrument are expressed as percentages of total lung volume. The items 
scored are atelectasis/consolidation, BE with and without mucus plugging (MP), airway wall 
thickening, MP, ground-glass opacities, bullae, airways, and parenchyma. Four composite scores 
were calculated: total BE (i.e., BE with and without MP), total MP (i.e., BE with MP plus MP 
alone), total inflammatory changes (i.e., atelectasis/consolidation plus total MP plus ground-
glass opacities), and total disease (i.e., all items but airways and parenchyma). Measurements 
and Main Results: CT scans of 524 patients with BE were analyzed. Mean subscores were 4.6 
(range, 2.3-7.7) for total BE, 4.2 (1.2-8.1) for total MP, 8.3 (3.5-16.7) for total inflammatory 
changes, and 14.9 (9.1-25.9) for total disease. BE associated with primary ciliary dyskinesia was 
associated with more SLAs, whereas chronic obstructive pulmonary disease was associated with 
fewer SLAs. Lower FEV1, longer disease duration, Pseudomonas aeruginosa and nontuberculous 
mycobacterial infections, and severe exacerbations were all independently associated with worse 
SLAs. Conclusions: The type and extent of SLAs in patients with BE are highly heterogeneous. 
Strong relationships between radiological disease and clinical features suggest that CT analysis 
may be a useful tool for clinical phenotyping.
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Introduction

Bronchiectasis disease is a clinical syndrome characterized by cough, sputum production 
and recurrent infectious exacerbations combined with the radiological appearance of 
abnormal dilatation of the bronchi [1]. Bronchiectasis disease may result secondary 
to a variety of etiologies and is highly heterogeneous in its clinical, microbiological 
and functional attributes. The irreversible dilatation of bronchi is assumed to reflect 
accumulated structural airway damage and is associated with chronic inflammation, 
bacterial infection, impaired mucociliary clearance and disease progression, known as 
the concept of the ‘vicious vortex’ [2]. 

Assessment and management are based on clinical assessment of disease severity and 
disease activity. The frequency of exacerbations, extent of symptoms and the presence 
of airway infections such as Pseudomonas aeruginosa (PsA) can be used to identify 
patients at higher risk of future poor outcomes. Composite clinical scores, such as the 
bronchiectasis severity index, combine a number of clinical factors to identify patients 
at higher risk of exacerbations, hospitalisations and mortality. 

Bronchiectasis is defined by the presence of radiological abnormalities, but currently, 
the extent of radiological disease is not routinely considered when evaluating patient’s 
phenotype or assessing their risk. 

The gold standard for the radiological diagnosis of bronchiectasis is thin-section 
chest computed tomography (CT) scans. Morphologic criteria for bronchiectasis on 
CT-scans are bronchial dilatation relative to the accompanying pulmonary artery, lack 
of tapering of the bronchus, and identification of bronchi within 1 cm of the pleural 
surface, often accompanied by bronchial wall thickening and mucus plugging [3]. 
However, in routine clinical practice airway abnormalities are evaluated subjectively and 
no quantification of bronchiectasis or accompanying features is routinely performed. 

For the quantitative analysis of airway and parenchymal abnormalities in bronchiectasis 
disease, the Bronchiectasis Scoring Technique for CT (BEST-CT) was developed. 
BEST-CT is a scoring system using morphometric principles that has been shown to be 
effective in detecting and monitoring the extent of airway abnormalities as a percentage 
of the affected parenchyma. BEST-CT has been shown to be a reproducible system to 
quantify the severity and extent of the structural lung abnormalities in patients with 
Granulomatous Lymphocytic Interstitial Lung Disease and bronchiectasis patients 
chronically infected with PsA [4-7]. 
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The European Multi-center Bronchiectasis Audit and Research Collaboration 
(EMBARC) registry was established in 2015 [8] as a prospective, pan-European 
observational study of bronchiectasis patients [9]. As BEST-CT is currently the best 
validated scoring method to quantify extent of radiological disease in bronchiectasis, 
we hypothesized that radiological data would be associated with clinical phenotype. 
We conducted a sub-study embedded within the EMBARC registry to incorporate 
quantitative CT analysis in more than 500 patients with the aim of establishing 
relationships between radiological extent of disease and its etiology, severity and 
phenotype. 

Materials and methods

Study population
We collected clinical data and CTs and from patients enrolled in the EMBARC registry. 
Details of the EMBARC data collection protocol and baseline data from the EMBARC 
registry have been published previously [8, 9]. Key inclusion criteria for patients to be 
included in the EMBARC registry are: patients with a primary clinical diagnosis of 
bronchiectasis consisting of (1) a clinical history consistent with bronchiectasis and (2) 
CT scan demonstrating bronchiectasis were included in the registry, per judgment of 
the including center. Key exclusion criteria for EMBARC registry are (1) bronchiectasis 
due to known cystic fibrosis, (2) age < 18 years and (3) patients who are unable or 
unwilling to provide informed consent. A complete list of in- and exclusion criteria 
was described previously [8]. For the current substudy, 8 bronchiectasis centers in 
6 countries were included: Rotterdam, The Netherlands; Dundee, London and 
Cambridge, UK; St Niklaas, Belgium; Monza, Italy; Haifa, Israel; and Paris, France 
[Figure 1]. Each center was asked to make a completely random sub selection (50-100 
patients) within their available cohort. In parallel to the primary bronchiectasis registry, 
EMBARC has a European non-tuberculous mycobacterial (NTM) registry substudy, 
which collects additional data from patients meeting the IDSA/ATS criteria for NTM 
active infection [10]. The NTM registry was used to enrich the cohort for patients with 
active NTM infection. This oversampling was performed to ensure sufficient statistical 
power to investigate this relevant clinical determinant (NTM) with a relatively low 
prevalence in European centers [11]. 
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Figure 1. Flow chart CT selection

This figure represents the flowchart of the eligible scans (N) used for BronchiEctasis Scoring Technique for 
Computed Tomography (BEST-CT) from the European Multi-center Bronchiectasis Audit and Research 
Collaboration (EMBARC) registry. 

*: (1) inspiratory chest CT series; (2) continuous helical CT acquisition; (3) slice thickness equal or less 
than 1.5mm; (4) imaging of the entire lung parenchyma; and (5) no major artifacts or mild artifacts present 
with minimal effect on visualization of the airways. Moreover, for each patient the centers selected the chest 
CT-scan that was performed closest to the time of enrolment in the EMBARC cohort (with a maximum 
interval of +/- 4 year, 1460 days).

CT = computed tomography; NTM = Non tuberculous mycobacteria; UK = United Kingdom. 

Clinical parameters
The following data was collected from the EMBARC registry: demographics, previous 
medical history, comorbidities, spirometry, hospital admissions in the year prior 
to inclusion in the study, microbiology and severity of disease as reflected by the 
Bronchiectasis Severity Index (BSI) and FACED score [12, 13]. Detailed definitions of 
the baseline data are available in the supplementary material (supplement S1). 

The underlying etiology of bronchiectasis is recorded in the EMBARC registry based 
on testing recommendations by European Respiratory Society guidelines. Ten different 
etiology groups were defined based on the available categories in the registry and the 
sample sizes per group: (1) idiopathic bronchiectasis; (2) allergic bronchopulmonary 
aspergillosis  (ABPA); (3) asthma; (4) primary/secondary immunodeficiency (5) 
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connective tissue disease, rheumatoid arthritis (RA) and inflammatory bowel disease; 
(6) chronic obstructive pulmonary disease (COPD); (7) NTM infection; (8) other 
disease (including Mounier-Kuhn syndrome, yellow nail syndrome, Young’s syndrome, 
CFTR-related disorders, aspiration and gastroesophageal reflux disease); (9) post 
infectious bronchiectasis (including post tuberculosis); and (10) primary ciliary 
dyskinesia (PCD).

Additionally, this study investigates whether patients have a co-diagnosis of asthma 
and/or COPD in addition to the recorded primary etiology of the bronchiectasis

In the EMBARC registry, patients were categorized by their duration of bronchiectasis 
disease in 5 different groups (0-5 years; 5-10 years; 10-15 years; 15-20 years and ≥20 
years). Hospital admissions due to pulmonary exacerbations in the last year were 
categorized as: none, one, or two or more. Furthermore, patients were categorized by 
blood eosinophil counts, either normal or elevated (≥300 cells/mL) [14] .

CT collection
The Erasmus MC LungAnalysis core laboratory (Rotterdam, the Netherlands) provided 
participating centers with a procedure to verify the pseudonymity of CT images and 
facilitated safe data transfer of pseudonymized CT scans from participating hospitals 
to LungAnalysis. CT scans were included in this study if they fulfilled the following 
requirements: (1) correct digital format (correct DICOM headers), (2) sufficient 
inspiratory lung volume as defined by a round shape of the trachea and presence of 
lung parenchyma between the heart and sternum, (3) complete display of the lungs, 
(4) no artifacts or mild artifacts with minimal effect on the visualization of the lungs 
[Figure 1]. Moreover, for each patient the centers selected the chest CT-scan that was 
performed closest to the time of enrolment in the EMBARC cohort (with a maximum 
interval of +/- 4 year, 1460 days). 

BEST-CT scoring
BEST-CT is a morphometric scoring system based upon the same principles as the 
extensively validated Perth-Rotterdam Annotated Grid Morphometric Analysis for 
CF (PRAGMA-CF)[6, 15]. In short: a grid is placed on 10 equally spaced axial chest-
CT slices between lung apex and base, based on PRAGMA-CF scoring method [15, 
16]. Each grid box is annotated by a trained and certified observer for the presence of 
structural lung abnormalities [5]. Each grid cell that contains at least 50% coverage of 
the lung is scored using the following hierarchical system (highest to lowest priority): 1. 
Atelectasis/consolidation (ATCON), 2. bronchiectasis with mucous plugging (BEMP), 
3. bronchiectasis without mucous plugging (BEwMP), 4. Airway wall thickening 
(AWT), 5. Mucous plugging without bronchiectasis (MP), 6. Ground-glass opacities 
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(GGO), 7. Bullae (BUL), 8. Airways (A)(all airways which are not dilated) and 9. 
Parenchyma (P) (Parenchyma without annotated abnormalities) [Figure 1].

The following composite BEST-CT scores were used to investigate the relation between 
clinical outcomes and CT findings:
• 	 Total bronchiectasis (%TBE) = %BEMP + %BEwMP
• 	 Total mucus plugging (%TMP) = %BEMP + %MP
• 	 Total of inflammatory CT-characteristics (%TInF) = %ATCON + %BEMP + 

%MP + %GGO
• 	 Total disease (%DIS) = %ATCON + %TBE + %AWT + %MP + %GGO + %BUL 

Intra- and inter-observer reliability
Certification was obtained by completion of standardized training modules (CF-CT, 
PRAGMA-CF and BEST-CT). The observer who scored all CT scans was a radiology 
resident with subspecialty training in thoracic radiology (AvB). The second observer 
for the inter-observer reliability was a certified LungAnalysis laboratory staff (M.B.). 
To assess intra-observer variability of the BEST-CT scoring method the main observer 
rescored 28 randomly selected CTs, one month after completion. 

Statistical analysis
Descriptive statistics of patient characteristics are displayed as median [interquartile 
range] or percentage, as appropriate. Intra- and inter-observer agreement of CT scoring 
methods, intra-class correlation coefficients (ICC) were calculated with two-way 
mixed-effects models, assessing consistency of single measurements. ICC values <0.50 
were considered poor, 0.50-0.75 moderate, 0.75-0.90 good, and >0.90 excellent [17].

To investigate the association between the 4 different BEST-CT composite scores 
(%TBE, %MP, %TinF, %DIS) and clinical parameters (age, gender, length of disease 
FEV1 %pred, microbiology, smoking status, hospital admissions, etiology, co-diagnosis 
of asthma and/or COPD, eosinophil count, BSI and FACED) we used multivariable 
linear regression. For categories we also performed F-test for overall effects. All statistical 
analysis was done using SPSS version 27.0 (SPSS Inc., Chicago, IL) and statistical 
software package R, version 4.0.5 (R Foundation for Statistical Computing. Vienna, 
2005). Additional analyses that did not show any significant results are not shown. 
Correction for multiple testing was not performed. Statistically significant results were 
defined as a p-value less than 0.05. 
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Results

CT Collection and study population
In total, 664 CT scans were collected from the 8 participating centers. Out of these, 
140 CT scans were excluded (as illustrated in Figure 1). Hence 524 inspiratory scans 
were analyzed using the BEST-CT method. The median time between CT scan and 
enrollment in the EMBARC registry was 210 days [interquartile range (IQR) 80-560 
days]. Patient characteristics and etiology of bronchiectasis disease are shown in table1. 
63% of patients were female (N=329) and median age was 66 years [IQR 55-74]. In 
the majority of cases, the cause of bronchiectasis was attributed to idiopathic and post-
infectious etiology: in 37% (n = 193) and 14% (n = 76), respectively (Table 1). 35% of 
the patients had an infection with PsA and 19% with active NTM infection.

Table 1. Patient characteristics 

Demographics Value

Number of analyzed CT scans 524

Age (Years) 66 [55 – 74]

Gender (Male/Female) 135 (37) / 329 (63)

BMI 23.4 ʷ [20.5-27.6]

Country 

Rotterdam, The Netherlands 91 (17)

St Niklaas, Belgium 79 (15)

London, United Kingdom 69 (13)

Dundee, United Kingdom 94 (18)

Cambridge, United Kingdom 17 (3)

Haifa, Israel 29 (6)

Monza, Italy 131 (25)

Paris, France 14 (3)

History of Bronchiectasisx

 < 5 years 237 (48)

 5 – 9 years 87 (18)

 10-14 years 55 (11)

 15-20 years 30 (6)

 >20 years 86 (17)

Underlying Etiology 

 Idiopathic 193 (37)

 Post Infective 76 (14)

 Other diseases 52 (10)

 ABPA 35 (7)

 Primary/secondary immunodeficiency 35 (7)
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Spectrum of  Chest CT outcomes
Table 2 presents the median and IQR of each component score, and of the composite 
scores %TBE, %TMP, %TinF, and %DIS. Also the prevalence of patients with any 
cells scored positive on that particular component is reflected in the table. Although 
most of the scans showed components of bronchiectasis (BEMP and/or BEwMP) 
and infection/inflammation (BEMP, MP, ATCON, GGO), there was a wide spread 
in the extent in which these abnormalities were present. %TBE ranged from 0 (in 20 
patients) to 23%, %MP from 0 to 59%, %TinF from 0 to 60%, and %DIS from 0 
to88%. Outcomes of the CT scans per patient are shown in a stacked-bar graph of all 
component scores, demonstrating the heterogeneity of the extent of the different types 
of structural lung abnormalities across all patients (Figure 2).

BEST-CT and clinical characteristics
Table 3 shows the results of the multiple regression analysis for BEST-CT composite 
scores (%TBE, %TMP, %TinF, and %DIS) with the clinical characteristics. Several 
clinical characteristics were significantly associated with the BEST-CT composite scores. 
Older patients and those with a longer duration of disease (especially a length of 15-20 
years) had significantly more radiological changes on the CT scan for all composite 
scores (p <0.01) except %TMP vs age (p=0.17).

Overall, bronchiectasis etiology was significantly associated with all BEST-CT 
composite scores (p <0.01). Patients with NTM specified as the etiology of their 
bronchiectasis had significantly higher %TinF, and %DIS scores. PCD was significantly 

Table 1. Continued
Demographics Value

NTM 32 (6)

COPD 29 (5)

Primary Ciliary Dyskinesia 26 (5)

CTD / RA / IBD 25 (5)

Asthma 20 (4)

Co-diagnosis of Asthma and/or COPD 212 (40.5)

Asthma 138 (26)

COPD 95 (18)

Hospital admissions in the last yearq

 0 396 (76)

 1 100 (19)

 > 2 28 (5)

Spirometry 

 FEV1 , %pred 79% [64 – 98%]
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associated with more %TMP and %TinF. ABPA and post-infectious aetiologies of 
bronchiectasis on the other hand were significantly associated with a higher %TBE. 
However, patients with primary and/or secondary immunodeficiency, or COPD as the 
underlying cause of bronchiectasis had significantly lower %TBE. A co-diagnosis of 
asthma and/or COPD was also negatively associated with %TBE. The sample size was 
large enough to allow us to statistically check for interaction between the variables sex 
and asthma/COPD co-diagnosis, but this did not show any evidence for differences 
in the effect size between males and females on %TBE, or any of the other composite 
outcome scores (data not shown).

Table 2. Component and composite scores BEST-CT

Median IQR Prevalence (%)

Component scores

 %ATCON 1.89 0.71 – 4.42 95

 %BEMP 0.48 0.00 – 1.77 74

 %BEwMP 3.68 1.47 – 6.13 95

 %AWT 0.41 0.00 – 2.10 58

 %MP 3.31 0.45 – 9.35 87

 %GGO 0.00 0.00 – 0.16 34

 %BUL 0.00* 0.00 – 0.00 18

 %A 0.00 0.00 – 0.29 31

 %P 85.10 73.89 – 90.35 100

Composite scores

 %TBE 4.69 2.32 – 7.66 96

 %TMP 4.21 1.12 – 10.91 89

 %TinF 8.31 3.54 – 16.68 99

 %DIS 14.88 9.19 – 25.86 99

This table presents the median, interquartile ranges [IQR] of patients with a > 0 BronchiEctasis Scoring 
Technique for Computed Tomography (BEST-CT) component and composite scores. The third column 
represents the prevalence of patients with any cells scored positive for that particular component score. 
The order of components follows the hierarchical order by which the components are scored. ATCON = 
Atelectasis and/or consolidation; BEMP = Bronchiectasis with mucus plugging. BEwMP = Bronchiectasis 
without mucus plugging; AWT = airway wall thickening. MP = Mucus plugging; GGO = Ground-glass 
opacities. BUL = bullae. A = Airways. P = Parenchyma (without annotated abnormalities). TBE = Total 
bronchiectasis. TMP = Total mucus plugging. TinF = Total inflammatory features. DIS = Total disease. All 
BEST-CT subscores are expressed in % of total lung volume. *As BUL were present in relatively few CT-
scans (n = 93), the median and IQR are 0.00. 
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For patients with active NTM infection, all composite scores were significant higher 
(p-value varying between 0.02 - <0.01). In patients with a positive PsA isolation, %TBE 
(p <0.01) and %TMP (p = 0.02) scores were significantly increased. 

All BEST-CT composite scores showed an inverse association with FEV1 % predicted 
values (p = <0.01). Both clinical severity scores (BSI and FACED) had a strong positive 
association with %TBE, %TMP, %TinF and %DIS (p < 0.01).

%TinF and %DIS were associated with hospital admissions for a severe exacerbation, 
especially one hospital admission was significant correlated with these two composite 

Figure 2. Visual distribution of the EMBARC population. 

This stacked bar chart shows the results of BronchiEctasis Scoring Technique for Computed Tomography 
(BEST-CT) scoring of 524 chest computed tomography (CT) scans. Each stacked bar represents the 
analysis results of one CT scan. Component scores are expressed as percentage of total lung volume and add 
up to 100% on the Y-axis. On the X-axis patients are represented (n = x )

Subscores in the order by which they are scored. ATCON = Atelectasis and/or consolidation; BEMP = 
Bronchiectasis with mucus plugging. BEwMP = Bronchiectasis without mucus plugging; AWT = airway 
wall thickening. MP = Mucus plugging; GGO = Ground-glass opacities. BUL = bullae. A = Airways. P = 
Parenchyma). Patients are sorted based on the total disease score (%DIS) = %ATCO + %TBE + %AWT + 
%MP + %GGO + %BUL.
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scores (p <0.01) and a trend for ≥2 admissions (p=0.06). This association can be 
affected by the timing of the questionnaire assessment, which could lie before or after 
date of the CT. A univariate sensitivity analysis of this variable in the two groups (CT 
before vs. CT after questionnaire) did suggest that the association may be driven mostly 
by the patients in whom the questionnaire was completed before, or up to, the date of 
the CT (data not shown). 

No significant associations were found between smoking history or elevated blood 
eosinophils and any of the composite BEST-CT outcomes. 

Reproducibility
Intra-class correlations coefficients of the BEST-CT method are presented in 
Supplement S2. For the BEST-CT method, ICC scores within the main observer 
were all excellent, except for GGO which was poor due to the very low prevalence of 
detection.

Discussion

Bronchiectasis is a highly heterogeneous disease with a wide variety of etiologies and 
clinical, microbiological, inflammatory and functional attributes. We used the BEST-
CT scoring method to systematically describe the abnormalities on chest CT scans of 
a diverse cohort of 524 patients in the EMBARC bronchiectasis registry and found 
large heterogeneity in both the nature and extent of structural lung abnormalities. 
Notably, the total volume of abnormalities varied greatly, ranging from 5% to nearly 
90%. Several clinical characteristics were significantly associated with distinct BEST-
CT composite scores. 

The two most frequently found lung abnormalities were bronchiectasis without 
mucus plugging, and mucus plugging. Bronchiectasis is generally viewed as the result 
of previous long term airway inflammation, leading to irreversible structural damage. 
The presence of mucus plugging on the other hand is in general evidence of active 
ongoing inflammation. Indeed, mucus plugging made the largest contribution to the 
inflammatory composite score %TInf. It is important to note that the scans included 
in this analysis were performed during diagnosis and routine follow-up of stable 
disease. Mucus plugging can lead to airflow obstruction and impaired lung function, 
as is also clearly shown in our data. The accumulation of mucus in the airways is an 
important part of the vicious cycle, increasing the susceptibility to more infections, 
exacerbations, and further progression of structural lung damage. Importantly, mucus 
plugs that occlude large to medium size airways have been independently associated 
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to lung function and even mortality in COPD, which is another entity in the muco-
obstructive lung diseases [18]. The significant association we observed between %TInf, 
especially, and the number of exacerbations defined by hospital admission, supports 
the notion that this subgroup of bronchiectasis patients exhibits a higher level of 
disease activity and possible clinical sequelae [19]. Thus, the radiologic phenotype of 
bronchiectasis could help identify these patients and may have consequences for clinical 
care. Addressing mucus clearance is considered a crucial part of current bronchiectasis 
management plans [20, 21]. While previous studies have indeed suggested the crucial 
role of inflammation in bronchiectasis, the radiological evidence of mucus plugging 
in this large cohort of stable bronchiectasis patients, as presented in this study, adds 
substantial support to this viewpoint [22].

Our study further highlights the significance of infection as crucial component 
of the pathophysiology of bronchiectasis. Patients with a PsA isolation had more 
bronchiectasis as well as evidence of a greater degree of small-airways disease, indicated 
by more mucus plugging. 

These findings align with previous studies that have demonstrated a correlation between 
PsA colonization in patients with bronchiectasis and an increased risk of exacerbations, 
and more pronounced structural lung abnormalities observed on CT scans [12, 13, 23, 
24]. 

Patients who had a confirmed active NTM infection exhibited even more pronounced 
lung abnormalities on CT scans, with average differences between patients with or 
without an NTM infection about 2 to 3 times higher compared to patients with or 
without a PsA infection. And while PsA was not significantly associated with total 
inflammatory features, NTM was clearly and significantly associated. These findings 
corroborate previous research published by Faverio et al. [25], which also demonstrated 
that active NTM infections are associated with a greater burden of structural lung 
abnormalities compared to PsA. Interestingly, they did not find these structural 
abnormalities to be associated with increased disease severity and exacerbations, which 
contrasts with the trends indicated by our data. The presence of more bronchial wall 
thickening and bronchiectasis without mucus plugging indicates chronic inflammation 
and actual remodeling of the bronchial walls, implying a more severe and chronic 
disease process in patients with NTM. Overall, our findings provide additional evidence 
that NTM isolates in patients with bronchiectasis are associated with the more severe 
spectrum of the disease, with evidence of both chronic structural lung abnormalities 
and active ongoing inflammation, promoting the importance of considering the specific 
microbial status when assessing disease severity and progression. 
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An essential part in the diagnostic work-up and management of patients with 
bronchiectasis is the identification of the underlying etiology and comorbidities [26-
28]. An important finding of our study is the fact that different underlying etiologies 
were found to associate with some but not all BEST-CT composite scores. 

Interestingly, patients with PCD, as cause of bronchiectasis, had significantly more 
mucus plugging and total inflammatory features. This finding is in agreement with a 
small observational study of Rademacher et al, which also showed that PCD patients 
tend to have more atelectasis, mucus plugging and a tree-in-bud pattern [29]. These 
findings may be relevant for the selection of patients for more intensive mucus clearance, 
anti-inflammatory and/or antibiotic strategies. In contrast to the participants with more 
signs of active inflammation, those participants with post-infectious etiology and also 
ABPA had no significant association with total mucus plugging or inflammatory scores. 
This supports the concept of a subgroup of patients with established bronchiectasis 
due to a historic episode with infection and inflammation, but with no active ongoing 
inflammatory disease in the airways. Again, these findings could be important to 
recognize a phenotype of more stable bronchiectasis patients who could in theory 
be managed safely with a less intensive treatment strategy. This is the first study that 
highlights the potential of CT imaging to identify specific radiologic phenotypes, 
which could possibly be used to improve personalized treatment plans.

The finding that co-diagnosis of asthma and/or COPD relates with a significantly 
lower extent of bronchiectasis is important in light of research on bronchiectasis and 
COPD and/or asthma overlap syndromes [30-32]. A lower %TBE suggests that the 
symptoms of these patients could arise predominantly from their small airways disease 
rather than the middle to larger airways where bronchiectasis is typically detected. The 
increased use of high resolution CT may reveal previously unnoticed bronchiectasis in 
asthma or COPD patients, which have then been included as a subgroup with milder 
radiological abnormalities in the EMBARC registry [33]. Whether these patients 
have indeed less relevant bronchiectasis and a different response to treatment remains 
to be determined. [32, 34]. In a cohort of Czech COPD patients, up to 30.5% were 
found to have bronchiectasis-COPD overlap syndrome, while a large subgroup of 
those did not have typical bronchiectasis symptoms [35]. Our data did not show any 
evidence of a difference of this association between males and females. Finally, it can be 
appreciated that COPD and also immunodeficiencies (primary and secondary) were in 
fact associated with less structural abnormalities, most notably significantly less total 
bronchiectasis. 

Our study has several limitations. First, our study is cross-sectional and so does not 
allow for causal conclusions. Secondly, the selection of participating centres from the 
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EMBARC network might not be fully representative of all European bronchiectasis 
patients. Though patient selection within centres was random, minimizing selection 
bias, the retrospective collection of CT performed with non-standardized scan protocols, 
non-lung volume controlled scanning and different scanner models could lead to 
misclassification of CT scores. Any inconsistencies in scan quality, however, are likely 
non-differential, suggesting our reported associations might be understated. A further 
limitation is the median time interval of approximate 7 months between the CT scans 
and enrollment in the EMBARC registry, meaning scans might not align precisely with 
clinical data timing. This is of particular importance when interpreting the association 
with clinical characteristics that can vary over time, particularly hospital admissions in 
the last year and FEV1. Indeed, the association between number of admissions and CT 
outcomes did appear to be stronger in those with assessment of clinical data before or 
up to date of CT. Although this could suggest that recurrent exacerbations precede the 
structural lung changes rather than the other way around, we do not have the statistical 
power nor the required longitudinal data to substantiate this claim. Notably, 4% of 
study participants did not show bronchiectasis via the BEST-CT score. These patients 
still can have subtle bronchiectasis. In the BEST-CT scoring method 10 random but 
evenly spaced chest-CT slices between lung apex and base are assessed, so small areas of 
bronchiectasis outside of these 10 slices may have been missed. It should however also 
be noted that scoring of bronchiectasis relies on visual and thus somewhat subjective 
estimation by observers. A cutoff ratio between airway and artery diameter of 1.5 or 
higher is generally recommended for airway widening, and visual estimation is even less 
sensitive to milder signs of airway wall thickening. Future research might use automated, 
artificial intelligence-driven scoring for accuracy. CT scans annotated as part of this 
project can aid in developing such automated algorithms using artificial intelligence. 

Another limitation is the combination of atelectasis and consolidation as one anomaly. 
It is known that these are two different CT characteristics. Since this was a retrospective 
study, not all patients were scanned with contrast, making it sometimes challenging 
to distinguish between these two CT features. Finally, it should be noted that as we 
investigated the associations between a range of possible predictor variables and structural 
lung outcomes, there is a chance of risk findings due to multiple testing. No formal 
correction for multiple testing was performed, which needs to be taken into account in 
the interpretation of our results.

 This study is one of the largest to systematically study the relationship between a variety 
of radiological abnormalities and clinical phenotypes in a cohort of bronchiectasis 
patients [36]. Historically, improved methods to classify and quantify radiological 
abnormalities, like bone fractures and vascular lesions have deepened our understanding 
of the links between the disease, etiological factors and patient subgroups [37, 38]. For 
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bronchiectasis, developing objective ways to categorize and measure radiological lung 
changes can advance our understanding of inflammation and infection mechanisms, 
lung function impairment, disease progression monitoring, and therapy customization. 
In this study, we have shown associations between radiological manifestations and 
patient factors, increasing our understanding of the disease mechanisms in different 
patient subgroups. Moreover, we have demonstrated the value of a radiological scoring 
method in a large cohort of patients to demonstrate such associations. In the future, 
adoption of fully automated scoring systems may further facilitate these investigations. 
Automated assessment of all bronchi and accompanying arteries has been shown to 
be sensitive to detect airway widening and airway wall thickening in cystic fibrosis 
populations [39, 40], non-CF bronchiectasis [36, 41] and pediatric asthma. Analysis of 
the EMBARC cohort using automated analysis is ongoing. 

In summary, we conclude that structural lung abnormalities in bronchiectasis patients is 
heterogeneous and extensive with prominent inflammatory features. Lower FEV1, PsA, 
NTM, severe exacerbations and bronchiectasis etiology were strongly correlated with 
the extent of structural lung abnormalities on chest CT scans. The quantitative BEST-
CT outcomes can be used to phenotype structural lung abnormalities in bronchiectasis 
patients and uncover the relationship between patient characteristics and radiological 
disease manifestations.
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Supplemental Tables/Figures

Table E1. Intraclass correlation coefficients of BEST-CT scoring method

Scores Intra Inter

%ATCON 0.98 0.93

%BEMP 0.99 0.29

%BEwMP 0.99 0.75

%TBE 0.99 0.93

%AWT 0.95 0.69

%MP 0.91 0.63

%GGO 0.19 0.60

%BUL 0.99 0.99

%HA 0.89 0.30

%HP 0.97 0.83

This table presents intra- and inter-observer agreement for the BronchiEctasis Scoring Technique for 
Computed Tomography (BEST-CT) expressed in intra-class correlation coefficients (ICC). ATCON = 
Atelectasis and/or consolidation; BEMP = Bronchiectasis with mucus plugging. BEwMP = Bronchiectasis 
without mucus plugging; TBE = total bronchiectasis (BEMP + BEwMP). AWT = airway wall thickening. 
MP = Mucus plugging; GGO = Ground-glass opacities. BUL = bullae. A = airways. P = parenchyma.
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Abstract

Aim: Bronchiectasis (BE) is a disease defined by irreversible dilatation of the airway. Computed 
tomography (CT) plays an important role in the detection and quantification of BE. The aim 
of this study was three-fold: 1) to assess bronchus-artery (BA) dimensions using fully automated 
software in a cohort of BE disease patients; 2) to compare BA dimensions with semi-quantitative 
BEST-CT (Bronchiectasis Scoring Technique for CT) scores for BE and bronchial wall 
thickening; and 3) to explore the structure-function relationship between BA-method lumen 
dimensions and spirometry outcomes.

Methods:  Baseline CTs of BE patients who participated in a clinical trial were collected 
retrospectively. CTs were analysed manually with the BEST-CT scoring system and automatically 
using LungQ (v.2.1.0.1, Thirona, The Netherlands), which measures the following BA 
dimensions: diameters of bronchial outer wall (Bout), bronchial inner wall (Bin) and artery (A), 
and bronchial wall thickness (Bwt) and computes BA ratios (Bout/A and Bin/A) to assess bronchial 
widening. To assess bronchial wall thickness, we used the Bwt/A ratio and the ratio between the 
bronchus wall area (Bwa) and the area defined by the outer airway (Boa) (Bwa/Boa).

Results: In total, 65 patients and 16 900 BA pairs were analysed by the automated BA method. 
The median (range) percentage of BA pairs defined as widened was 69 (55-84)% per CT using 
a cut-off value of 1.5 for Bout/A, and 53 (42-65)% of bronchial wall were thickened using a 
cut-off value of 0.14 for Bwt/A. BA dimensions were correlated with comparable outcomes for 
the BEST-CT scoring method with a correlation coefficient varying between 0.21 to 0.51. The 
major CT BA determinants of airflow obstruction were bronchial wall thickness (p=0.001) and 
a narrower bronchial inner diameter (p=0.003).

Conclusion: The automated BA method, which is an accurate and sensitive tool, demonstrates 
a stronger correlation between visual and automated assessment and lung function when using a 
higher cut-off value to define bronchiectasis.
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Introduction

Bronchiectasis in adults is a common complication of a wide array of respiratory 
diseases and is characterized by airway widening, and clinical symptoms. Clinical 
symptoms can consist of cough, sputum production, recurrent chest infections, 
malaise, chest discomfort and in severe cases hemoptysis and weight loss [1]. The 
presence of bronchiectasis can be suspected based on clinical symptoms, auscultatory 
abnormalities, and on lung function impairment. Unfortunately, these indicators 
lack sensitivity and specificity. Patients diagnosed with bronchiectasis have airflow 
obstruction on spirometry in around 50% of cases, but restrictive or mixed obstructive 
patterns and preserved lung function are also frequently observed [2, 3]. For the 
objective and sensitive diagnosis of bronchiectasis chest computed tomography (CT) is 
considered the gold standard. The most widely accepted definition of bronchiectasis by 
radiologists as observed on chest CT is a dilatation of the airway that is larger compared 
to the adjacent artery, lack of tapering, and visibility of an airway in the periphery of 
the lung [4-6]. However, these criteria are subjective, and it is unclear to what extent 
these criteria are correctly applied in clinical practice, clinical trials and research studies 
[4, 7]. In addition, chest CT image acquisition is poorly standardized which can affect 
the diagnosis of bronchiectasis [5, 8, 9]. 

For these reasons, there is great need for objective reproducible quantitative radiological 
methods to assess the presence and extend of bronchiectasis [4]. Therefore, the 
Bronchiectasis Scoring Technique for CT (BEST-CT) was developed based upon a 
validated scoring method to quantify structural lung damage in patients with cystic 
fibrosis (PRAGMA-CF) [10]. BEST-CT was shown to be a reproducible quantitative 
scoring system to phenotype and measure the severity and extent of the structural lung 
abnormalities in bronchiectasis patients [11]. Disadvantages of the BEST-CT system 
are that it requires a one to two weeks training of the observer, and that it is time 
consuming taking up to 45 minutes to score one CT scan. Furthermore, the scoring 
is still based on eye-balling by the observer to estimate airway, artery and airway wall 
dimensions and ratios for the diagnosis of bronchiectasis and airway wall thickening. 

Recently, a fully automated image analysis system was developed using artificial 
intelligence (AI) strategies that allows to measure with great accuracy and precision 
the dimensions of a large number of bronchus-artery (BA) pairs on a chest CT scan. 
To date, this automated BA-method has been used to assess BA-dimensions in various 
CF cohorts, in a severe asthma cohort, and in a large set of normal chests CTs [12, 13]. 

The aim of the current study was three-fold: (1) to assess BA-dimensions using the 
fully automated BA-method in a cohort of bronchiectasis patients that participated in 
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a phase-2 clinical trial [11]; (2) to compare BA-outcomes dimensions with the semi-
quantitative BEST-CT scores for bronchial widening and bronchial wall thickening; 
(3) to explore the structure function relationship between BA-method bronchial wall 
and lumen dimensions and spirometry outcomes. 

We hypothesized that the automated BA-method is an accurate and sensitive tool to 
assess airways disease in bronchiectasis patients and that its output correlates with the 
BEST-CT scoring system and spirometry outcomes. 

Materials and methods

Study population
The CTs for the study were retrospectively collected from bronchiectasis patients who 
participated in the iBEST study [14]. The iBEST study was a randomized placebo 
controlled trial designed to evaluate the efficacy, safety and tolerability of tobramycin 
inhalation powder in bronchiectasis patients. Inclusion criteria for the study were 
patients (aged ≥18 years) with a proven diagnosis of bronchiectasis confirmed on the 
CT scan by the local radiologists and a history of ≥2 exacerbations treated with oral 
antibiotics or ≥1 exacerbation treated with parenteral antibiotic treatment as well as a 
respiratory sputum sample positive for Pseudomonas aeruginosa. Main exclusion criteria 
were diagnosis of CF, primary diagnosis of bronchial asthma, and smoking-associated 
chronic obstructive pulmonary disease (COPD). Other inclusion and exclusion criteria 
are detailed in the study design manuscript [15]. 

All CTs, which were baseline scans made prior to the trial, were previously analyzed 
using the BEST-CT scoring system before treatment [16]. Inclusion criteria for 
the automated BA-method was the availability of an inspiratory CT scan with a 
reconstructed slice thickness of axial images of ≤ 1.5 millimeter (mm), no missing lung, 
and no gaps between slices. 

For all patients included in this sub-study the following spirometry outcomes were 
available and expressed as % predicted using the Global Lung Initiative prediction 
equations[17]: forced expiratory volume in one second (FEV1), forced vital capacity 
(FVC) and forced expiratory flow between 25 and 75% of vital capacity (FEF25-75%). 

BEST-CT scoring
BEST-CT is a morphometric scoring system for which a grid is placed on 10 equally 
spaced axial chest-CT slices between lung apex and base. Each grid box is annotated 
by an observer for the presence or absence of structural lung abnormalities [11]. Each 
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grid cell that contains at least 50% coverage of the lung is scored. The structure in the 
grid cell is scored with the following hierarchical system (highest to lowest priority): 1. 
Atelectasis/consolidation (ATCON), 2. bronchiectasis with mucous plugging (BEMP), 
3. bronchiectasis without mucous plugging (BEwMP), 4. Airway wall thickening 
(AWT), 5. Mucous plugging without bronchiectasis (MP), 6 ground-glass opacities 
(GGO), 7. Emphysema and/or bullae (EMPBUL), 8. Healthy airways (HA) and 9. 
Healthy parenchyma (HP). Bronchiectasis was considered by the observer when the 
outer wall of an airway was estimated to be wider than the adjacent artery and airway 
wall thickening when the internal diameter of the bronchus was <80% of the external 
diameter.

The total percentage of lung volume occupied by bronchiectasis and airway wall 
thickening for BEST-CT are calculated in the following composite score which are 
used for comparison with similar automated BA-method outcomes: %BE_BESTCT = 
%BEMP + %BEwMP and %AWT_BESTCT = %AWT.

Bronchus-Artery analysis
The automated BA-method was performed using LungQ version 2.1.0.1 (Thirona, 
Nijmegen, The Netherlands, https://www.thirona.eu). The term bronchus and its 
abbreviation (B) was selected over airway and its abbreviation (A) to avoid confusion 
with abbreviation of artery (A). LungQ is an AI-based medical image analysis platform 
that amongst others automatically identifies patient-specific anatomical features, and 
structural bronchial and parenchymal abnormalities on chest CT scans. 

The AI-based algorithms of LungQ are trained with a large variety of datasets to ensure 
robust performance against variation in patient characteristics (age, gender, BMI), 
disease populations (COPD, asthma, CF, interstitial lung disease, chronic bronchitis, 
bronchiectasis, COVID-19) and variation in image characteristics (manufacturer, dose, 
convolutional kernel, voxel spacing). To ensure a robust performance in patients with 
bronchiectasis, an additional training was performed on around 1.5 million training 
samples (including data augmentation techniques) from BA matches in CT scans of 
bronchiectasis patients. 

The automated BA-method starts by automatically detecting and segmenting the 
bronchial tree on an inspiratory CT scan. Next, for each bronchus starting at the 
segmental bronchus (G0) and for higher generations (G1-14) the adjacent artery is 
identified using an AI-based BA matching algorithm. Next, for each identified BA-
pair and segmental bronchus generation the following dimensions are computed 
perpendicular to the longitudinal bronchus or artery axis (figure 1): Bronchial inner 
diameter (Bin); Bronchial outer diameter (Bout); Bronchial wall thickness (Bwt (=(Bout-
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Bin)/2)), bronchial wall area (Bwa), bronchial outer area (Boa) and Artery diameter 
(A). The bronchi quantification utilizes a proprietary intensity profile quantification 
algorithm that allows for sub-resolution quantification for bronchial wall thickness. The 
algorithm quantifies each individual bronchus cross-section perpendicular to the local 
bronchial direction by calculating the bronchial dimensions in a multitude of radial 
intensity profiles with a sampling distance of higher resolution than the resolution of 
the scan. For each bronchial generation G0 and higher, the BA-dimensions of each 
individual bronchial branch is computed as the average of all measurements within that 
branch.

Figure 1. Bronchial Artery (BA)-ratio. 

This figure shows an example of the dimensions measured on a chest CT for each BA-pair as measured by 
the automatic BA-method software (Thirona B.V., The Netherlands). Bout: Bronchial outer diameter; Bin: 
bronchial inner diameter; Bwt: Bronchial wall thickness; A: the adjacent artery diameter. 

The following ratios for each BA-pair is calculated by LungQ:
•	 Bout/A: the ratio between bronchial outer diameter and adjacent artery diameter; 
•	 Bin/A: the ratio between bronchial inner diameter and adjacent artery diameter; 
•	 Bwt/A: the ratio between bronchial wall thickness and adjacent artery diameter. 
•	 Bwa/Boa = the ratio between bronchial wall area and bronchial outer area. 
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In addition, we computed the Pi10 which is the square root of the wall area for a 
hypothetical airway with an internal perimeter of 10 mm, obtained by projecting the 
set of extracted dimensions using linear regression [18, 19]. The Pi10 has been used as 
an indicator for bronchial wall thickness in adult smokers but it does not take body size 
nor generation into account and it can be influenced by a reduced internal diameter 
in relation to mucus. For this reason, we also used Bwt/A ratio and the ratio between 
the wall area (Bwa) and the area defined by the outer airway (Boa) (Bwa/Boa ) to assess 
bronchial wall thickness. 

For each patient bronchial dimensions and ratios are computed and plotted against 
segmental generation (G0 and higher), since airways of the same generation have similar 
sizes and characteristics. 

The cut-off values to determine bronchial widening and bronchial wall thickening are 
based on the automated BA-method of a previously manual annotated dataset of chest 
CTs from patients with CF and from normal CTs of age matched control subjects [20]. 
As there is no universally accepted definition for bronchial widening [5], we use a cut 
off value for Bout/A of ≥ 1.1 based the automated BA-method of a previous data set 
[12] and a more conservative cut off value of ≥ 1.5 [7] as suggested in a consensus 
publication based on a Delphi process by an international taskforce of experts to 
develop recommendations and definitions for bronchiectasis. Furthermore, we use 
cut off values for Bin/A-ratio for bronchial widening of ≥ 0.8 and ≥1.5. Bronchial wall 
thickening was defined as Bwt/A-ratio ≥0.14 and assessed using the median of Bwa/Boa. 
Total lung volume was assessed by LungQ. 

Statistical analysis
BA-dimensions results are presented from sub-segmental level onward (G1-14), where 
G1 represents the sub-segmental bronchi, G2 the sub-sub-segmental bronchi and so 
on. For statistical analysis, we use the median values of BA-dimensions and ratios of 
G1-6 as these generations include the highest number of BA-measurements in most 
patients and is less affected by body size and by higher visibility of small airways in 
relation to airways disease. To investigate whether the differences between BEST-CT 
outcomes with the automated BA-method and their relation with clinical parameters 
were depended on our selected segmental generations (G1-6), we executed a sensitivity 
analysis to determine the optimal number of segmental generations to be included (G1-6 
or G1-14) in our analysis. 

Data are shown as median and interquartile range (IQR) (25th -75th percentile) or as 
mean ± standard deviation depending on the data distribution.
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BEST-CT versus BA-dimensions:
For the comparison between BEST-CT results (%BE_BESTCT and %BWT_
BESTCT) and comparable BA-dimensions (Bout/A, Bin/A and Bwt/A ratios) we used 
Spearman correlation coefficients because of the skewed data distribution. A correlation 
coefficient lower than 0.2 was rated as very weak, 0.2-0.4 as weak, 0.4-0.6 as moderate, 
0.6-0.8 as strong, and 0.8-1 as excellent[21].

Spirometry versus automated BA-method
For the comparison between BA-dimensions related to airway obstruction (Bin, Bwt, 
Bout/A, Bin/A, Bwa/Boa and Pi10 for G1-6) and spirometry outcomes sensitive to airway 
obstruction (FEV1% predicted, FEV1/FVC% predicted and log FEF25-75% %predicted) 
we used linear regression analysis. For the BA-method Bin was selected as the most 
relevant outcome measure as the internal diameter of the airways is the most likely 
outcome measure determining maximal flows for a spirometry maneuver. For the 
spirometry outcomes FEV1% predicted, FEV1/FVC% predicted and log FEF25-75% 
predicted were selected as these outcomes are considered dependent on the bronchial 
lumen dimensions. Correlations between Bin, Bwt, Bout/A, Bin/A Bwa/Boa, and Pi10 and 
FEV1, FEV1/FVC, and FEF25-75% were assessed by Spearman (or Pearson) correlation 
coefficients depending on whether the data had skewed distribution. We used a 
logarithmic scale for FEF25-75% since the data distribution is skewed. 

Adjusted p-values were used for multiple testing in relation to comparison between the 
BA-dimensions and spirometry outcomes. 

All statistical analysis was done using R tooling, version 4.0.5 (R Foundation for 
Statistical Computing. Vienna, 2005). Statistically significant results were defined as a 
p-value less than 0.05. 

Results

CT Collection and study population
84 inspiratory scans were analyzed using the BEST-CT method and of these scans 69 
were eligible for automated BA-method using LungQ software. 15 scans could not be 
included in the analyses due to slice thickness above 1.5 mm and/or inconsistency in 
slice spacing. Patient characteristics are present in table 1. 
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Table 1. Patient characteristics and results of CT-analysis by the automatic BA-method 

iBEST-CT dataset

Age (Years) - Median [IQR] 65 [58 – 74]

Gender (Male/Female) - number (%) 24 (34.5)/ 45 (65.5)

Spirometry – Median [IQR] 
 FEV1, %pred
 FVC, %pred

58.1 [45.9 - 71.0]
72.3 [64.4- 89.4]

 FEV1/FVC, %pred 72.3 [64.4 - 89.4]

 FEF25-75%, %pred 30.3 [21.0 - 42.4]

Number of analyzed CT scans 69

Total number of bronchi 
 Bronchi count per CT 

24,190 
 319 [228, 441]

Total number of BA-pairs
 BA-pair count per CT

16,900 
 235 [165-344]

Percentage of abnormal BA-pairs Median [IQR]
 Bout/A cut-off of ≥ 1.1 68.5 [54.9 - 84.3]

 Bout/A cut-off of ≥1.5 34.8 [23.0 - 43.6]

 Bin/A cut-off of ≥0.8 74.9 [57.3 - 86.2]

 Bin/A cut-off of ≥1.5 7.6 [3.3 - 15.9]

 Bwt/A cut-off of ≥0.14 53.4 [42.0 - 65.4]

Chest CT-related characteristics. Inspiratory scans were analyzed by the automatic BA-method. Bronchial 
widening were defined as Bout/A-ratio cut-off of ≥ 1.1 and ≥1.5 and Bin/A-ratio cut-off of ≥ 0.8 and ≥1.5. 
Bronchial wall thickening was defined as Bwt/A-ratio cut-off of ≥ 0.14. Data are mean±SD or median [IQR]. 

BA = bronchus and artery pair. Bin/A= bronchial inner diameter divided by adjacent artery diameter. Bout/
A= bronchial outer dimeter divided by adjacent artery diameter. Bwt/A= bronchial wall thickness divided by 
adjacent artery diameter. FEV1, %pred= forced expiratory volume in 1 second as a percentage of predicted 
forced expiratory volume in 1 second; FVC= forced vital capacity as a percentage of predicted forced 
vital capacity; FEF25-75%= forced expiratory flow between 25 and 75% of vital capacity as a percentage 
of predicted forced expiratory flow. CT= computed tomography; SD=standard deviation; BA=bronchus-
artery; IQR=interquartile range.

Automated analysis
A total number of 24,190 bronchi and 16,900 BA pairs were analyzed by the automated 
BA-method ranging from segmental generations G0 up to G14. The median [IQR] of 
airway count per CT was 319 [228- 441] and the median [IQR] of BA-pair count 
per CT was 235 [165-344]. The median percentage per CT of BA-pairs defined as 
bronchial widening was 69% and 35% using an Bout/A-ratio cut-off of ≥ 1.1 and ≥ 1.5, 
respectively (table 1) (Supplementary material, Figure 1&2). The median percentage 
per CT of BA-pairs defined as bronchial widening was 75% and 8% using an Bin/A-
ratio cutoff off ≥ 0.8 and ≥ 1.5 (table 1) (Supplementary material, Figure 1&2). The 
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median percentage per CT of BA-pairs showing bronchial wall thickening was 53% for 
Bwt/A cut-off of ≥ 0.14 (Table 1) (Supplementary material, Figure 1&2). 

Graph A

Graph B

Graph C

Figure 2. Bronchial-artery ratio’s

This figure shows the Bout/A, Bin/A and Bwt/A-ratio’s starting at the segmental level (generation 0) for 
generation 1 to 6. The gray dots indicate individual bronchus-artery ratios. The blue boxes indicate the 
median and interquartile range (25th-75th percentile). Graph A shows the Bout/A-ratio. The bold red line 
indicates the Bout/A cut-off of ≥1.1 and the red dotted line the cut-off of ≥1.5 for bronchial widening. 
Graph B shows the Bin/A-ratio. The bold red line indicates the Bin/A-ratio cut-off of ≥ 0.8 and the red 
dotted line the cut-off of ≥ 1.5. Graph C shows Bwt/A-ratio. The bold red line indicates the Bwt/A cut-off 
of 0.14.
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For the sensitivity analysis comparing G1-6 with G1-14 we did not find any significant 
differences in outcomes for BA-dimensions versus BEST-CT analysis nor for the 
associations between BA-dimensions and spirometry (Supplementary Material; S1-S5).

Automated BA-method versus BEST-CT analysis
We observed weak to moderate correlations between automated BA-method and 
BEST-CT outcomes (Table 2). The correlations for the low cut-off values for bronchial 
widening Bout/A cut-off of ≥1.1 and Bin/A cut-off of ≥ 0.8) were poor, while for the 
more conservative cut-off for bronchial widening (Bout/A cut-off and Bin/A cut-off of 
≥1.5 were moderate. For bronchial wall thickness, there was a poor positive correlation 
between Bwt/A-ratio and %BWT_BEST-CT (Table 2).

Table 2. Correlation between BEST-CT and automatic BA-method

Automatic BA-method for bronchial widening

Bout/A≥1.1 Bout/A≥1.5 Bin/A≥0.8 Bin/A≥1.5

%BE_BEST-CT R=0.30 [0.05, 0.53] R=0.51 [0.29, 0.69] R=0.21 [-0.05, 0.44] R=0.46 [0.24, 0.64]

Automatic BA method for bronchial wall thickening

Bwt/A≥0.14

%BWT_BEST-CT R=0.26 [0.034, 0.47]

This table shows the correlation between BronchiEctasis Scoring Technique (BEST-CT) outcomes (%BE, 
%BWT) and automatic BA-method ratios by automatic BA-method (Bout/A, Bin/A and Bwt/A) in generations 
(G1-6). Bronchial widening was defined as Bout/A-ratio ≥ cut-off of 1.1 and ≥1.5 and Bin/A ≥ cut-off of 0.8 
and 1.5. Bronchial wall thickening was defined as Bwt/A-ratio ≥ cut-off of 0.14. This table shows Pearson 
correlation coefficients (r) and [95% confidence interval].

BA=bronchus-artery; Bin/A= bronchial inner dimeter divided by adjacent artery diameter. Bout/A= bronchial 
outer dimeter divided by adjacent artery diameter. Bwt/A= bronchial wall thickness divided by adjacent 
artery diameter; 

Associations between automated BA-method and spirometry 
We observed positive weak correlations between spirometry parameters (FEV1% 
predicted, FEV1/FVC %predicted and FEF25-75% %predicted) and the median of Bin 
(G1-6) (Table 3). Regression analysis showed that spirometry parameters correlated 
significantly to Bin (G1-6) (Table 4). 

We found significant correlations between spirometry parameters (FEV1% predicted, 
FEV1/FVC% predicted and FEF25-75% %predicted) and the median of Bwt (G1-6) 
(Table 5). Similar p-values were observed for the Pi10 and Bwa/Boa as a measure for 
bronchial wall thickening (Table 5). Higher Bwt (G1-6), higher Pi10 and higher Bwa/Boa 
were associated with a lower FEV1% predicted, FEV1/FVC% predicted and FEF25-75% 
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%predicted However, we did not find any significant correlations between spirometry 
parameters and BA-ratios (Bin/A, Bout/A and Bwt/A) (Supplementary Material; S1-S5). 

Table 3. Correlation between spirometry parameters and bronchial inner diameter (Bin,) derived from

automated bronchus–artery (BA) method

Spirometry Median of Bin

FEV1, %pred R=0.27 [0.04, 0.48]

FEV1/FVC, %pred R=0.27 [0.03, 0.48]

FEF25-75%, %pred R=0.23 [-0.01, 0.45]

This table shows the correlation between spirometry outcomes and the median of bronchial inner diameter 
(Bin) derived from automatic BA-method in limited generations (G1-6). Note that all the results are shown 
as Spearman (or Pearson) correlation coefficient (r) and [95% confidence interval].

FEV1, %pred = forced expiratory volume in 1 second as a percentage of predicted forced expiratory volume 
in 1 second; FVC = forced vital capacity as a percentage of predicted forced vital capacity; FEF25-75% = forced 
expiratory flow between 25 and 75% of vital capacity as a percentage of predicted forced expiratory flow.

Table 4. Results of linear regression analysis: investigating the association between spirometry 
parameters and and bronchial inner diameter(Bin,) derived from automated bronchus–artery (BA) 
method

Spirometry Median of Bin

Estimates (SE) P-value

FEV1, %pred 18.84 (7.62) 0.02*

FEV1/FVC, %pred 14.34 (4.66) <0.01*

Log (FEF25-75%, %pred) 17.01 (9.03) 0.07

This table shows the regression analysis for spirometry (FEV1% predicted, FVC% predicted, FEV1/FVC 
and log FEF25-75% predicted) versus the median of Bin.

The significant p-value is indicated by *. FEV1, %pred = forced expiratory volume in 1 second as a percentage 
of predicted forced expiratory volume; FVC = forced vital capacity as a percentage of predicted forced 
vital capacity; FEF25-75% = forced expiratory flow between 25 and 75% of vital capacity as a percentage of 
predicted forced expiratory flow. 
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Table 5. Results of linear regression analysis: investigating the association between spirometry 
parameters and bronchial wall thickening by the automated bronchus–artery (BA) method 

Spirometry
 Automatic BA-method

Median of Bwt/A Pi10 Median of Bwa/Boa

Estimates (SE) P-value Estimates (SE) P-value Estimates (SE) P-value

FEV1, %pred -67.12 (27.83) 0.08 -22.65 (5.71) <0.01* -103.15 (28.64) <0.01*

FEV1/FVC, %pred -64.54 (16.22) <0.01* -14.55 (3.57) <0.01* -71.26 (17.58) <0.01*

Log (FEF25-75%, 
%pred)

-1.97 (0.77) 0.08 -0.50 (0.17) 0.03* -2.33 (0.84) 0.05*

This table shows the regression analysis for spirometry (FEV1% predicted, FVC% predicted, FEV1/FVC 
and log FEF25-75% predicted) versus the median of bronchial wall thickening described as Bwt/A, Pi10 and Bwa/
Boa. Bwt/A is defined as bronchial wall thickness divided by adjacent artery diameter; Pi10 is defined as the 
square root of the wall area for a hypothetical airway with an internal perimeter of 10 mm. Bwa/Boa is defined 
as the ratio between the wall area Bwa and the area defined by the outer airway (Boa) (Bwa/Boa).

A significant p-value is indicated by *. FEV1, %pred = forced expiratory volume in 1 second as a percentage 
of predicted forced expiratory volume in 1 second; FVC = forced vital capacity as a percentage of predicted 
forced vital capacity; FEF25-75% = forced expiratory flow between 25 and 75% of vital capacity as a percentage 
of predicted forced expiratory flow.

Discussion

Using the automated BA-method we were able to detect and quantify a large 
number of bronchi and BA-pairs to obtain BA-dimensions on chest CT scans in a 
cohort of bronchiectasis patients participating in a clinical trial. We showed that the 
BA-dimensions for bronchial widening correlated to comparable outcomes for the 
BEST-CT scoring method and that airway wall thickness and a wider bronchial lumen 
diameter as assessed by the BA-method correlated to spirometry outcomes related to 
airflow obstruction. 

Quantitative image analysis 
Using the automated BA-method we were able to quantify BA-dimensions with great 
precision of a large number of airways and BA-pairs. It is not feasible to execute such 
analysis manually as it is extremely time consuming [22]. 

We showed that BA-dimensions for bronchial widening correlated to comparable 
outcomes for the BEST-CT scoring method, especially for the higher cut-off values. The 
most plausible reason for this difference is that it is difficult for even a trained observer 
to recognize subtle widening of especially smaller airways (i.e. Bout/A between 1-1.5 or 
Bin/A between 0.8 and 1.5) when visually scoring chest CT scans. This observation is in 
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support of the consensus statement by Alberti et al. to use a conservative cut-off value 
for inner or outer airway–artery diameter ratio of 1.5 for the diagnosis of bronchiectasis 
or more when assessing chest CTs by eye-balling to diagnose bronchiectasis [7]. It is 
likely that we are overestimating the extent and severity of bronchiectasis to some extent 
as we did not take into account possible progressive bronchial dilatation in relation to 
age for which reference values are lacking [23, 24]. However, bronchial widening due 
to aging is also not included in the clinical routine.

For bronchial wall thickening there was a weak positive correlation between BA-
dimensions and the BEST-CT scoring method. It is well known that visual scoring 
of airway wall thickening is difficult as illustrated by low reproducibility scores [12, 
25]. It is often not possible for an observer to determine by eye-balling for each BA-
pair whether the thickness of the bronchial wall is above or below the cut off value 
of 0.14 compared to the diameter of the adjacent artery. A great advantage of the 
automated BA-method is that for each segmental bronchus generation a large number 
of measurements can be executed to compute the mean bronchial wall thickness for 
that segment. In the future, the objective assessment of bronchial wall thickness is likely 
to add relevant objective information that can be used for clinical care [7, 26].

We observed that both bronchial wall thickness and the bronchial lumen diameter 
correlated weakly to spirometry indicators of airflow obstruction. 

Pathophysiologically, we expected that internal diameter of the bronchus as assessed 
by the BA-method would be the most important CT outcome measure determining 
the maximal flow for spirometry maneuvers. Airway obstruction in bronchiectasis 
is often associated with more severe disease, more exacerbations, and more hospital 
admissions [27, 28]. The internal diameter of bronchi can be reduced for a number 
of reasons such as inflammation-associated mucosal swelling, folding of the mucosa, 
mucus impaction, loss of parenchymal attachments, and smooth muscle contraction. 
From our analysis, we cannot tell which of the five components is most important 
for the studied patient population. However, it is likely that there will be substantial 
heterogeneity in the origin of the reduced bronchial lumen and in the contribution 
of the above-mentioned components to the reduced spirometry indicators of airway 
obstruction [29-31]. We feel that the most important reason for the weak correlations 
that we observed between spirometry indicators of airflow obstruction and BA-
dimensions can be explained in part by the fact that a chest CT is taken during a static 
breath hold while spirometry outcomes include also dynamic phenomena which can 
contribute to airways obstruction. 
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Limitations
This study has some limitations. Firstly, CT scans were collected retrospectively 
and acquisition, image reconstruction and lung volume during scanning were not 
standardized. Lung volume for an inspiratory CT scan is an important determinant 
for the diagnosis of bronchiectasis as bronchial diameters are more dependent on lung 
volume compared to the arterial diameter [11]. Moreover, different CT-scanners and 
protocols (i. e. kernels) were used for different patients which could lead to slightly 
different BA-method outcomes. This effect is thought to be small as the BA-algorithm 
corrects for these differences. However, these limitations may have somewhat reduced 
the sensitivity of our analysis. For future studies and for clinical care it is important to 
harmonize chest CT imaging protocols across centers and scanners and optimize lung 
volume during CT acquisition by adequate training and coaching the patient [5, 9]. 

For our automated BA-method we focused on bronchial dimensions and BA 
dimensions of BA-pairs and absolute dimensions. When using BA-ratios to detect 
bronchial widening and thickening is important to keep in mind that pulmonary 
arterial diameters can be reduced in relation to hypoxic pulmonary vasoconstriction. 
In addition, there might be patients with early stages of pulmonary hypertension 
resulting in increased diameters of more central pulmonary arteries. For this reason, 
it is important to also investigate in the future bronchus related outcome measures 
independent of their ratio with the adjacent arteries. To do so reference values are 
needed obtained in healthy populations. It is remarkable that there are to date no well-
defined cut-off values to define bronchial (e.a. airway) widening and thickening for the 
diagnosis of bronchiectasis, especially since Reid et al., already described its importance 
in 1950 [32]. As radiation doses for chest CTs have come down substantially, and will 
go down further thanks to developments like the photon counting CT, inclusion of 
chest CT in population studies to obtain reference values in addition to epidemiological 
questions might become feasible [33]. Such reference values are needed for the objective 
diagnosis of airway widening and airway wall thickening. 

The BA-method is able to assess the bronchial dimensions with greater precision than 
the BEST-CT scoring method and then in routine radiology reporting. However, the 
BA-method currently, does not include in contrast to BEST-CT assessment of mucus 
plugging, atelectasis and/or consolidations. For the more complete automated analysis 
of CTs of bronchiectasis patients future versions of the software are needed that also 
quantifies these important parenchymal changes in patients. However, measurements of 
bronchial wall thickness can also be considered and estimated of mucus as it is thought 
to contribute importantly to the bronchial wall as seen on CT.
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Clinical Implications
Our study shows that automated BA-method can be used to quantify bronchial 
dimensions with great precision in bronchiectasis patients that can potentially replace 
current subjective analysis in the near future for the diagnosis of airways disease and for 
monitoring of disease progression in daily practice. The information will provide the 
referring specialist for the first time with an objective assessment of a large number of 
even small bronchi to phenotype with precision airways disease in the patient and to 
personalize treatment [34].

In conclusion, we have shown that the automated BA-method is an accurate tool 
for assessing bronchus and artery dimensions in a large number of bronchus-artery 
pairs on retrospectively collected chest CTs of bronchiectasis patients. Furthermore, 
we have observed a stronger correlation between visual assessment, BA software, and 
lung function when utilizing a cut-off value of 1.5. These BA-method outcomes have 
potential to replace scoring methods such as the semi-quantitative BEST-CT scoring 
method for clinical studies and reporting for clinical care. 
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Graph A

Graph B

Graph C

Supplemental Figure 1. Bronchus-artery ratio’s in all measurable generations (G1-14). 

This figure shows the Bout/A, Bin/A and Bwt/A-ratio’s starting at the segmental level (generation 0). The grey 
dots indicate individual bronchus-artery ratios. The blue boxes indicate the median and interquartile range 
(25th-75th percentile). Graph A shows the Bout/A-ratio per generation. The bold red line indicates the Bout/A 
cut-off of ≥1.1 and the red dotted line the cut-off of ≥1.5 for brochial widening. Graph B shows the Bin/A-
ratio for generation 1 to 6. The bold red line indicates the Bin/A-ratio cut-off of ≥ 0.8 and the red dotted 
line the cut-off of ≥ 1.5. Graph C shows Bwt/A-ratio. The bold red line indicates the Bwt/A cut-off of 0.14 
per generation.
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Supplemental Figure 2. Correlation between BEST-CT versus the automatic BA-method (Bout/A-ratio) 

This figure shows the correlation for bronchial widening between the two different scoring systems: 
BronchiEctasis Scoring Technique (BEST-CT) outcomes (% bronchiectasis) versus automatic BA-method 
in generations (G1-6) for bronchial widening. Bronchial widening for automatic BA-method was defined 
as Bout/A-ratio ≥ cut-off of ≥1.5. The black dots indicate the individual measurements and the gray box 
indicate the 95% confidence interval.

R = correlation coefficient; BEST-CT = BronchiEctasis Scoring Technique. 
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Supplemental Figure 3. Correlation between spirometry parameter (FEV1) versus the bronchial inner 
diameter (Bin derived from automatic BA- method) in limited generations (G1-6).

This figure shows the correlation between the spirometry parameter FEV1 versus the median of Bin derived 
from the automatic BA-method. The black dots indicate the individual measurements and the gray box 
indicate the 95% confidence interval.

FEV1, %pred = forced expiratory volume in 1 second as a percentage of predicted forced expiratory volume 
in 1 second; R = correlation coefficient.



75AUTOMATED BRONCHUS–ARTERY METRICS IN BRONCHIECTASIS

3

Supplemental Figure 4. Correlation between bronchial inner diameter (Bin, derived from automatic 
BA-method) versus airway wall thickening (Pi10, derived from automatic BA-method) in limited 
generations (G1-6).

This figure shows the correlation between the median of bronchial inner (Bin) derived from the automatic 
BA-method versus airway wall thickening described as Pi10 derived from automatic BA-method in limited 
generations (G1-6). Pi10 is defined as the square root of the wall area for a hypothetical airway with an internal 
perimeter of 10 mm. The black dots indicate the individual measurements and the gray box indicate the 
95% confidence interval.

R = correlation coefficient 
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Supplemental Figure 5. Correlation between bronchial inner diameter (Bin, derived from automatic 
BA-method) versus bronchial wall thickening (Bwa/Boa, derived from automatic BA-method) in limited 
generations (G1-6).

This figure shows the correlation between the median of bronchial inner (Bin) derived from the automatic 
BA-method versus bronchial wall thickening described as Bwa/Boa derived from automatic BA-method in 
limited generations (G1-6). Bwa/Boa is defined as the ratio between the wall area Bwa and the area defined by 
the outer airway (Boa) (Bwa/Boa). black dots indicate the individual measurements and the gray box indicate 
the 95% confidence interval.

R = correlation coefficient 
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Supplementary Table 1. Correlation between BEST-CT versus the automated BA-method (Bout/A-
ratio) in limited generations (G1-6).

Segmental generation Average count of BA ratios Average count of bronchi

1 21 29

2 41 50

3 56 67

4 52 65

5 35 46

6 21 30

The average of bronchus-artery (BA) ratio’s and bronchi per segmental generation for limited generations 
(G1-6).

Table 2. Correlation between BEST-CT (%BE, %BWT) versus the automatic BA-method ratios 
(Bout/A, Bin/A and Bwt/A) in all measurable generations (G1-14). Sensitivity analysis. 

Automatic BA-method for bronchial widening

Bout/A≥1.1 Bout/A≥1.5 Bin/A≥0.8 Bin/A≥1.5

%BE_BEST-CT R = 0.31 [0.04, 0.54) R= 0.52 [0.32, 
0.71]

R=0.21 [-0.03, 
0.47]

R=0.47 [0.24, 0.68]

Automatic BA method for bronchial wall thickening (Bwt/A≥0.14)

Bwt/A≥0.14

%BWT_BEST-
CT

R=0.28 [0.06, 0.48]

Bronchial widening were defined as Bout/A-ratio ≥ cut-off of 1.1 and ≥ 1.5 and Bin/A cut-off of ≥ 0.8 and ≥ 
1.5 Bronchial wall thickening was defined as Bwt/A-ratio ≥ cut-off of 0.14. 

Note that all the results are shown as Spearman (or Pearson) correlation coefficient (r) and [95% confidence 
interval]. 
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Table 3. Results of linear regression analysis: Spirometry parameters versus the automatic BA- 
method of bronchial widening (described as Bout/A) in limited generations (G1-6) and all measurable 
generations (G1-14). Sensitivity analysis. 

G1-6 G1-14

Estimates Standard 
Error

Adjusted P-
values

Estimates Standard 
Error

Adjusted P-
values

FEV1, %pred 15.88 12.80 0.44 13.56 12.37 0.56

FEV1/FVC, %pred -2.06 8.17 1.00 -1.04 7.87 1.00

Log (FEF25-75%, 
%pred)

-0.01 0.36 1.00 -0.01 0.35 1.00

This table shows the regression analysis for spirometry (FEV1% predicted, FEV1/FVC% predicted and log 
FEF25-75% predicted) versus the median of Bout/A. 

FEV1, %pred= forced expiratory volume in 1 second as a percentage of predicted forced expiratory volume 
in 1 second; FVC= forced vital capacity as a percentage of predicted forced vital capacity; FEF25-75%= forced 
expiratory flow between 25 and 75% of vital capacity as a percentage of predicted forced expiratory flow. 

Table 4. Results of linear regression analysis: Spirometry parameters versus the automatic BA-
method of bronchial widening (described as Bin/A) in in limited generations (G1-6) and all measurable 
generations (G1-14). Sensitivity analysis. 

G1-6 G1-14

Estimates Standard 
Error

Adjusted P-
values

Estimates Standard 
Error

Adjusted P-
values

FEV1, %pred 35.08 13.82 0.07 33.91 13.73 0.08

FEV1/FVC, %pred 11.02 9.08 0.69 11.58 8.98 0.61

Log (FEF25-75%, 
%pred)

0.42 0.41 0.93 0.42 0.41 0.89

This table shows the regression analysis for spirometry (FEV1% predicted, FEV1/FVC% predicted and log 
FEF25-75% predicted) versus the median of Bin/A.

FEV1, %pred = forced expiratory volume in 1 second as a percentage of predicted forced expiratory volume 
in 1 second; FVC = forced vital capacity as a percentage of predicted forced vital capacity; FEF25-75%= forced 
expiratory flow between 25 and 75% of vital capacity as a percentage of predicted forced expiratory flow. 
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Table 5. Results of linear regression analysis: Spirometry parameters versus the automatic BA-method 
of bronchial wall thickening (described as Bwt/A) in limited generations (G1-6) and all measurable 
generations (G1-14). Sensitivity analysis.

G1-6 G1-14

Estimates Standard 
Error

Adjusted P-
values

Estimates Standard 
Error

Adjusted P-
values

FEV1, %pred -67.12 27.83 0.08 -67.71 27.24 0.08

FEV1/FVC, %pred -64.54 16.22 <0.01* -60.43 16.13 <0.01*

Log (FEF25-75%, 
%pred)

-1.97 0.77	 0.08 -1.93 0.76 0.082

This table shows the regression analysis for spirometry (FEV1% predicted, FEV1/FVC% predicted and log 
FEF25-75% predicted) versus the median of Bwt/A.

The significant p-value is indicated by *. FEV1, %pred = forced expiratory volume in 1 second as a percentage 
of predicted forced expiratory volume in 1 second; FVC= forced vital capacity as a percentage of predicted 
forced vital capacity; FEF25-75%= forced expiratory flow between 25 and 75% of vital capacity as a percentage 
of predicted forced expiratory flow.

Table 6. Results of linear regression analysis: Spirometry parameters versus the automatic BA- method 
of bronchial wall thickening (described as Bwa/Boa) in limited generations (G1-6) and all measurable 
generations (G1-14). Sensitivity analysis.

G1-6 G1-14

Estimates Standard 
Error

Adjusted P-
values

Estimates Standard 
Error

Adjusted P-
values

FEV1, %pred -103.15 28.64 0.09 -107.03 28.54 <0.01*

FEV1/FVC, %pred -71.26 17.58 0.09 -72.83 17.57 <0.01*

Log (FEF25-75%, 
%pred)

-2.33	 0.84 0.08 -2.47 0.84 0.04

This table shows the regression analysis for spirometry (FEV1% predicted, FEV1/FVC% predicted and log 
FEF25-75% predicted) versus the median of Bwa/Boa.

The significant p-value is indicated by *. FEV1, %pred = forced expiratory volume in 1 second as a percentage 
of predicted forced expiratory volume in 1 second; FVC= forced vital capacity as a percentage of predicted 
forced vital capacity; FEF25-75%= forced expiratory flow between 25 and 75% of vital capacity as a percentage 
of predicted forced expiratory flow.
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Abstract 

Aims: Dilatation, thickening of the bronchi and mucus plugs (MP) are key CT features of 
bronchiectasis patients. Manual scoring systems are used to quantify these structural lung 
abnormalities, but are time consuming and require training. AI-based algorithms have been 
developed to measure bronchus and artery (BA) dimensions and the number of MP. We aimed 
to analyse CTs from EMBARC, the European Bronchiectasis Registry.

Methods: CTs from 609 EMBARC patients were analysed. LungQ-BA automatically segments 
the bronchial tree, identifies the segmental bronchi (G0) and distal airway generations (G1, G2, 

G3, etc.) For each BA-pair, the following dimensions were quantified: diameters of bronchial 
outer edge (Bout), inner edge (Bin), wall thickness (Bwt), and artery (A). From these dimensions, 
BA-ratios are computed: Bout/A, Bin/A, Bwt/A, and bronchial wall area/ outer area (Bwa/Boa). 
LungQ-MP automatically segments the bronchial tree, detects the total MP number. 

Results: Bronchial dilatation and thickening were observed in 73% and 49% of all BA-pairs, 
respectively. Older patients and those with longer disease duration exhibited more pronounced 
bronchial and mucus abnormalities. MP-count was significantly associated with Pseudomonas 
aeruginosa infection, severe exacerbations and primary ciliary dyskinesia. Ppost-infective cases 
showed less wall thickening. Patients with asthma and/or COPD overlap syndromes had less 
bronchial dilatation but more wall thickening. 

Conclusion: The automatic analysis of CT scans from EMBARC participants shows severe 
dilatation and thickening and a wide range of severity and extent. Radiological disease was 
more severe in patients with chronic airway infection, severe exacerbations and longer disease 
duration.



83AUTOMATED CT ANALYSIS IN EMBARC COHORT

4

Introduction

Bronchiectasis is characterized by the presence of abnormal permanent bronchial 
dilatation on a chest computed tomography (CT) scan and a clinical syndrome of 
chronic cough, sputum production and recurrent infections [1]. Bronchiectasis can be 
caused by a wide range of disorders including primary or secondary immune deficiencies, 
primary ciliary dyskinesia (PCD), post-infectious causes and other conditions such as 
chronic aspiration or connective tissue disease [2]. However, the majority of patients 
even in specialist centres are still classified as idiopathic bronchiectasis [3]. Chest 
CT is considered the gold standard for the visual diagnosis of bronchiectasis [4, 5]. 
The most widely accepted definition of bronchiectasis by radiologists, as observed by 
visual inspection on chest CT, is a chronic dilatation of the bronchus that is larger 
compared to the adjacent artery (i.e. bronchus-artery ratio>1), lack of tapering, and 
visibility of an airway in the periphery of the lung [6-9]. Other structural abnormalities 
that can be observed on chest CTs of bronchiectasis patients are mucus plugs, airway 
wall thickening, atelectasis, and parenchymal abnormalities such as consolidations 
[7, 10]. For today’s clinical care, the presence and extent of bronchiectasis patients 
is mostly subjective, and does not include any quantitative assessment of the above 
mentioned structural lung abnormalities. Moreover, the absence of standardized chest 
CT image acquisition methods can affect the accuracy and precision of bronchiectasis 
diagnosis [7, 11, 12]. The assessment of disease severity and disease activity in patients 
with bronchiectasis has emerged as a key factor in disease assessment[13]. The lack of 
objective methods to quantify CT abnormalities limits the ability of CT to be used to 
risk stratify patients with bronchiectasis and to assess anatomical changes in the disease 
course including response to treatment.

The European Multi-centre Bronchiectasis Audit and Research Collaboration 
(EMBARC) registry was established in 2015 and currently represents the largest 
bronchiectasis dataset in the world. Embedded within the EMBARC registry are a 
number of substudies including an imaging subcohort in which baseline chest CT 
scans are collected alongside detailed clinical data. 

Several (semi)quantitative manual scoring systems have been developed to assess CT 
scans of bronchiectasis patients [14-16]. The Bronchiectasis Scoring Technique for 
CT (BEST-CT) is a validated quantitative scoring method to quantify structural lung 
damage in bronchiectasis disease patients [17]. BEST-CT was shown to be reproducible 
to phenotype and measure the severity and extent of the structural lung abnormalities 
in prior studies [10, 17, 18]. BEST-CT was used to assess the severity and extent of 
structural lung disease components in 524 EMBARC patients [17]. It was shown 
that the structural lung abnormalities were highly heterogeneous. Furthermore, 
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strong relationships between radiological disease and clinical features were shown. 
It was concluded that CT analysis could be a useful tool for clinical phenotyping of 
bronchiectasis patients. While an important proof of concept, the disadvantages of the 
BEST-CT system is that it requires additional training of the observer, and that it is 
time consuming, taking over 45 minutes for the analysis of a single CT scan. More 
recently, a fully automated algorithm for the detection and quantification of BA-pairs 
was developed using state-of-the-art artificial intelligence (AI) techniques [19, 20]. 
It has been shown that the automatic BA-analysis was able to detect and quantify a 
large number of BA-pairs in a cohort of 69 bronchiectasis patients participating in 
a clinical trial [21]. Furthermore, moderate correlations were observed between BA-
dimensions and comparable outcomes for the BEST-CT scoring [21]. In addition to 
bronchial dimensions, mucus plugging was also shown to be an important structural 
abnormality [17]. The presence of mucus plugs in bronchiectasis disease is associated 
with inflammation and infection, resulting in airflow obstruction and impaired lung 
function [22]. Like for the BA-analysis, an AI based algorithm was developed to 
quantify the number and volume of airway-occluding mucus plugs throughout the 
entire bronchial tree. Therefore, the automatic BA-analysis and mucus plug (MP)-
analysis could be of great value for rapidly evaluating structural disease and markers of 
disease activity.

The aim of the current study is to analyse a large number of chest CTs from EMBARC 
patients using the BA-analysis and MP-analysis, and to investigate associations with 
clinical outcomes.

Materials and methods

Study population
We collected clinical data and CTs from patients enrolled in the EMBARC registry. 
Details of the EMBARC data collection protocol and baseline data from the EMBARC 
registry have been published previously [23, 24]. Key inclusion criteria for patients to 
be included in the EMBARC registry are: patients with a primary clinical diagnosis 
of bronchiectasis consisting of (1) a clinical history consistent with bronchiectasis and 
(2) CT scan demonstrating bronchiectasis per judgment of the including centre. Key 
exclusion criteria for EMBARC registry are (1) bronchiectasis due to known cystic 
fibrosis (CF) (2) age < 18 years and (3) patients who are unable or unwilling to provide 
informed consent. A complete list of in- and exclusion criteria was described previously 
[23]. For the current CT sub study, eight bronchiectasis centres in six countries were 
included: Rotterdam, The Netherlands; Dundee, London and Cambridge, UK; St 
Niklaas, Belgium; Monza, Italy; Haifa, Israel; and Paris, France (Figure 1). Each centre 
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was asked to collect randomly CTs from a sub selection of 50 to 100 patients within 
their cohort. Moreover, for each patient, the centres selected the chest CT-scan that 
was performed closest to the time of enrolment in the EMBARC registry (within a 
maximum time interval of 4 years). 

Figure 1. Flow chart 

In parallel to the primary bronchiectasis registry, EMBARC has a European non-
tuberculous mycobacterial (NTM) registry sub study, which collects additional data from 
patients meeting the IDSA/ATS criteria for NTM active infection [25]. The NTM 
registry was used to enrich our dataset with CTs from patients with active NTM 
infection, for which reason some centres were asked to include additional NTM 
patients. This oversampling was performed to ensure sufficient statistical power to 
investigate this relevant clinical determinant (NTM) due to its relatively low prevalence 
in European centres [26]. 

Clinical parameters
To generate relevant patient descriptives for the cohort, we extracted the following data 
from the EMBARC registry: demographic characteristics, previous medical history, 
comorbidities, spirometry, hospital admission in the 1 year before inclusion in the 
study, microbiology, and severity of disease as reflected by the Bronchiectasis Severity 
Index (BSI) and FACED score (FEV1% predicted, age, chronic colonization by PsA, 
radiological extent of disease, and dyspnoea [27, 28]. 
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Furthermore, we extracted the underlying aetiology of bronchiectasis which is recorded 
in the EMBARC registry based on testing recommendations by European Respiratory 
Society guidelines. Ten different aetiology groups were defined based on the available 
categories in the registry and the sample sizes per group: (1) idiopathic bronchiectasis; 
(2) allergic bronchopulmonary aspergillosis (ABPA); (3) asthma; (4) primary/secondary 
immunodeficiency (5) connective tissue disease, rheumatoid arthritis (RA) and 
inflammatory bowel disease; (6) chronic obstructive pulmonary disease (COPD); (7) 
NTM infection; (8) other disease (including Mounier-Kuhn syndrome, yellow nail 
syndrome, Young’s syndrome, CFTR-related disorders, aspiration and gastroesophageal 
reflux disease); (9) post infectious bronchiectasis (including post tuberculosis); and (10) 
PCD.

Additionally, we extracted from the EMBARC database whether patients have a co-
diagnosis of asthma and/or COPD in addition to the recorded primary aetiology of the 
bronchiectasis.

Finally, we extracted the duration of diseases from the EMBARC registry. In the registry 
patients are categorized by their known duration of bronchiectasis disease in 5 different 
groups (0-5 years; 5-10 years; 10-15 years; 15-20 years and ≥20 years). Hospital 
admissions due to pulmonary exacerbations in the last year were categorized as: none, 
one, or two or more.Furthermore, patients were categorized by blood eosinophil 
counts, either normal or elevated (≥300 cells/mL) [29].

CT transfer and quality assessment
The Erasmus MC LungAnalysis core laboratory (Rotterdam, the Netherlands) provided 
participating centres with a procedure to verify the pseudonymity of CT images and 
facilitated safe data transfer of pseudonymized CT scans from participating hospitals to 
LungAnalysis. Quality assessment of transferred CTs was executed by the LungAnalysis 
laboratory. CT scans were included in this sub study when they met the following 
requirements: (1) correct digital format (correct DICOM headers), (2) sufficient 
inspiratory lung volume as defined by a round shape of the trachea and presence of 
lung parenchyma between the heart and sternum, (3) complete display of the lungs, 
(4) no artifacts or artifacts with minimal effect on the visualization of the lungs, (5) no 
missing slices or irregular spacing between slices, (6) slice thickness of 1.5 mm or below. 

Bronchus and artery analysis
The automated BA analysis was performed on all CTs that met the technical 
requirements for the algorithm using LungQ version 3.1.0 (Thirona, Nijmegen, 
The Netherlands). The automatic BA-analysis starts by automatically detecting and 
segmenting the bronchial tree on an inspiratory CT scan. Next, for each bronchus 
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starting at the segmental bronchus (G0) and for higher generations (G1,2,3…) the 
adjacent artery is identified. Next, for each identified BA-pair and segmental bronchus 
generation, the following dimensions are computed perpendicular to the longitudinal 
bronchus or artery axis (figure 1): Bronchial inner diameter (Bin); Bronchial outer 
diameter (Bout); Bronchial wall thickness (Bwt (=(Bout-Bin)/2)), bronchial wall area (Bwa), 
Bronchial outer area (Boa) and Artery diameter (A). The BA-analysis utilizes a proprietary 
intensity profile quantification algorithm that allows for sub-resolution quantification 
of bronchial wall thickness. The algorithm quantifies each individual bronchus in 
cross-section perpendicular to the local bronchial direction by calculating the bronchial 
dimensions in a multitude of radial intensity profiles with a sampling distance of higher 
resolution than the resolution of the scan. For each bronchial generation G0 and higher, 
the BA-dimensions of each individual bronchial branch is computed as the average of 
all measurements within that branch. The following BA-ratios are calculated: Bout/A, 
Bin/A, Bwt/A, and Bwa/Boa.

The cut-off values to determine bronchial dilatation and bronchial wall thickening are 
based on the automated BA-method of a previously manual annotated dataset of chest 
CTs from patients with CF and from normal CTs of age matched control subjects [30]. 
As there is no universally accepted definition for bronchial dilatation [7], we use a cut 
off value for Bout/A of ≥ 1.1 [19] and a more conservative cut off value of ≥ 1.5 for 
visual detectable bronchiectasis[31] as suggested in a consensus publication based on 
a Delphi process by an international taskforce of experts to develop recommendations 
and definitions for bronchiectasis. Furthermore, we use cut off values for Bin/A [32]
ratio for bronchial dilatation of ≥ 0.8 and ≥1.5[31]. Bronchial wall thickening was 
defined as Bwt/A-ratio ≥0.14 [32]and as of Bwa/Boa >0.37 (data on file). 

Mucus plug analysis
The automatic MP-analysis was performed using the same LungQ version on all CTs 
that met the technical requirements. Bronchus-occluding mucus plugs throughout 
the entire bronchial tree were quantified, measuring their number and volume. In 
addition, the number of lobes containing one or more mucus plugs was determined. 
The algorithm identifies full mucus obstructions with clear proximal and distal airways, 
providing both location and volumetric assessments. The segmentation combines seed-
based and voxel-based methods, providing detection and quantification of mucus plugs 
along the entire bronchi, including the peripheries. The algorithm provides output as 
the number of detected mucus plugs the number of segments with one or more plugs 
and volumes of the mucus plugs (mL). 
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BEST-CT analysis
To allow comparison between the automatic analysis and visual scores we collected 
BEST-CT metrics of those CTs included in the current study that were also previously 
scored manually [17]. BEST-CT is a morphometry based visual scoring system for 
bronchiectasis disease. In short: a grid is placed on 10 equally spaced axial chest-
CT slices between lung apex and base. Each grid box is annotated by a trained and 
certified observer for the presence of structural lung abnormalities [18]. Each grid 
cell that contains at least 50% coverage of the lung is scored using the following 
hierarchical system (highest to lowest priority): 1. Atelectasis/consolidation (ATCON), 
2. bronchiectasis with mucus plugging (BEMP), 3. bronchiectasis without mucus 
plugging (BEwMP), 4. Airway wall thickening (AWT), 5. Mucus plugging without 
bronchiectasis (MP), 6. Ground-glass opacities (GGO), 7. Bullae (BUL), 8. Healthy 
airways (HA) and 9. Healthy parenchyma (HP).

The following composite BEST-CT scores were computed from the component scores 
and used for this study: 

Total bronchiectasis (%TBE) = %BEMP + %BEwMP

Total mucus plugging (%TMP) = %BEMP + %MP

Total of inflammatory CT-characteristics (%TInF) = %ATCON + %BEMP + %MP

Intra- and inter-observer reliability data are available (Table S2) [17]. 

Statistical analysis
Descriptive statistics of patient characteristics are displayed as median (interquartile 
range, IQR), mean (standard division, SD) or number (percentage), as appropriate. 
The large number of BA-ratios measured per CT were summarized as the median of 
BA-ratios in G1-6 for each CT. The associations between BA and MP metrics and the 
following clinical parameters were investigated using multivariable linear regression 
analysis: age, gender, length of disease, FEV1 %pred, microbiology, smoking status, 
hospital admissions, aetiology, co-diagnosis of asthma and/or COPD, eosinophil count, 
BSI and FACED. These investigated clinical parameters were largely the same as were 
investigated in the previous study investigating the associations between the BEST-CT 
visual scoring and clinical parameters [17]. For categories we also performed F-test for 
overall effects. Sensitivity analysis was performed for MP count and volume outcomes 
assuming generalized linear models with a non-standard response distribution (Tweedie 
family[33]). For the comparison between BEST-CT scores and BA and MP metrics, 
we used Spearman correlation coefficients because of the skewed data distribution. A 
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correlation coefficient lower than 0.2 was rated as very weak, 0.2-0.4 as weak, 0.4-0.6 as 
moderate, 0.6-0.8 as strong, and 0.8-1 as excellent[34]. All statistical analysis was done 
using R (version 4.3.2). Correction for multiple testing was not performed. Statistically 
significant results were defined as a p-value less than 0.05.

Table 1. Patient characteristics 

Demographics Value

Number of analyzed CT scans 609

Age (Years) 60.7 (15.3)

Gender (Male/Female) 190 (31%) / 419 (69%)

BMI 24.0 (5.7)

Country 

 Rotterdam, The Netherlands 90 (15%)

 St Niklaas, Belgium 12 (2%)

 London, United Kingdom 82 (13%)

 Dundee, United Kingdom 83 (14%)

 Cambridge, United Kingdom 17 (3%)

 Haifa, Israel 5 (1%)

 Monza, Italy 238 (39 %)

 Paris, France 82 (13%)

History of Bronchiectasisx

 < 5 years 228 (37%)

 5 – 9 years 119 (19%)

 10-14 years 70 (11%)

 15-20 years 40 (7%)

 >20 years 126 (20%)

Underlying Etiology 

 Idiopathic 290 (47%)

 Post Infective 92 (15%)

 Other diseases 50 (8%)

 ABPA 27 (4%)

 Primary/secondary immunodeficiency 35 (6%)

 NTM 29 (5%)

 COPD 17 (3%)

 Primary Ciliary Dyskinesia 33 (5%)

 CTD / RA / IBD 24 (4%)

 Asthma 18 (3%)

Co-diagnosis of Asthma and/or COPD
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Results

CT collection and study population
We collected 854 CT scans from 8 centres. 245 CTs did not meet the technical 
requirements for the automatic analysis (Figure 1). 30 CTs did not have complete 
matched clinical data. Hence, 609 inspiratory CTs were successfully analysed using 
both BA-analysis and MP-analysis. The manual BEST-CT scores were available for 364 
of these 609 patients. Patient characteristics and aetiology of bronchiectasis disease of 
the selected group are shown in Table 1. 69% of patients were female (n = 419) and 
mean age was 60.7 (SD, 15.3, range 18-93) years. In 290 patients (47%) the cause 
of bronchiectasis disease was classified as idiopathic, in 93 (15%) as post-infectious, 
respectively (Table 1). 226 (37%) patients had a history of infection with Pseudomonas 
aeruginosa and 100 (17%) with NTM. The median time between the CT scan and 
enrolment in the EMBARC registry was 338 days (IQR, 101-771 days).

Bronchus and artery analysis
A total of 135,489 BA-pairs were detected from segmental generations G0 up to G18. 
On average, a mean of 223 (SD, 101) BA-pairs per CT were detected. The highest 
number of BA-pairs per CT was detected in segmental generation G3 (Figure S1). A 

Table 1. Continued

Demographics Value

 Asthma 149 (24%)

 COPD 75 (12%)

Spirometry 

 FEV1 , %pred 80.1% (24.9%)

 FVC, %pred 94.0% (23.5%)

Smoking status

 Never 355 (58%)

 Ex 218 (36%)

 Current 36 (6%)

P. aeruginosa infection 226 (37%)

NTM infection ^ 100 (17%)

This table shows the patient characteristics at the time of enrolment in the EMBARC registry. Data is 
presented in mean (standard deviation, SD) or number (percentage). BMI = body mass index. FVC= 
forced vital capacity; FEV1= forced expiratory volume in 1 second; ABPA = Allergic bronchopulmonary 
aspergillosis; CTD = connective tissue disease; RA = Rheumatoid arthritis; IBD = inflammatory bowel 
disease; COPD = Chronic obstructive pulmonary disease; NTM = nontuberculous mycobacteria. x History 
of Bronchiectasis data of 32 patients are missing. ʷ BMI data of 183 patients are missing. ^ NTM infection 
data of 17 patients are missing.
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total of 124,382 (92% of all BA-pairs) were detected in segmental generations G1-G6, 
which generations were used for further statistical analysis.

The median (IQR) Bout/A, Bin/A, Bwt/A, and Bwa/Boa for G1-6 were 1.34 (1.07, 1.71), 
1.04 (0.81, 1.35), 0.13 (0.1, 0.2), and 0.37 (0.29, 0.47), respectively (Figure 2). Bout/A 
>1.1 or >1.5 (indicating bronchial dilatation) were observed in 73% and 39% of all BA-
pairs, respectively. Concerning bronchial wall thickening, a Bwt/A>0.14 was observed in 
49% of all BA-pairs and Bwa/Boa >0.37 was observed in 51% of all BA-pairs.

Figure 2. Boxplots of  BA-ratios

The red dotted lines represent the computed cut-off values for bronchial dilatation. For Bout/A this cut-off is 
1.1 and for Bin/A 0.8. For bronchial wall thickening the cut-off value for Bwt/A is 0.14 and for Bwa/Boa 0.37. 
Bout = diameter of bronchus outer edge; Bin= diameter of bronchus inner edge; A = diameter of artery; Bwt = 
bronchus wall thickness; Bwa/Boa = bronchial wall area/bronchial outer area. 

Mucus plug analysis
A total of 12,385 mucus plugs were detected on 533 (83%) CTs with a median count 
of 8 (2, 25) (Figure 3) and a volume of 0.44 (0.06, 1.64) mL (Figure S2). In 101 (17%) 
patients, no mucus plug could be detected.
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Figure 3. Distribution of  mucus plug count

This figure shows the number of mucus plugs detected on the chest CT. There is a wide range between 
patients from no mucus plugs to 465 mucus plugs per CT. Note that 101 (17%) patient did not have any 
detectable plug.

Clinical characteristics and BA and MP metrics
Associations between BA and MP-metrics are shown in Table 2. A significant and 
positive association was observed between Bout/A (p=0.002), Bin/A (p = 0.005), MP 
count (P=0.002), and age. Female gender showed higher values for Bout/A (p = 0.017), 
and Bwt/A (p = 0.022). A longer length of disease (especially between 15-20 years) 
showed more severe Bout/A, Bwt/A and MP count. FEV1 as a functional indicator of 
airway obstruction was correlated to Bin/A, Bwt/A, Bwa/Boa, and MP count. There was a 
significant and positive association for Bin/A (p = 0.002), and a significant and negative 
association for Bwt/A, Bwa/Boa and MP count (all p<0.0001). MP count was significantly 
(p=0.023) correlated to the presences of Pseudomonas aeruginosa, and a trend (p=0.06) 
was observed for NTM. Patients with ≥2 severe exacerbations showed a significant 
association with bronchial wall thickening (Bwt/A (p=0.02), Bwa/Boa (p=0.03)) and MP 
count (p =0.04). For the association between aetiology and BA and MP metrics, we 
observed that the category post-infective showed a significant and negative association 
with Bout/A, Bin/A, and Bwt/A. For PCD, a significant and positive association was 
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observed with Bwt/A, Bwa/Boa, and MP count. A co-diagnosis of COPD and or asthma 
was associated with a lower Bin/A, and higher Bwt/A, and Bwa/Boa. No significant 
associations were observed between BA-metrics and MP metrics and elevated eosinophil 
count. BSI and FACED scores were correlated to Bin/A, Bwt/A, Bwa/Bou, MP count and 
volume.

Correlations between BEST-CT and BA and MP-metrics
We observed weak to moderate correlations between BEST-CT scores and BA-ratios, 
and moderate correlations between BEST-CT scores and MP metrics (Table 3). 
Specifically, for bronchial dilatation, the correlation between %TBE and Bout/A was 
0.381 (95%CI, 0.286, 0.470). For bronchial wall thickening, the correlation between 
%TinF and Bwt/A was 0.405 (95%CI, 0.315, 0.483). Among the MP metrics, the 
correlations were higher, with MP count and volume showing correlations with %TMP 
of 0.65 (95%CI, 0.58, 0.72) and 0.61 (95%CI, 0.53, 0.68), respectively.

Table 3. Correlations between BEST-CT scores and BA and MP metrics

%TBE %TMP %TInF

Bout/A 0.38 (0.29, 0.47) - -

Bin/A 0.26 (0.17, 0.36) - -

Bwt/A - 0.40 (0.31, 0.48) 0.41 (0.32, 0.48)

Bwa/Boa - 0.24 (0.15, 0.34) 0.26 (0.17, 0.35)

MP count - 0.65 (0.58, 0.72) 0.59 (0.51. 0.66)

MP volume - 0.61 (0.53, 0.68) 0.56 (0.47, 0.63)

The correlation coefficients (with 95% confidence intervals) between BEST-CT scores and BA and MP 
metrics are presented for 364 patients. Note that BA-ratios are summarized as a median in segmental 
generation G1-G6 for each CT. BA= bronchus and artery. MP= mucus plug. TBE = Total bronchiectasis 
TMP = Total mucus plugging. TInF = Total of inflammatory CT-characteristics. Bout = diameter of 
bronchus outer edge; Bin= diameter of bronchus inner edge; A = diameter of artery; Bwt = bronchus wall 
thickness; Bwa/Boa = bronchial wall area/bronchial outer area. MP = mucus plug

Discussion

In this study, we analysed CT scans obtained in a large cohort of bronchiectasis 
patients from the EMBARC registry using fully automatic AI-based software to assess 
BA and MP metrics on chest CT scans. In addition, outcomes of the fully automatic 
analysis was compared to visual BEST-CT scores. Our findings demonstrate substantial 
heterogeneity in the structural lung abnormalities present in bronchiectasis patients, 
which is consistent with the diverse clinical presentations and pathophysiological 
mechanisms associated with this condition. Furthermore, the correlations of BA and 
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MP metrics on the one hand, with clinical characteristics and visual BEST-CT scores 
on the other, demonstrate the feasibility and relevance of the automatic analysis for 
phenotyping bronchiectasis disease patients and its potential value for bronchiectasis 
diseases registries such as EMBARC.

We identified significant associations of BA and MP metrics with patient 
demographics, clinical characteristics, and exacerbations. Older patients and those 
with a longer duration of disease exhibited more pronounced bronchial and mucus 
abnormalities, consistent with the often progressive nature of bronchiectasis. Chronic 
airway inflammation and recurrent infection likely drive these changes, resulting 
in cumulative structural lung damage and mucus retention. Notably, the significant 
association between MP count and the presence of Pseudomonas aeruginosa supports 
the detrimental role that this bacteria can play in bronchiectasis patients, something 
long recognised in people with cystic fibrosis bronchiectasis. This finding aligns with 
previous studies that demonstrated a correlation between Pseudomonas aeruginosa 
in patients with bronchiectasis and an increased risk of exacerbations, as well as 
more severe bronchiectasis and mucus plugging on chest CT scan [17, 27, 28, 35, 
36]. Furthermore, In COPD, an association has been described between the number 
of mucus-occluded segments through visual scoring and all-cause mortality in 4483 
COPDGene participants[37]. These findings were recently corroborated in all COPD 
participants using the same method employed in our study[38]. In the context of 
bronchiectasis, the presence of mucus plugs on chest CT could also signal increased 
airway inflammation, with increased mucus secretion and retention secondary to a 
bacterial or fungal infection, contributing to the symptoms and progression. 

Another important point highlighted by our study is the significant association between 
mucus plugging, bronchial wall thickening, and the number of severe exacerbations 
requiring hospital admission. Increased bronchial wall thickness may reflect both 
active inflammation resulting in swelling of the mucosa and in mucus adhering to 
the bronchial wall contributing to the increased wall thickness measurements[39]. 
Mucus accumulation amplifies the vicious cycle of inflammation, infection, and 
exacerbations, driving structural lung damage. The significant association between wall 
thickness markers and mucus plugging and the number of exacerbations requiring 
hospital admission underscores the idea that this subgroup of bronchiectasis patients 
experiences higher disease activity and potentially greater clinical consequences[37]. 
Effective mucus clearance is a key component of bronchiectasis management plans[4]. 
While previous studies have suggested a key role for inflammation in bronchiectasis, 
our findings add radiological evidence for the contribution of mucus plugging, in a 
large number of patients reinforcing the importance of addressing both inflammation 
and mucus in treatment strategies [17, 40].
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An essential aspect of diagnosing and managing patients with bronchiectasis is 
identifying the underlying aetiology and associated comorbidities. An important 
finding of our study is the observation that different underlying aetiologies were found 
to associate with some, but not all, BA and MP metrics. For example, patients with 
PCD showed more inflammatory CT features, such as mucus plugging and bronchial 
wall thickening. These results are consistent with other studies, which also suggest that 
inflammation plays an important role in PCD [17, 41]. These findings suggest that 
PCD patients may benefit from more intensive mucus clearance, anti-inflammatory, 
and/or antibiotic treatments. In contrast, post-infective bronchiectasis significantly 
associated with lower mucus plugs metrics, which is consistent with our previous 
findings [17]. This, supports the concept of “dried-up” bronchiectasis, which formed 
during a historical episode of inflammation and bronchial damage, but with less active 
ongoing inflammatory disease. Moreover, there was significantly less bronchiectasis in 
post-infective cases compared to other aetiologies, which is also consistent with our 
previous findings. This makes sense, as post-infectious bronchiectasis often involves 
only a single segment or lobe, unlike diffuse bronchial damage observed in other 
systemic aetiologies such as immune deficiencies or PCD. Additionally, bronchiectasis 
patients with overlapping conditions such as a co-diagnosis of asthma and/or COPD 
had significantly lesser extent of bronchial dilatation compared to patients without a 
co-diagnosis of asthma and/or COPD, but interestingly increased airway wall thickness 
markers. As described before, this is important in light of research on BE and COPD 
and/or asthma overlap syndromes. It suggest that the symptoms of these patients 
could arise predominantly from their small airway disease rather than in the medium-
sized and larger airways as detected on chest CTs. However, the significantly higher 
bronchial wall thickening in bronchiectasis patients with a co-diagnosis of asthma 
and/or COPD compared to patients without this co-diagnosis suggests that chronic 
bronchial inflammation does contribute to their symptoms. 

Although we found significant correlations between all BAs and MP metrics with lung 
function, the observed positive correlation between Bin/A and FEV1 warrants further 
discussion. FEV1, as a measure of airflow, is typically associated with the internal 
diameter of the airways. Our study found a positive correlation between Bin/A and 
FEV1, indicating that a relatively wider bronchial inner diameter to adjacent arterial 
diameter is associated with higher airflow and better lung function. We find this a 
logical association and it underlines our plea to define pathological bronchial dilatation 
on the basis of the outer diameter of the bronchus, rather than the inner diameter, 
which is still often considered [7] . Conversely, higher Bwt/A and Bwa/Boa, indicative 
of bronchial wall thickening, likely correspond with a diminished bronchial lumen, as 
well as reflect more significant airway remodeling or chronic inflammation, correlating 
with lower FEV₁ values [42]. 
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The BA and MP metrics broadly align with the BEST-CT scoring method, 
demonstrating their potential as objective tools for evaluating BA-dimensions and 
mucus plugs in bronchiectasis disease patients. BA and MP metrics correlated to 
comparable outcomes for the BEST-CT and can be used to quantify bronchial 
dimensions with great precision in bronchiectasis patients. It has previously been 
shown that bronchial dilatation, as measured by BA dimensions, correlates with similar 
outcomes in the BEST-CT scoring method, particularly at higher cut-off values [21]. 
Especially the assessment of bronchi showing mild bronchial dilatation (i.e. Bout/A 
between 1.1 and 1.5) of all visible BA-pairs in daily practice is not feasible as it is too 
time-consuming and is considered difficult and poorly reproducible between experts 
[17, 32]. In the current study, 34% of all BA-pairs measured fell in this 1.1 to 1.5 
category, while 39% fell in the severe category of >1.5 as determined by Bout/A. Future 
clinical application of BA-analysis in bronchiectasis patients could be used to report the 
percentage of mild and severely enlarged airways and provide longitudinal follow-up to 
monitor disease progression. 

Though the BA-analysis we used captures key elements related to airway disease, we did 
not include AI based algorithms to capture parenchymal changes such as emphysema 
for this retrospective analysis. This would have been relevant especially for the 12% of 
patients who also had a co-diagnosis of COPD. However, for the correct diagnosis of 
emphysema volume standardization is of key importance. Furthermore, for the reliable 
diagnosis of emphysema, an expiratory scan is considered important[43]. Unfortunately, 
these were not routinely collected in most patients for which reasons we did not include 
this analysis in our study. Furthermore, it should be investigated whether it is clinically 
relevant to quantify other parenchymal changes such as consolidations, fibrosis or 
ground-glass opacities. Given the important contribution of airway related structural 
changes and the substantial time requirements of the BEST-CT method, the automatic 
analysis of BA and MP metrics is well-positioned as starting point for the quantification 
of key structural changes in bronchiectasis patients in registry studies and in the future 
also for daily clinical care.

While our study benefits from a large sample size and objective and reproducible 
measurements, some limitations should be considered. The cross-sectional design of 
this study limits our ability to infer causal relationships between structural changes, 
clinical parameters, and outcomes. Furthermore longitudinal studies are needed to 
elucidate how these structural abnormalities evolve over time and their potential role in 
predicting disease progression or response to therapy. Another limitation of this study is 
the lack of volume optimisation and protocol standardization; however, addressing this 
is expected to further improve the sensitivity and accuracy of our findings. 
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Quantitative CT imaging, as demonstrated in this study, provides detailed, reproducible 
data on bronchial measurements and mucus plugs, linking structural changes to 
clinical outcomes such as airflow obstruction and disease severity. These metrics may 
support risk stratification and facilitate the identification of distinct inflammatory 
phenotypes, enabling tailored treatment approaches for subgroups of bronchiectasis 
disease patients. Furthermore, these metrics will enable clinicians to reliably assess 
subtle structural changes, particularly in the context of longitudinal disease monitoring, 
providing much needed non-invasive biomarkers [5]. We demonstrated that the fully 
automated analysis provides similar outcome measures compared to a semi-automated 
analysis technique, but with much greater precision and efficiency. This made it 
feasible to fully automatically analyse the CTs of a large cohorts of patients such as the 
EMBARC registry, which will be extremely important to advance our understanding of 
bronchiectasis disease.

In conclusion, this study highlights the utility of AI-based software in evaluating 
bronchiectasis-related lung abnormalities and underscores the complex relationships 
between structural changes, clinical characteristics, and outcomes in bronchiectasis 
patients. The observed associations between BA and MP metrics, and clinical factors 
suggest that these imaging-derived biomarkers could provide valuable insights into 
disease severity, progression, and management. 
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Appendix

Table S1. CT scanner characteristics

CT scanner manufacturer CT scanner type Kernels Slice thickness (mm)
Canon Medical Systems Aquilion Lightning LUNG 1

Aquiliion Prime SP LUNG 1
GE Medical systems Brightspeed Boneplus 1.25

CHST 1.25
Lung 1.25
Soft 0.625, 1.25
Standard 1.25

Brightspeed QX/i Boneplus 1.25
Brightspeed S Standard 1.25
Discovery CT750 HD Boneplus 1.25

HD lung 1.25
Standard 1.25

Discovery MI Chest 1.25
Lung 1.25

Lightspeed Pro 32 Lung 1.25
Standard 1.25

LightSpeed VTC Bone 1.25
Chst 0.625, 1.25
Lung 1.25
Soft 0.625, 1.25
Standard 0.625, 1.25

Optima CT520 Series Standard 1.25
Optima CT540 Boneplus 1.25

Lung 1.25
Standard 1.25

Optima CT660 Boneplus 1.25
Chst 1.25
Standard 1.25

Revolution CT Standard 0.625, 1.25
Revolution EVO Boneplus 1.25

Chst 1.25
Lung 0.625, 1.25
Standard 0.625, 1,25

Revolution HD Standard 0.625, 1.25
Hitachi, Ltd. FCT Speedia 21 1.25
Philips Access CT Lung B 1

Brilliance 16 L 1
YD 1

Brilliance 16 P B 1
Brilliance 64 B 1, 1.5
Briliance 64 B 1, 1.5

C 1, 1.5
L 0.9, 1
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Table S1. Continued
CT scanner manufacturer CT scanner type Kernels Slice thickness (mm)

YA 1
YB 1
YC 1

Briliance16 L 1
Gemini LXL L 1
iCT 128 YC 1
iCT 256 A 1.25

B 0.9
CB 0.9
L 1
YA 0.8, 0.9, 1.4
YB 1
YC 1

iCT SP YB 1
Ingenuity Core B 1.5

YC 1
Ingenuity Core 128 B 1, 1.5
Inguinity CT B 1, 1.5

Siemens Biography128 B26f 1
B70f 1
B75f

Biography40 B70f 1
Definition AS+ B31f 1.5

B70f 1
B70s 1

Emotion 16 B70s 1
B80s 1

Emotion 16 (2007) B31s 1.5
B80s 1

Emotion 16 (2010) B70s 1
Emotion 6 B70s 1
Perspective I30s\2 1.5

I50s\1 1
SafeCT B90s 1.5
Sensation 16 B31f 1

B70f 1
B80s 1

Sensation 40 B31f 1
B30f 1
B40f 1
B41f 1
B70f 1, 1.5

Sensation Cardiac B70f 1
B70s 1

Sensation Cardiac 64 B30f 1.5
SOMATOM Definition B20f 0.75, 1, 1.5

B25f 1
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Table S1. Continued
CT scanner manufacturer CT scanner type Kernels Slice thickness (mm)

B31f 0.75, 1
B40f 0.75
B70f 1
B80f 1, 1.5
I70f\3 1

SOMATOM Definition AS B10f 1.5
B30f 1, 1.5
B31f 0.75, 1
B60f 1.5
B75f 0.75
I30f\3 1
131f\3 1
I70f\3 1

SOMATOM Definition AS+ B20f 1
B26f 1
B30f 1
B31f 1
B50f 1
B70f 0.75, 1, 1.5
B75f 1
I30f\1 1
I30f\2 1
I30f\3 1
I31f\3 1
I70f\3 1

SOMATOM Definition Edge B30f 1
B70f 1
I26f\3 1
I30f\3 1
I70f\3 1

SOMATOM Definition Flash B26f 1
B30f 1
B31f 1
B50f 1
B70f 1, 1.5
B80f 1
I26f\3 1
I30f\3 1
I70f\1 1
I70\3 1, 1.5
I70h\3 1

SOMATOM Drive I70f\3 1
SOMATOM Force Bl57d\3 1

BL64d\3 1
Br36d\3 1
Br40d\1 1
Br40d\3 1
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Table S1. Continued
CT scanner manufacturer CT scanner type Kernels Slice thickness (mm)

Bv36d\3 1
Bv40d\3 1

SOMATOM go.TOP Br64f\3 1
SOMATOM go.Up Br60f\3 1
SOMATOM Perspective I80s 1
SOMATOM Scope I41s 1.5
Symbia T16 B41s 1

TOSHIBA Activion16 FC07 1
Alexion FC08 1
Acquilion FC02 1

FC03 1
FC07 1
FC08 1
FC10 1
FC18 1
FC52 1
FC55 1
FC56 1

Aquilion Lightning FC07 1
Aquilion ONE FC01 0.5

FC08 0.5
FC09 1
FC55 1

Aquilion Prime SP FC43 1
Asteion FC17 1
Astelion FC07 1
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Table S2. Intraclass correlation coefficients of BEST-CT

Scores Intra Inter

%ATCON 0.98 0.93

%BEMP 0.99 0.29

%BEwMP 0.99 0.75

%TBE 0.99 0.93

%AWT 0.95 0.69

%MP 0.91 0.63

%GGO 0.19 0.60

%BUL 0.99 0.99

%HA 0.89 0.30

%HP 0.97 0.83

This table presents intra- and inter-observer agreement for the BronchiEctasis Scoring Technique for 
Computed Tomography (BEST-CT) expressed in intra-class correlation coefficients (ICC). 

Certification was obtained by completion of standardized training modules (CF-CT, PRAGMA-CF and 
BEST-CT). The observer who scored all CT scans was a radiology resident with subspecialty training in 
thoracic radiology (AvB). The second observer for the inter-observer reliability was a certified LungAnalysis 
laboratory staff (M.B.). To assess intra-observer variability of the BEST-CT scoring method the main 
observer rescored 28 randomly selected CTs, one month after completion. 

ATCON = Atelectasis and/or consolidation; BEMP = Bronchiectasis with mucus plugging. BEwMP = 
Bronchiectasis without mucus plugging; TBE = total bronchiectasis (BEMP + BEwMP). AWT = airway 
wall thickening. MP = Mucus plugging; GGO = Ground-glass opacities. BUL = bullae. A = airways. P = 
parenchyma. 
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Figure S1. Average number of BA-pairs per segmental generation

BA= bronchus and artery. Note that the highest number of BA-pairs in both treatment groups could be 
detected in segmental generation G3.
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Figure S2. Distribution of mucus plug volume

This figure shows the volume of mucus plugs detected on the chest CT. There is a wide range between 0 and 
50.51mL per CT. MP= mucus plug.
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Figure S3. Visual distribution of the EMBARC population (n=364). 

This stacked bar chart shows the results of BronchiEctasis Scoring Technique for Computed Tomography 
(BEST-CT) scoring of 364 chest computed tomography (CT) scans which were included for the automatic 
analysis. Each stacked bar represents the analysis results of one CT scan. Component scores are expressed as 
percentage of total lung volume and add up to 100% on the Y-axis. On the X-axis patients are represented 
(n = 364).

Subscores in the order by which they are scored. ATCON = Atelectasis and/or consolidation; BEMP = 
Bronchiectasis with mucus plugging. BEwMP = Bronchiectasis without mucus plugging; AWT = airway 
wall thickening. MP = Mucus plugging; GGO = Ground-glass opacities. BUL = bullae. A = Airways. P = 
Parenchyma). Patients are sorted based on the total disease score (%DIS) = %ATCO + %TBE + %AWT + 
%MP + %GGO + %BUL.
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Abstract

Introduction: Bronchiectasis disease is characterised by cough, sputum, and exacerbations, 
with chest CT typically showing bronchial wall thickening, and mucus plugging in addition to 
bronchial dilation. Asthma is a common comorbidity and associated with increased, eosinophilic, 
airway inflammation. Automated measurements of bronchial wall thickening and mucus plugs 
may serve as biomarkers for inflammation and associated with clinical characteristics such as 
spirometry, blood eosinophil count, and disease severity in patients with bronchiectasis and 
asthma co-diagnosis. 

Methods: In a cross-sectional retrospective cohort of 64 patients with bronchiectasis disease 
and asthma, we applied automated image analysis to assess bronchial dimensions and mucus 
plug metrics on chest CT scans. These metrics were correlated with spirometry,blood eosinophil 
counts as well as Bronchiectasis Severity Index (BSI) and FEV1, Age, Colonization, Extension 
and Dyspnea (FACED) scores using correlations and multiple regression analyses.

Results: In 63 patients, bronchial wall thickness and mucus plugs were quantified. ] Negative 
correlations were observed between bronchial wall thickness markers and spirometry (Bwt/A 
and FEV1, r=-0.37; FEV1/FVC, r=-0.30). Mucus plugs correlated negatively with spirometry 
and positively with BSI and FACED scores (no. of mucus plugs and BSI, r=0.45). Correlations 
with blood eosinophil counts were very weak. In multiple regression analyses, independent 
associations were observed for FEV1, Pseudomonas aeruginosa and frequent exacerbations. 

Conclusion: This study identified key relationships between automated measurements of 
bronchial wall thickness and mucus plugs with clinical characteristics, highlighting their 
potential as imaging biomarkers to enhance phenotyping, improve risk assessment, and facilitate 
tailored treatment strategies in bronchiectasis.
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Introduction

Bronchiectasis disease is characterised by cough, sputum production, and recurrent 
exacerbations, together with the radiological appearance of abnormal dilatation of 
bronchi.[1] Chronic airway inflammation is an important driving factor for clinical 
symptoms and outcomes in these patients, with airway remodeling and altered airway 
structure as consequences of the inflammatory process.[2, 3] On chest computed 
tomography (CT), changes such as wall thickening and mucus plugging are indicative 
of ongoing inflammation and are highly prevalent in bronchiectasis disease patients.[4] 
In the clinic, these markers have been linked to exacerbations and can potentially be 
used to differentiate between inflammatory ‘active’ or ‘inactive’ phenotypes.[5]

A promising development is the emergence of artificial intelligence (AI) based 
automated tools for the precise quantification of airway dimensions on chest CT scans, 
which may be used for in vivo monitoring of disease activity and progression. Bronchial 
wall thickening can reduce the airway inner diameters (lumen) and decrease airway 
compliance, which are key determinants of airflow obstruction. Therefore, airway 
dimensions are an important link between radiology and lung function. Traditionally, 
visual radiological evaluation of CT scans in bronchiectasis disease prioritises those 
airways labelled as bronchiectasis, which have already undergone permanent significant 
widening and thickening. A more sensitive automatic assessment of bronchial wall 
thickening and mucus plugging could detect the consequences of airway inflammation 
earlier, potentially allowing for earlier anti-inflammatory interventions before 
irreversible widening occurs.[3] 

Automated assessment of bronchus-artery (BA) pair dimensions has been shown to 
be sensitive for detecting bronchial wall thickening and bronchial widening in cystic 
fibrosis (CF),[6, 7], non-CF bronchiectasis, and COPD . [8, 9] and paediatric asthma. 
[10] Automated assessment of mucus plugs has recently also been applied on large real-
life cohorts of COPD patients as well as non-CF bronchiectasis and cystic fibrosis.
[11-13] 

Additional developments in bronchiectasis disease have focused on identifying 
inflammatory endotypes. While neutrophilic inflammation is most prevalent, 
eosinophils have also demonstrated elastolytic capacity and the secretion of 
substances that can damage the bronchial wall such as eosinophil cationic protein and 
metalloproteases.[14] In addition, eosinophils have been implicated in the formation of 
mucus plugs.[15] An eosinophilic endotype was identified in 22.6% of a large cohort 
of bronchiectasis patients, based on blood eosinophil counts of ≥0.3*109/L.[16] 
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As known, particularly in severe asthma around 80% of patients have an eosinophilic 
endotype.[17] Bronchiectasis disease has a high co-occurrence of asthma, as well as 
COPD, sometimes also called overlap syndromes, which have been associated with 
higher inflammation and worse outcomes. [18-21] Interestingly, it was shown in the 
European Multicentre Bronchiectasis Audit and Research Collaboration (EMBARC) 
cohort that 31% of bronchiectasis disease patients have a co-diagnosis of asthma. [22] 
Inversely, radiological bronchiectasis is reported as a common comorbidity in asthma, 
with a significantly higher prevalence in severe eosinophilic asthma compared with 
mild asthma. [23] Asthma is characterised by bronchial hyperreactivity and chronic 
inflammation of both the larger and small airways. [24] 

To investigate the relationship between radiological markers of bronchial wall 
thickening and mucus plug formation with clinical characteristics such as lung function 
and blood eosinophil counts, we applied automated image analysis to chest CTs of a 
cross-sectional cohort of bronchiectasis disease patients with co-diagnosed asthma. By 
utilizing CT features as biomarkers, the goal is to better understand and phenotype 
these patients, and tailor anti-eosinophilic and mucolytic treatments to the patients 
most likely to benefit.

Hypothesis: Bronchial wall thickening and mucus plugging, as assessed by CT and 
automated image analysis, are related to clinical characteristics, lung function, and 
blood eosinophil counts in patients with bronchiectasis disease and an asthma co-
diagnosis.

Research questions: 
1.	 What is the relationship between bronchial wall thickness and mucus plugs (as 

measured by automated tools on chest CT scans) with spirometry?
2.	 What is the relationship between bronchial wall thickness and mucus plugs with 

blood eosinophil counts?
3.	 How are specific clinical factors (e.g. age, dyspnoea, Pseudomonas colonisation, 

FACED/BSI-scores, and exacerbation frequency) associated with bronchial wall 
thickness and mucus plugs?

Methods

The BASIIS (Bronchiectasis & Asthma Identification and Inflammatory phenotyping 
Study) is a retrospective cross-sectional cohort using clinical data from 2018-2021 from 
the Erasmus MC University Medical Centre (Rotterdam, NL) bronchiectasis clinic. 
Inclusion criteria: ≥18 years, bronchiectasis (based on ICD-10 J47 in July 2020), 
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and a diagnosis of asthma in the clinical notes. After screening 255 bronchiectasis 
patients, 78 with asthma co-diagnosis were selected. Exclusion criteria: no mention of 
bronchiectasis in the chest CT report, unsuitable chest CT scan (>5 years old, slice 
thickness >1.5mm, or slice gaps), negative bronchial provocation test, and incomplete 
records. After review, 64 patients were included in this study. See Figure 1. Patient 
data were collected and coded for pseudo-anonymity after institutional review board 
approval (MEC-2020-0061).

Figure 1. Inclusions flowchart

This figure shows the number of participants and reasons for exclusion. BA: bronchial artery analysis; MP: 
mucus plug analysis. 

Data collection
Data were collected by the first author using the OpenClinica® electronic data capture 
platform (OpenClinica, LLC, Waltham USA). Spirometry followed ATS/ERS 
standards.[25] Height, weight and body mass index (BMI), smoking history, number 
of exacerbations and hospitalisations, modified medical research council (mMRC) 
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dyspnoea score, and medication use were derived from clinical records and prescription 
data. Laboratory results (blood eosinophil counts) were collected from digital patient 
records both closest to the CT scan date and if the patient had historical eosinophil 
measurements ≥0.3*109/L (yes/no). Bronchiectasis aetiology was determined by the 
treating pulmonologist after a workup conducted according to Dutch bronchiectasis 
guidelines.[26] Bacterial colonisation status was retrieved from sputum culture results. 
All extracted data were coded to ensure blinding. Missing data in the records were 
marked as missing in the database.

FACED and BSI
We assessed bronchiectasis severity using the FACED and BSI (Bronchiectasis Severity 
Index) scores. The FACED score combines FEV1 (% predicted), age, colonisation by 
Pseudomonas aeruginosa, radiological extent of bronchiectasis, and mMRC dyspnoea 
scale, classifying patients into three categories of mortality risk: mild (0-2 points), 
moderate (3-4 points), and severe (5-7 points).[27] The BSI includes the additional 
variables of BMI, number of hospitalisations and exacerbations in the past year, 
and bacterial colonisation status, to predict hospitalisation and mortality rates. BSI 
categories: mild (0-4 points), moderate (5-8 points), and severe (≥9 points).[28] 

Automated image analysis
Chest CT scans of the participants were retrieved from the hospital radiology system 
and pseudo-anonymized. The scans underwent preprocessing to identify the optimal 
inspiratory CT scan reconstruction for each participant based on following criteria: 
a minimum of 150 scan slices, slice thickness 1.5 mm or less, and no slice gap. The 
selected CT scans were then further analysed to determine BA ratios and the presence 
of mucus plugs using the fully automated AI-based software LungQ-BA v.2.0.1. and 
LungQ-MP v.3.0.1. (Thirona B.V., Nijmegen, the Netherlands). 

LungQ-BA algorithm steps: 1. Bronchial tree segmentation; 2. Identification of detected 
bronchial branches; 3. Matching the adjacent artery for each detected bronchial branch 
(BA pairs); 4. Identification of the generation (G) number for each BA pair starting 
from the segmental bronchi (G0); 5. Computation of BA dimensions: Bin, Bwt, Bwa, 
Boa, and A; 6. Computation of BA ratios: Bin/A, Bwt/A, and Bwa/Boa. See also Figure 2. 
Airway measurements are performed for airways proximal to an occluding mucus plug, 
so that dimensions reflect unobstructed bronchi.
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Figure 2. Bronchial Artery (BA)-measures. 

This figure shows the bronchial and arterial dimensions and ratios as automatically measured by LungQ-
BA. Bwt: bronchial wall thickness; Bwa: bronchial wall area; Boa: bronchial outer area; Bin: bronchial inner 
diameter; A: accompanying artery diameter.

Also, LungQ determines Pi10, a computed measure that represents the square root of 
the wall area of a hypothetical airway with an internal perimeter of 10 mm.[29] 

As a measure of bronchial lumen, we used Bin/A. As a measure of wall thickness, we 
used Bwt/A and Bwa/Boa. Bwa/Boa is independent of arterial diameter, which may be 
altered by pathological changes in the pulmonary vasculature. 

BA dimension results are presented from sub-segmental level onward (G1-14), where 
G1 represents the sub-segmental bronchi, G2 represents the sub-sub-segmental bronchi, 
etc. For statistical analysis, we used the median BA measurements of G1-6 because 
these bronchial generations included the highest number of BA measurements in most 
participants and which is less affected by body size, inspiration level, and the relatively 
higher visibility of small airways affected by airway disease.[7, 9] On the request of the 
reviewer, we conducted an additional analysis focusing on BA measurements in G1-3 to 
address a concern regarding the reliability of measurements in higher generations. This 
analysis confirmed that the main findings of the primary analysis were consistent with 
proximal-generation airways (G1-3). See online supplement. 

LungQ-MP also uses AI-based algorithms to detect mucus plugs throughout the 
lung and has now been used in multiple real-life cohorts of patients with COPD, 
cystic fibrosis and bronchiectasis.[11-13] The detection algorithm, trained on expert 
annotations, identifies full mucus obstructions with clear proximal and distal airways, 
providing both location and volumetric assessments. The segmentation combines seed-
based and voxel-based methods, providing detection and quantification of mucus plugs 
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along the entire bronchi, including the peripheries. The algorithm provides output as 
the number of detected mucus plugs and their segmental locations and volumes (mm3). 

Variables of  interest
• 	 Bronchial wall thickness: Bwt/A, Bwa/Boa, and Pi10
• 	 Bronchial inner diameter: Bin/A 
• 	 Mucus plugs: total number of detected mucus plugs in the bronchial tree and total 

mucus plug volume (mm3)
• 	 Spirometry: FEV1 %predicted, FEV1/FVC ratio
• 	 Blood eosinophil counts in number of cells*109/L and historical measurements 

≥0.3*109/L
• 	 Patient factors: age, BMI, mMRC dyspnoea scores, bacterial colonisation 

(Pseudomonas aeruginosa and other pathogens), number of exacerbations and 
hospitalisations, FACED and BSI scores.

Primary research questions
• 	 Relationship between
	 o	� BA measurements of bronchial wall thickness (Bwt/A, Bwa/Boa, Bin/A) with 

spirometry (FEV1 % predicted and FEV1/FVC)
	 o	� Mucus plug measurements (total number and volume) with spirometry
• 	 Relationship between
	 o	� BA measurements of bronchial wall thickness (Bwt/A, Bwa/Boa) with blood 

eosinophils (number of cells*109/L and binary for historical value >0.3*109/L)
	 o	� Measurements of mucus plugs (total number and volume) with blood 

eosinophils 

Secondary research questions
• 	 Relationship between automated measurements of Pi10 and Bin/A with spirometry 

and eosinophil counts
• 	 Relationship between mucus plug number and volume with bronchiectasis severity 

models (BSI and FACED)
• 	 Relationship between clinical characteristics (age, dyspnoea, exacerbation frequency, 

eosinophil counts, Pseudomonas colonisation and FEV1 %predicted) with BA-
measurements of bronchial wall thickness and mucus plugs. 

Statistical analysis
Data are presented as median and interquartile range (IQR) (25th -75th percentile) or as 
mean ± standard deviation (SD), depending on the data distribution.
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Bwt/A, Bwa/Boa, Pi10, and Bin/A were selected as the most relevant measures for the 
connection with spirometry outcomes, as the bronchial internal diameter of the airways 
and the bronchial wall area are likely to determine maximal flows for a spirometry 
manoeuvre. For the spirometry outcomes FEV1% predicted and FEV1/FVC were 
selected because these outcomes are considered dependent on airway resistance and 
airway dimensions. The relationship between the total number of mucus plugs, total 
mucus volume, and spirometry was investigated. Correlations were assessed using 
Spearman’s, Pearson’s, or point bi-serial coefficients and confidence intervals, depending 
on data skewness. A correlation coefficient lower than 0.2 was rated as very weak, 0.2-
0.4 as weak, 0.4-0.6 as moderate, 0.6-0.8 as strong, and 0.8-1 as excellent.[30]

Multiple regression analyses were performed using clinical characteristics age, mMRC 
dyspnoea score, number of exacerbations in the preceding year, blood eosinophil counts 
in cells*109/L, Pseudomonas aeruginosa colonisation, and FEV1 percentage predicted as 
independent variables, and measures of bronchial wall thickening (Bwt/A and Bwa/Boa) 
and mucus plugs (total number and volume) as dependent variables. 

Age, blood eosinophil count, and FEV1 were taken as continuous variables, Pseudomonas 
aeruginosa as binary variable and mMRC dyspnoea score and exacerbations per year as 
categorical variables using 0, 1 and ≥2, with reference 0. The PP-plots were checked for 
normality of the residuals. Initial analyses included all participants; however, residuals 
suggested deviation from normality. Outlier analysis was conducted based on standard 
deviation (≥3SD) and Cook’s distance (≥0.5). Statistical analysis was performed using 
SPSS version 28.0.1.0 (IBM, USA), with significance defined as p < 0.05, without 
corrections for multiple testing. 

Results

LungQ successfully measured BA and mucus plugs in 63 and 59 participants, 
respectively. Of the 63 participants, 35 were women (55.6%), mean age 60.8 (±17.2) 
years. Most participants were Caucasian (76.2%), and 34.9% had a history of smoking 
(no current smokers). All participants were prescribed inhaled corticosteroids (ICS); 
no participants were prescribed maintenance oral corticosteroids. In 63 participants, 
LungQ measured 12528 BA pairs, of which generations 1-6 account for 93.7% 
(11,709/12,528). 

For complete participant characteristics, see Table 1. For a depiction of median Bin/A, 
Bwt/A, and Bwa/Boa ratios for bronchial generations 1-6 see supplemental Figure 1a-c, 
as well as a bar chart of participants sorted by number of mucus plugs in supplemental 
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Table 1. Participant characteristics

Clinical characteristics

Gender (female) 55.6% (n=35)

Age (years) 60.8 (±17.2)

BMI (kg/m2) 23.77 (±4.56)

Ethnicity (Caucasian, binary) 76.2% (n=48)

Former smoking (binary) 34.9% (n=22)

Bronchiectasis aetiology
ABPA 1 (1.6%)

Asthma 10 (15.9%)

Connective Tissue Disease 2 (3.2%)

GERD/aspiration 1 (1.6%)

Idiopathic 10 (15.9%)

Immunodeficiency 8 (12.7%)

Non-Tuberculous Mycobacteria 2 (3.2%)

PCD 2 (3.2%)

Post-infectious 8 (12.7%)

More than one aetiological factor / other 19 (30.2%)

BSI-score 6.0 (3.0-8.0) 

0- 4 points: Mild Bronchiectasis 24 (38.1%)

5–8 points: Moderate Bronchiectasis 24 (38.1%)

≥9 points: Severe Bronchiectasis 15 (23.8%)

FACED-score 2.0 (1.0-3.0)

0-2 points: Mild bronchiectasis 42 (66.7%)

3-4 points: Moderate bronchiectasis 18 (28.6%)

5-7 points: Severe bronchiectasis 3 (4.8%)

Number of exacerbations/year 1.0 (0.0-1.0) 

0 Exacerbations 25 (39.7%)

1 Exacerbation 23 (36.5%)

≥2 (‘Frequent exacerbator’) 15 (23.8%)

mMRC dyspnoea score 0.0 (0.0-1.0) 

0: Only with strenuous exercise) 32 (50.8%)

1: When hurrying or walking up a slight hill 16 (25.4%)

≥2: Walks slower than same age, must stop for breath, or worse 15 (23.8%)

Blood eosinophil count, 109/L (continuous) 0.26 (±0.32)

Eosinophils ever ≥0.3 *109/L (binary) 46.0% (n=29)

Pseudomonas colonisation (binary) 30.2% (n=19)

Other pathogen colonisation (binary) 42.9% (n=27)

Use of azithromycin (binary) 55.6% (n=35)

FEV1 %predicted 71.30 (±21.75) 

FER (FEV1/FVC) 0.64 (±0.13)
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Figure 2. See Supplemental Table 1 for the CT scanner manufacturers, kernels and slice 
thickness of the included scans.

1. �Relationship between bronchial wall thickness, mucus plugs and lung 
function. 

Correlations between bronchial parameters and lung function tests were observed 
(Table 2). Bwt/A and Bwa/Boa demonstrated weak and moderate negative correlations 
with FEV1 % predicted and FEV1/FVC, indicating that increases in these bronchial wall 
parameters are associated with lower lung function. Similarly, Pi10 showed moderate 
negative correlations with both FEV1% predicted and FEV1/FVC. In contrast, Bin/A 
showed moderate positive correlation. The total number of mucus plugs and total 
mucus plug volume also showed moderate to strong negative correlations with both 
FEV1 % predicted and FEV1/FVC. Correlation plots for all investigated relationships 
are shown in supplemental Figure 3a-c. 

Table 1. Continued

Clinical characteristics

Radiological characteristics

Bwt/A (G1-6) 0.16 (±0.1)

Bwa/Boa (G1-6) 0.43 (±0.15)

Bin/A (G1-6) 0.96 (±0.39)

Pi10 (mm2) 2.47 (±0.47)

Total number of mucus plugs 9.0 (2.0-20.5)

Total mucus volume (mm3) 0.44 (0.11-1.67)

Total number of BA pairs (all generations), mean per participant 12528, 199

Generation 1 (G1) 1380, 22

Generation 2 (G2) 2643, 42

Generation 3 (G3) 3054, 48

Generation 4 (G4) 2328, 37

Generation 5 (G5) 1493, 24

Generation 6 (G6) 811, 15
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Table 2. Correlations between radiological measures and lung function

Parameter FEV1 % pre-
dicted 

FEV1 % predicted FEV1/FVC FEV1/FVC 

Rho CI Rho CI

Bwt/A G1-6 -0.366 (-0.59, -0.09) -0.297 (-0.54, -0.02)

Bwa/Boa G1-6 -0.467 (-0.67, -0.23) -0.452 (-0.66, -0.22)

Pi10 -0.501 (-0.70, -0.25) -0.502 (-0.70, -0.27)

Bin/A G1-6 0.331 (0.10, 0.53) 0.379 (0.15, 0.58)

Total number of mucus plugs -0.394 (-0.63, -0.11) -0.602 (-0.73, -0.40)

Total mucus plug volume -0.333 (-0.56, -0.07) -0.547 (-0.70, -0.33)

Correlations were calculated using Spearman’s rho. CI: confidence interval. 

Figure 3a and 3b. Boxplots of mucus plugs and volume by BSI score category.

Boxplots indicating the median number of plugs and median total mucus volume, interquartile range (box), 
smallest and largest values within 1.5 IQR (whiskers), and outliers.
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2. �Relationship between bronchial wall thickness and mucus plugs with 
blood eosinophil counts:

Correlation coefficients revealed very weak associations between bronchial dimensions 
parameters of Bwt/A, Bwa/Boa, Pi10, and Bin/A with both continuous and binary 
eosinophil measures. The total number of mucus plugs and total mucus plug volume 
were very weakly correlated with eosinophil measures. (Table 3)

Table 3. Correlations between radiological measures and eosinophil counts 

Parameter Continuous Eosinophils Eosinophils Ever ≥0.3*109

Rho (Spear-
man)

CI r (point bi-
serial)

CI

Bwt/A G1-6 -0.039 (-0.33, 0.23) 0.079 (-0.23, 0.29)

Bwa/Boa G1-6 0.072 (-0.22, 0.34) 0.142 (-0.07, 0.41)

Pi10 0.085 (-0.22, 0.36) 0.127 (-0.13, 0.39)

Bin/A G1-6 -0.068 (-0.34, 0.21) -0.177 (-0.39, 0.12)

Total number of mucus plugs 0.094 (-0.15, 0.35) -0.065 (-0.29, 0.22)

Total mucus plug volume 0.093 (-0.19, 0.37) -0.071 (-0.36, 0.16)

Correlations were calculated using Spearman’s rho and point bi-serial. CI: confidence interval.

3. �Relationship between patient factors and bronchial wall thickness and 
mucus plug parameters. 

Moderate positive correlations were observed between both BSI and FACED scores 
and the total mucus volume and number of mucus plugs. (Table 4 and Figure 3a-b, also 
supplemental Figure 4a-b)

Table 4. Correlations between radiological measures and bronchiectasis severity scores

Parameter BSI FACED

Rho CI Rho CI

Bwt/A G1-6 0.334 (0.10, 0.54) 0.329 (0.09, 0.52)

Bwa/Boa G1-6 0.151 (-0.09, 0.39) 0.205 (-0.02, 0.42)

Pi10 0.175 (-0.10, 0.42) 0.217 (-0.03, 0.45)

Bin/A G1-6 0.022 (-0.23, 0.26) -0.022 (-0.28, 0.21)

Total number of mucus plugs 0.446 (0.219, 0.672)	 0.441 (0.217, 0.632)

Total mucus plug volume 0.494 (0.274, 0.714) 0.473 (0.253, 0.647)

Correlations were calculated using Spearman’s rho. CI: confidence interval.
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Figure 4. 3D Renderings of Mucus Plugs in Participants with Varying Degrees of Bronchiectasis 
Severity

This figure displays representative examples of mucus plugs in participants with mild (A), moderate (B), 
and severe (C) bronchiectasis, as categorized by the Bronchiectasis Severity Index (BSI). The 3D renderings 
show the bronchial tree, with mucus plugs highlighted in red. These examples represent participants with 
mucus plug counts near the median for their respective BSI category.

In multiple regression models including the clinical characteristics of age, mMRC 
dyspnoea score, blood eosinophil counts, no. of exacerbations/year, Pseudomonas 
aeruginosa colonisation, and FEV1 %predicted, a consistent negative association was 
found between measures of bronchial wall thickness (Bwt/A, Bwa/Boa) and FEV1% 
predicted, a positive association with Pseudomonas colonisation, and a positive 
association with ≥2 exacerbations per year (‘frequent exacerbators’). The same 
associations were observed for both the total number of mucus plugs and total mucus 
volume. 

Analysis with the full cohort revealed non-normal residuals in PP-plots for the mucus 
models, to the influence of one outlier on the number and volume of mucus plugs at 
+5SD and Cook’s distance 0.53. Upon removal of this outlier, the residuals’ normality 
improved, and the strength of the associations for FEV1, Pseudomonas and exacerbations 
increased. In addition, an association for mMRC ≥2 was seen. The comparative results 
of all models are shown in Table 5 and Supplemental Table 2. The comparative analysis 
of BA measures in bronchial generations 1-3 are shown in Supplemental Tables 3a-e.
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Table 5.

Multiple regression results for the full cohort showing associations between independent participant 
characteristics as predictor variables for depent variables of BA-measures of bronchial wall thickness and 
mucus plug number and volume.

Variable Model: 
Bwt/A
G1-6

Coeff.

Model 
Sig.

Model:  
Bwa/Boa

G1-6

Coeff.

Model 
Sig.

Model: No. 
of Plugs
Coeff.

Model 
Sig.

Model: 
Mucus 
Volume
Coeff.

Model 
Sig.

Constant .384 < .001 .564 < .001 38.315 .054 2.147 .143

Age .000 .799 -.001 .279 .178 .433 .014 .403

Eosinophils -.012 .664 .023 .499 -2.412 .835 -.155 .857

FEV1% -.002 < .001 -.002 .001 -.526 .006 -.034 .017

Pseudomonas .056 .006 .066 .008 22.519 .007 1.794 .004

Exac 1 vs. 0 -.004 .850 <-0.0001 .998 .559 .947 .025 .968

Exac ≥2 vs. 0 .056 .022 .045 .129 21.417 .026 1.796 .012

mMRC 1 vs. 0 -.004 .856 -.011 .699 -8.016 .375 -.431 .519

mMRC ≥2 vs. 0 -.034 .184 -.019 .542 -8.155 .426 -1.146 .847

Discussion

This study aimed to investigate the relationships between automatic image analysis 
metrics for bronchial wall thickness, mucus plugs, and clinical parameters in a 
cohort of bronchiectasis disease patients with an asthma co-diagnosis. The findings 
indicate that thicker bronchial walls and greater mucus plug numbers and volumes 
are associated with reduced FEV1 percentage predicted and FEV1/FVC ratios. This 
negative association underscores the impact of structural changes of the bronchial wall 
and mucus obstruction, as assessed by automated CT analysis, on spirometry metrics 
in vivo, supporting previous findings on the significance of bronchial wall thickening in 
asthma, bronchiectasis, and COPD.[31-33]

The airway lumen dimension, measured as Bin/A, showed a weakpositive correlation 
with lung function, whereas bronchial wall thickness measured as Bwa/Boa and Pi10 
had moderate associations. The airway lumen size varies with thoracic volume during 
imaging, making it less consistent as a functional indicator. In contrast, increased 
airway wall thickness is linked to greater stiffness, reduced compliance and reactivity.
[34] These findings suggest that these bronchial wall measurements are more reliable 
markers for linking structure to lung function.
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Absent correlations between blood eosinophil counts and bronchial wall thickness or 
mucus plugs suggest a limited role for eosinophil-driven inflammation in this cohort. 
Previous research links increased bronchial wall area to higher sputum eosinophil counts 
and reduced lung function in eosinophilic asthma patients. [29] Mucus plugging is 
also a common phenomenon in asthma, associated with eosinophils and other type 
2 inflammatory features, as well as changes in airflow obstruction. [15, 35] However, 
in this cohort, the prescription of ICS in all participants may have attenuated any 
eosinophilic inflammation. Secondly, the recruitment of participants from a specialised 
bronchiectasis clinic suggests a predominance of neutrophilic inflammation or mixed 
inflammatory pathways. Third, the instability of single blood eosinophil measurements 
in bronchiectasis may influence these results.[36] Categorizing patients based on 
historical blood eosinophil levels ≥0.3*109/L to indicate an eosinophilic endotype 
did not reveal an important relationship either.[16] Future studies may use other ways 
of assessing the presence of eosinophilic inflammation such as longitudinal blood 
measurements, eosinophil/neutrophil ratios or sputum lateral flow assays.[37]

Positive correlations between BSI and FACED scores with mucus plug numbers and 
volumes support the role of mucus metrics as biomarkers of underlying inflammation 
and disease severity. According to the vicious vortex hypothesis, mucus production and 
impaired mucociliary clearance act both as a result of and as a contributor to disease 
progression.[2] Mucus plugs have been associated with all-cause mortality in COPD, 
underscoring their high clinical relevance.[38] Future studies may also position CT 
mucus analyses for risk assessment in bronchiectasis disease, potentially offering an 
efficient alternative to composite risk scores. 

BA and Pi10 analyses showed similar correlations with lung function, indicating their 
comparable value as markers for bronchial wall thickening. Bwa/Boa and Bwt/A ratios 
may directly reflect airway remodeling across various airway sizes and can also be used 
for sectional bronchial tree analysis, while Pi10 provides a standardized measure for 
broader comparisons across patient populations. However, Bwt/A may be influenced by 
arterial size variations, potentially not reflecting airway changes alone. 

In multiple regression analysis, bronchial wall thickness was negatively associated 
with FEV1 % predicted and positively with Pseudomonas colonisation, supporting the 
pathogen’s detrimental role in exacerbations and disease progression.[39, 40] These 
results align with the models for mucus plug numbers and volumes, showing similar 
associations with Pseudomonas and FEV1, and an independent relationship with 
frequent exacerbations. The linkage between radiological extent of airway changes, 
Pseudomonas colonisation, and severe exacerbations was recently also demonstrated in a 
large radiological analysis of 524 EMBARC patients.[4] 
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Quantitative CT imaging provides detailed, reproducible data on airway dimensions 
and mucus plugs, enhancing our understanding of disease mechanisms. These metrics 
link structural changes to clinical outcomes like exacerbation frequency and lower 
lung function.[8, 33] Clinically, quantitative CT analysis may aid in risk stratification 
and differentiate inflammatory phenotypes to identify patients who may benefit from 
various treatment options. Moreover, the incorporation of automated quantitative CT 
analysis meets the widely recognized need for noninvasive and time-efficient biomarkers 
in bronchiectasis.[5] In this analysis, multiple metrics of bronchial wall thickness and 
mucuc plugs were investigated and each showed important associations with clinical 
characteristics. The relative value of each metric will be further evaluated in future 
studies. Also, the total number of mucus plugs has been investigated in previous 
studies, while the total mucus volume remains largely unexplored. Mucus volume 
may be particularly valuable in longitudinal studies where mucus plug presence and/
or persistence can be weighed against an increase or decrease in volume. Although the 
algorithm performs highly accurately, occasional underestimation of mucus plugs may 
occur, similar to visual assessments. This potential underestimation is primarily due to 
limitations in detecting smaller or peripheral plugs.

A key limitation of our study is its retrospective design and relatively small sample 
size, limiting statistical power and the number of independent patient characteristics 
in our regression models. Additionally, the cross-sectional nature of the study prevents 
investigation of temporal relationships. Prospective longitudinal studies with larger 
cohorts and control groups of bronchiectasis without asthma, as well as asthma 
without bronchiectasis, are needed to validate our findings on the impact of bronchial 
wall thickness and mucus plugs and to further explore the role of eosinophils in 
bronchiectasis-asthma overlap.

Conclusion

This study observed important relationships between on the one hand automated 
measurements of bronchial wall thickness and mucus plugs and on the other 
hand spirometry metrics and bronchiectasis severity scores, as well as independent 
associations for FEV1, Pseudomonas aeruginosa, and frequent exacerbations. No clear 
relationship with blood eosinophil counts was observed in this cohort of patients 
with bronchiectasis disease and asthma co-diagnosis. These findings illustrate the high 
potential of quantitative imaging biomarkers to enhance clinical studies, improve risk 
assessment, enable phenotyping, and facilitate the development of tailored treatment 
strategies for bronchiectasis disease patients.
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Supplemental Figures 1a, 1b and 1c.

Boxplots of Bin/A, Bwt/A, and Bwa/Boa ratios for bronchial segmental generations 1-6, depicting medians, 
IQR, range +/-1.5 IQR and outliers. A) Bin/A ratios; B) Bwt/A ratios; C: Bwa/Boa ratios. 
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Supplemental Figure 2. Bar chart of participants sorted by the total number of mucus plugs.
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Supplemental Figure 3a-c. Correlation plots for relationships investigated in manuscript table 2, table 
3 and table 4.

3a. Spearman’s correlations between radiological parameters (Bwt/A, Bwa/Boa, Pi10, Bin/A, mucus plugs, and 
mucus plug volume) and lung function measures (FEV1 % predicted, FEV1/FVC). Scatter plots display 
data points, regression lines, and the rho values.
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3b. Correlation plots illustrating the relationships between radiological parameters and eosinophil counts, 
including continuous eosinophils (Spearman’s rho) and eosinophils ever ≥0.3*10^9 (point-biserial r). Data 
points, regression lines, and correlation values are presented.
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3c. Correlation plots showing correlations between radiological parameters and bronchiectasis severity 
scores (BSI and FACED). Scatter plots include rho values, regression lines, and data points. 



135BA METRICS AND MUCUS PLUGS IN BRONCHIECTASIS & ASTHMA

5

Supplemental Figures 4a and 3b. Boxplots of mucus plugs and volume by FACED score category.

Boxplots indicating the median number of plugs and median total mucus volume, interquartile range (box), 
smallest and largest values within 1.5 IQR (whiskers), and outliers.
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Supplemental Table 1. 

This table details the CT scanner manufacturers, reconstruction kernels, slice thicknesses, and the number 
of scans included in the study.

CT Scanner Manufac-
turer

Reconstruction Kernel Slice Thickness (mm) Count

PHILIPS IMR1,SharpPlus 1.5 1

SIEMENS B70f 1.0 3

SIEMENS B75f 1.0 1

SIEMENS Bl57d\3 1.0 9

SIEMENS Bl57f\3 1.0 23

SIEMENS Bl64d\3 1.0 1

SIEMENS Bl64f\3 1.0 1

SIEMENS Br62f\3 1.0 1

SIEMENS Bv40d\3 1.0 1

SIEMENS I70f\2 1.0 1

SIEMENS I70f\3 1.0 20

TOSHIBA FC35 1.0 2
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Supplemental Table 2. 

Multiple regression results after the exclusion of one significant outlier, showing associations for independent 
participant characteristics as predictor variables for dependent variables of total mucus plug number and 
total mucus plug volume.

Variable Model: 
No. of Plugs
Coefficient

Model
Sig.

Model:
Mucus Volume

Coefficient

Model 
Sig.

Constant 36.401 .001 2.024 .050

Age .150 .237 .012 .296

Eosinophils -.199 .975 -.012 .984

FEV1% -.459 < .001 -.030 .003

Pseudomonas 16.527 < .001 1.408 .001

Exac 1 vs. 0 1.116 .813 .061 .889

Exac ≥2 vs 0 15.344 .005 1.405 .006

mMRC 1 vs 0 -7.502 .139 -.398 .394

mMRC ≥2 vs 0 -14.557 .014 -.559 .296
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Supplemental Table 3 a-e.

These tables provide an analysis comparing bronchial artery (BA) measures between proximal airway 
generations (G1-3) and the primary analysis (G1-6). The correlations (Rho) and confidence intervals (CI) 
are reported for each BA parameter. Additionally, the relationship between G1-3 BA parameters and clinical 
measures, including FEV1 % predicted, FEV1/FVC, continuous blood eosinophil counts, eosinophils ≥0.3 
× 10⁹, bronchiectasis severity indices (BSI and FACED), and regression model coefficients for predictors 
of BA parameters are reported, as in the primary analysis. For subsegmental generations 1-3, 7077 BA 
pairs were measured, representing 56.5% (7077/12,528) of the total BA pairs, compared to 93.7% 
(11,709/12,528) for generations 1-6.

a. Correlation of BA measures (G1-3 vs. G1-6).

Parameter Rho CI

Bwt/A G1-3 Bwt/A G1-6 .972 (.955, .983)

Bwa/Boa G1-3 Bwa/Boa G1-6 .979 (.966, .987)

Bin/A G1-3 Bin/A G1-6 .988 (.981, .993)

b. Correlation of BA G1-3 measures with FEV1 and FEV1/FVC.

Parameter
FEV1 % pre-

dicted
FEV1 % pre-

dicted
FEV1/FVC FEV1/FVC

Rho CI Rho CI

Bwt/A G1-3 -.580 (-.724, -.389) -.501 (-.666 -.289)

Bwa/Boa G1-3 -.581 (-.724, -.389) -.534 (-.690, -.330)

Bin/A G1-3 .297 (.053, .507) .338 (.099, .541)

c. Correlation of BA G1-3 measures with eosinophils (continuous and binary).

Parameter Continuous Eosinophils Eosinophils Ever ≥0.3*109

Rho (Spearman) CI
r (point bi-

serial)
CI

Bwt/A G1-3 -.027 (-.273, .222) .059 (-.192, .302)

Bwa/Boa G1-3 .101 (-.150, .341) 0.135 (-.116, .371)

Bin/A G1-3 -.165 (-.397, .086) -0.174 (-.404, .077)

d. Correlation of BA G1-3 measures with BSI and FACED scores.

Parameter BSI FACED

Rho CI Rho CI

Bwt/A G1-3 .470 (.252, .643) 0.410 (.181, .597)

Bwa/Boa G1-3 .313 (.070, .520) 0.275 (.029, .490)

Bin/A G1-3 .036 (-.214, .281) .044 (-.206, .289)
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e. Multivariate regression for predictors of BA measures G1-3.

Variable
Model: Bwt/A

G1-3

Coeff.

Model
Sig.

Model: Bwa/Boa

G1-3

Coeff.
Model Sig.

Constant .216 <.001 .595 < .001

Age <.001 .746 -.001 .273

Eosinophils -.013 .377 .019 .589

FEV1% -.001 <.001 -.002 <.001

Pseudomonas .033 .003 .067 .009

Exac 1 vs. 0 -.005 .660 .002 .932

Exac ≥2 vs. 0 .031 .018 .059 .058

mMRC 1 vs. 0 -.003 .804 -.012 .673

mMRC ≥2 vs. 0 -.014 .298 -.008 .800
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Abstract

In this cohort study involving 9,399 current and former smokers from the COPDGene study, 
we assessed the relationship between AI-quantified mucus plugs on chest CTs and all-cause 
mortality. Our results revealed a significant positive association, particularly for those with 
COPD GOLD stages 1-4, with hazard ratios of 1.18 for 1-2 mucus-obstructed bronchial 
segments and 1.27 for ≥3 obstructed segments. This corroborates previous visual mucus plug 
counting research and demonstrates the relevance of mucus plugs in COPD pathology and as 
a marker for risk assessment. Automated mucus plug quantification methods may provide an 
efficient tool for both clinical evaluations and research.
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Introduction

Chronic obstructive pulmonary disease (COPD) affects millions worldwide, ranking as 
a leading cause of mortality.[1] Central to COPD pathology is mucociliary dysfunction, 
leading to mucus plugs that can occlude the airways.[2] Mucus plugs, detectable in 
CT scans of many COPD patients, are linked to several adverse outcomes, including 
impaired airflow, lower oxygen levels, and reduced exercise tolerance.[3] Furthermore, 
mucus plugs can persist for years without symptoms like cough or sputum production.
[4] Finally, the presence of mucus plugs in medium- to large-sized airways has been 
associated with all-cause mortality in COPD (GOLD 1-4), through meticulous visual 
counting of the number of mucus-obstructed bronchial segments.[5] The investigation 
was carried out on a subset of the data from the Genetic Epidemiology of COPD 
(COPDGene) study.[6] 

Our study employed an artificial intelligence (AI) based platform (LungQ) for 
automated mucus quantification on chest CT scans to explore its association with 
mortality in the full cohort of all Phase 1 COPDGene participants, across all COPD 
stages including GOLD 0 and PRISm. We hypothesized that automated quantification 
would confirm visual scoring findings and would provide enhanced detail and efficiency 
in assessing the prognostic significance of mucus plugs in COPD.

Methods

COPDGene is a multicenter, prospective study on COPD genetics and epidemiology. 
It enrolled non-Hispanic Black and White participants aged 45-80 with a significant 
smoking history (≥10 pack-years). Exclusion criteria and ethical considerations have 
been outlined in the original COPDGene protocol.[5] The study included 10198 (ex-)
smokers, enrolled from November 2007 to April 2011, followed up at 5 and 10 years. 
Data collection involved questionnaires, spirometry, and standardized chest CT scans 
using <1mm slice protocols. Mortality, spirometry and demographic data were sourced 
from the COPDGene database.

For our study all 10198 Phase 1 ever-smoker participants were included in the analysis. 
Meaning that COPD GOLD stage 1-4, GOLD 0, and PRISm were all included.[7] 

Automatic mucus plug quantification was performed using the LungQ platform 
(Thirona, Nijmegen, The Netherlands). LungQ uses AI-based algorithms to segment 
the bronchial tree and identify each bronchopulmonary segment. Mucus plugs are 
detected throughout the lung and linked to their respective segments. The detection 
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algorithm, trained on expert annotations, identifies full mucus obstructions with clear 
proximal and distal airways, providing both location and volumetric assessments. 
The segmentation combines seed-based and voxel-based methods, providing accurate 
detection and quantification of mucus plugs along the entire bronchi, including the 
peripheries. (Figure 1a)

Participants were categorized by the number of mucus-obstructed standard 
bronchopulmonary segments: 0, 1-2, or ≥3. Emphysema percentage was based on the 
lung parenchyma with attenuation below −950 Hounsfield Units (-950HU%) and 
airway wall thickness by taking the square root of the wall area for a hypothetical airway 
with a 10-mm inner perimeter (Pi10).[8]

Cox proportional hazard regression assessed the relationship between mucus plug 
scores categories and mortality in three models as in the study by Diaz et al.[5] The first 
model adjusted for demographics, smoking history, FEV1, emphysema and Pi10. The 
second added coronary disease, chronic bronchitis, asthma, and annual exacerbations. 
The third model consisted of the first model plus the BODE index, the most validated 
COPD mortality prediction score.[9] Analyses, performed using R (4.3.2), considered 
p-values <.05 significant without adjustment for multiple testing.

Results

The final cohort for analysis consisted of 9399 participants, after exclusion of 799 
participants due to missing CT scans (n=297), poor-quality CT scans (n=82), technical 
issues (n=360), or missing spirometry data (n=60). In total 4165 participants had 
COPD GOLD 1-4 and 5234 participants GOLD 0 and PRISm. Over a median 
follow-up of 3957 days there were 2633 (28.0%) deaths. Of all participants, 7200 
(76.6%) participants had a score of 0, indicating no mucus-obstructed segments, 1535 
(16.3%) had 1-2, and 664 (7.1%) had 3 or more mucus-obstructed segments. See 
Table 1 for participant characteristics and Figure 1b and 1c for mucus plug distribution 
across GOLD stages.

In the adjusted model, automated mucus plug score categories were significantly 
associated with all-cause mortality. Hazard ratios (HR) were 1.14 (CI: 1.03-1.26) for 
1-2 mucus-obstructed segments and 1.24 (CI: 1.09-1.42) for 3 or more. In the second 
model adjusted for additional confounders HR 1.13 (CI: 1.02-1.25) and HR 1.21 (CI: 
1.06-1.38). In the third model adjusting for the BODE index, hazard ratios were 1.10 
(CI: 0.995-1.22) and 1.15 (CI: 1.0-1.31), respectively. See Table 2.
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Table 1. Participant characteristics

Complete Phase 1 cohort (n=9399) Mucus plug score category (No. of segments w/ mucus plugs)

Characteristic 0 (n=7200) 1-2 (n=1535) ≥3 (n=664)

Age, median (IQR), y 57.7 (51.3-65.1) 62.3 (54.5-69.0) 64.4 (57.1-70.7)

Sex

Female 47.6% 44.7% 39.5%

Male 52.4% 55.3% 60.5%

Race and ethnicity

Non-Hispanic White 4733 (64.3%) 1173 (75.8%) 540 (81.2%)

Non-Hispanic African American 2618 (35.7%) 376 (24.2%) 125 (18.8%)

BMI, median (IQR) 28.3 (24.7-32.6) 27.1 (23.5-31.5) 25.5 (22.3-29.4)

Current smoker, No. (%) [No.] 3901 (54.2%) 747 (48.7%) 291 (43.8%)

Pack-years of smoking, median (IQR) 37.6 (25.9-51.7) 44.0 (32.5-63.3) 47.4 (34.7-68.3)

Medical history

Chronic bronchitis 1143 (15.9%) 414 (27.0%) 230 (34.6%)

Coronary artery disease 754 (10.5%) 197 (12.8%) 85 (12.8%)

Asthma 760 (11.4%) 247 (16.1%) 165 (24.8%)

Exacerbations / year (mean, SD) 0.28 (0.79) 0.58 (1.09) 1.02 (1.50)

COPD GOLD stage of severity

PRISm 971 (13.5%) 145 (9.4%) 23 (3.5%)

0 (≥10 packyears with FEV1/FVC>0.7) 3732 (51.8%) 320 (20.8%) 43 (6.5%)

1 (Mild) 613 (8.5%) 115 (7.5%) 21 (3.2%)

2 (Moderate) 1265 (17.6%) 396 (25.8%) 143 (21.5%)

3 (Severe) 478 (6.6%) 359 (23.4%) 237 (35.7%)

4 (Very severe) 141 (2.0%) 200 (13.0%) 197 (29.7%)

BODE index, median (IQR) 0 (0.0-2.0) 2 (0.0-4.0) 4 (2.0-5.0)

FEV1, L, median (IQR) 2.41 (1.85-3.01) 1.69 (1.09-2.41) 1.16 (0.77-1.71)

FEV1, % predicted, median (IQR) 85.3 (70.6-97.6) 62.0 (39.9-82.8) 40.5 (27.0-59.2)

Emphysema on CT, median (IQR) , % 1.54 (0.45-4.85) 4.52 (1.05-16.7) 11.33 (2.90-24.15)

Airway wall thickness, median (IQR) , mm 2.14 (1.84-2.53) 2.61 (2.19-3.06) 3.02 (2.58-3.46)

Total number of plugs

Median (IQR), no. 0.0 1.0 (1.0-2.0) 7.0 (5.0-12.0)

Total plug volume (mm3)

Median (IQR) 0 (0-0) 39.8 (14.6-93.7) 318.1 (164.0-742.4)
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Table 2. Association Between Mucus Plug Score and All-Cause Mortality

All COPDGene participants Mucus plug score (No. of segments w/ mucus plugs)

No. 0 (n =7200) 1-2 (n =1535) ≥3 (n= 664)

Deceased, n (%) 1625 (22.6%) 638 (41.6%) 371 (55.9%)

HR (95% CI) HR (95% CI) p-value HR (95% CI) p-value

Adjusted model* 9397 Reference 1.14 (1.03-1.26) 0.010 1.24 (1.09-1.42) 0.001

Adjusted model plus coronary 
artery disease, chronic bron-
chitis, current asthma and 
exacerbations per year

9397 Reference 1.13 (1.02-1.25) 0.016 1.21 (1.06-1.38) 0.006

Adjusted model plus BODE 
index†

9272 Reference 1.10 (0.995-1.221) 0.062 1.15 (1.001-
1.312)

0.048

Participants with GOLD 
stage 1-4

Mucus plug score (No. of segments w/ mucus plugs)

No. 0 (n= 2497) 1-2 (n= 1070) ≥3 (n= 598)

Deceased, n (%) 868 (34.8%) 552 (51.6%) 355 (59.4%)

HR (95% CI) HR (95% CI) p-value HR (95% CI) p-value

Adjusted model* 4163 Reference 1.18 (1.05-1.32) 0.005 1.27 (1.10-1.46) 0.001

Adjusted model plus coronary 
artery disease, chronic bron-
chitis, current asthma and 
exacerbations per year

4163 Reference 1.17 (1.04-1.31) 0.008 1.24 (1.07-1.43) 0.004

Adjusted model plus BODE 
index†

4068 Reference 1.14 (1.02-1.28) 0.027 1.22 (1.05-1.41) 0.008

Particpants with GOLD 0 
and PRISm

Mucus plug score (No. of segments w/ mucus plugs)

No. 0 (n=4703) 1-2 (n=465) ≥3 (n=66)

Deceased, n (%) 757 (16.1%) 86 (18.5%) 16 (24.2%)

Adjusted model* 5234 Reference 1.05 (0.83-1.31) 0.692 1.31 (0.79-2.17) 0.303

Adjusted model plus coronary 
artery disease, chronic bron-
chitis, current asthma and 
exacerbations per year

5234 Reference 1.04 (0.83-1.30) 0.754 1.26 (0.76-2.11) 0.372

Adjusted model plus BODE 
index†

5204 Reference 1.04 (0.83-1.30) 0.738 1.24 (0.75-2.06) 0.412

Cox proportional hazard regression models. *: Adjusted for: age, gender, race, BMI, smoking status, 
packyears, FEV1%, emphysema (-950HU%), airway wall thickness (Pi10), scanner model; †: Including all 
variables from the adjusted model except FEV1 and BMI plus adjustment for the BODE index (continuous). 
Proportional hazard assumptions were evaluated using Schoenfeld residuals.
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Among 4165 participants with COPD (GOLD stages 1-4), hazard ratios were 1.18 
(CI: 1.05-1.32) for 1 or 2 obstructed segments and 1.27 (CI: 1.10-1.46) for 3 or more 
obstructed segments. In the second model 1.17 (CI: 1.04-1.31) and 1.24 (CI: 1.07-
1.43). In the third model 1.14 (CI: 1.02-1.28) and 1.22 (CI: 1.05-1.41), respectively. 
In COPD stages (GOLD 0 and PRISm), mucus plug scores were lower and showed no 
significant association with mortality.

Discussion

This study confirms automated mucus plug analysis in the COPDGene cohort 
associations with higher mortality, consistent with visual scoring methods, even when 
adjusting for confounders and the BODE-index. Hazard ratios for COPD stages 1-4 
subgroup of 1.18 and 1.27, for 1-2 and ≥3 obstructed segments, respectively, were 
highly similar to those found by visual methods. No mortality association was found in 
non-COPD subgroups (GOLD 0 and PRISm).

LungQ detected similar mucus plug counts to Diaz et al., with 25.7% (1070/4165) 
of participants showing 1-2 obstructed segments and 14.4% (598/4165) with 
≥3, reflecting both method’s identification of mucus plugs in 40% of GOLD 1-4 
participants. The variation in the standard bronchopulmonary segment anatomy and 
the algorithm’s conservative design, emphasizing specificity, may account for differences. 
The prevalence of mucus plugs in GOLD 1-4 is substantially higher than what was 
observed in the PRISM (14%) and GOLD 0 participants (10%). Furthermore, 
also substantially higher than what can be observed in never-smokers. In a limited 
COPDGene control group of 107 never-smokers, LungQ detected mucus plugs in 
only 6 participants (5.6%), with 4 participants with one plug, 1 participant with three 
plugs in two segments, and 1 subject with four plugs in four segments (Data on file). 

The study’s strengths include the inclusion of all COPDGene Phase 1 participants 
including 5234 participants classified as GOLD 0 and PRISm as control groups, and 
the consistency of the use of an automated analysis over visual methods. However, one 
limitation is the absence of direct validation of the automated measurement against 
visual scoring. Due to the exceptionally laborious nature of visual mucus plug counting, 
large-cohort comparison is challenging. Therefore, we have focussed on evaluating the 
association of automated mucus plug score categories with mortality. The observational 
design is another limitation as it limits causal conclusions.

The three mucus score categories (0, 1-2, and ≥3 obstructed segments) were chosen 
for their demonstrated stratification of risk.[5] Continuous variables of total mucus 
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plug numbers and total mucus volume are highly left-skewed, limiting their utility 
for the current models. The distribution of mucus across segments and quantifying 
the total number and volume of mucus plugs may add further relevant information, 
particularly for longitudinal analysis at the individual level. These aspects warrant 
further exploration in future studies.

Overall, the results across various COPD severities confirm the association of mucus 
plugs with mortality, likely mediated through inflammation, infection, and ventilation/
perfusion mismatch. This underscores their potential as markers of disease severity and 
may guide treatment interventions. Automated analysis of mucus plugs could identify 
high-risk subgroups by integrating patient data and mucus metrics, opening new 
opportunities for personalized risk assessment, research, and therapeutic strategies in 
COPD.
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To the Editor, 

Bronchiectasis is a chronic inflammatory condition of the airways associated with a 
high burden of symptoms, including chronic cough.1 The current cornerstones for 
the management of bronchiectasis are the identification of aetiology, comorbidity 
and treatable traits. The benefit of treatment with inhaled corticosteroids (ICS), with 
or without long-acting beta agonists (LABA), is unclear. Guidelines advise that ICS 
should only be used in patients with coexisting asthma or COPD, since the indication 
for ICS or ICS/LABA in bronchiectasis has not been established otherwise.1,2 On the 
other hand, early results of an EMBARC (European Multicentre Bronchiectasis Audit 
and Research Collaboration) registry analysis show that up to 53.1% of bronchiectasis 
patients use ICS or ICS/LABA, of which one-third do not have a diagnosis of asthma 
or COPD.3 We hypothesised that ICS/LABA could reduce complaints of cough 
in bronchiectasis patients without asthma or COPD. Therefore, we performed 
a multicentre, randomised, double-blind, placebo-controlled trial comparing 
beclomethasone-formoterol versus placebo.

The FORZA study (clinicaltrials.gov: NCT03846570) was conducted in three hospitals 
in the Netherlands. Adult patients with bronchiectasis confirmed by computed 
tomography according to the Fleischner Society4 and BTS definition1 were recruited 
from outpatient clinics. Patients had to be on a stable treatment regimen and without 
recent exacerbation (≥6 weeks). Cough had to be present daily ≥8 weeks. No ICS use 
was allowed ≥4 weeks before screening. The main exclusion criterion was a diagnosis 
of asthma confirmed by spirometry reversibility and/or bronchial provocation testing, 
or COPD, according to GINA and GOLD guidelines.5,6 Current smokers or patients 
with a history of ≥10 packyears were also excluded. Participants were randomised to 
use either beclomethasone-formoterol (Fostair®) 200/12 mcg or placebo twice-daily via 
identical metered-dose aerosol inhalers. The primary endpoint was the change in cough 
after three months, measured by the Leicester Cough Questionnaire (LCQ), using ≥1.3 
points as the minimum clinically important difference.7 The minimum sample size was 
66 patients to provide 80% power to detect a 2.7-point difference in LCQ between 
treatment groups with a 5% level of significance. Accounting for dropouts, we aimed 
to enrol 72 participants. Furthermore, we assessed the change in FEV1, mMRC score, 
Quality of Life-Bronchiectasis (QoL-B) respiratory domain8, pulmonary exacerbations 
(PEs; defined as worsening of ≥1symptom1 and prescription of systemic antibiotics) and 
adverse events (AEs). We used the one-way analysis of covariance (ANCOVA) to assess 
differences from baseline to three months between the beclomethasone-formoterol and 
placebo groups, based on intention-to-treat. The ethics review committee approved the 
study (approval number NL61630.078.18). 
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In total 741 patients with diagnostic codes for bronchiectasis were screened for eligibility. 
The majority was excluded because of a co-diagnosis of asthma, COPD, smoking 
history or current ICS use. Other reasons for exclusion were nondaily complaints of 
cough or refusal to participate, especially during the SARS-CoV-2 pandemic. The study 
was terminated prematurely due to insufficient inclusion. 

Thirty-four patients were enrolled between January 2019 and April 2022. Seventeen 
participants received beclomethasone-formoterol, and seventeen received placebo. 
For all participants, the mean and standard deviation (SD) age was 53.9 years (18.3) 
and 64.7% were women. Mean lung function as measured by FEV1% predicted 
82.9%(15.8), BMI 23.9 (4.2), former smoking packyears 3.8 (3.3). Seven patients had 
chronic Pseudomonas aeruginosa infection. The mean LCQ score was 15.9 (2.7), QoL-B 
respiratory 62.7 (21.5), and mMRC score 1.3 (0.9). The mean number of PEs in the 
previous year was 1.1 (1.3). FACED bronchiectasis severity score was 1.2 (1.2). No 
significant differences were observed at baseline between the two groups. (Table)

After three months, both treatment groups showed no difference in LCQ scores after 
controlling for baseline scores, β=-.312,p=.708. Furthermore, after controlling for 
baseline scores, no effect of treatment was found on the QoL-B respiratory scores 
(β =3.905,p=.538), mMRC scores (β=-.011,p=.978) and the FEV1%predicted 
(β=2.175,p=.264 ). (Table)

PEs occurred in 4/17 (23.5%) patients in the beclomethasone-formoterol group vs 1/17 
(5.8%) patients in the placebo group. The number of patients with AEs (including PEs) 
in the beclomethasone-formoterol group was 11/17 (64.7%) versus 5/17 (29.4%) in the 
placebo group, X2 (1,n=34, 4.25,p=0.039). Oropharyngeal symptoms (e.g., hoarseness, 
sore throat, and oral candida) were the most frequent AEs. In the beclomethasone-
formoterol group, 4/17 (23.5%) patients discontinued the study medication due to 
AEs, versus 1/17 (5.8%) in the placebo group.

To date, this is the only randomised, double-blind, placebo-controlled trial to 
investigate ICS/LABA in bronchiectasis patients with strict exclusion of patients with 
asthma and COPD. We found no treatment effect on cough, nor change in quality of 
life, dyspnoea, lung function or PEs. However, there were significantly more AEs in the 
ICS/LABA group.

Unfortunately, the SARS-CoV-2 pandemic severely impacted participant inclusion. 
Still, despite incomplete statistical power and recruiting a patient population with 
a relatively mild clinical profile (e.g. high LCQ and low FACED scores), the lack of 
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benefit of beclomethasone-formoterol and the occurrence of more AEs is a relevant 
outcome. 

There has been only one other trial investigating ICS/LABA in bronchiectasis. In a 
double-blind comparison of high-dose budesonide vs medium-dose budesonide-
formoterol, the authors reported symptomatic benefits of ICS/LABA, concluding that 
adding LABA could help reduce ICS dose.9 However, there was no comparison with 
placebo thus inadequate to determine the particular benefit of ICS or ICS/LABA. A 
Cochrane review of 2018 showed that there is insufficient evidence to support the 
use of ICS in adults with steady-state bronchiectasis.10 Subsequent studies indicated 
a negative impact of ICS use. In the early presented data of an upcoming EMBARC 
publication, ICS use is associated with an increased exacerbation and hospitalisation 
risk.3 Another prospective study of 264 patients found an association of ICS use with 
increased morbidity as well as all-cause mortality, also after adjusting for age, sex, FEV1 
and concomitant asthma/COPD.11

Bronchiectasis can be associated with nonspecific bronchial hyperreactivity, which is 
explained by decreased baseline airway calibre and epithelial inflammation resulting 
in an increased airway smooth muscle tone.12 Remarkably, we found that about 30% 
of the potential participants without a history of asthma were ineligible due to new-
found significant reversibility or positive bronchial provocation test.13 Therefore, we 
recommend to assess bronchodilator responsiveness and/or bronchial hyperreactivity in 
all bronchiectasis patients when considering ICS and/or bronchodilators. 

In asthma and COPD, high blood eosinophil counts may predict ICS effectiveness. It 
can be hypothesized that patients with bronchiectasis with an eosinophilic phenotype 
also benefit from ICS. A recent large cohort study demonstrated that increased 
eosinophils (>300 cells·µL) were present in ~20% of bronchiectasis patients and that 
these represented a distinct subtype.14 In a study with patients with stable bronchiectasis, 
beneficial effects were found from using inhaled fluticasone when eosinophils 
≥150 cells·µL / ≥3% were present, in terms of quality of life and a trend towards 
decreased exacerbations.15 However, this was a post-hoc analysis of an uncontrolled trial 
and a lower eosinophil cut-off than the mentioned study by Shoemark et al.14 There are 
still no prospective controlled studies investigating the effect of ICS on bronchiectasis 
patients with increased eosinophils. In our study, an analysis according to eosinophil 
counts was not pre-specified and subgroups were too small for post-hoc analysis.

To conclude, the use of ICS/LABA in patients with bronchiectasis, without asthma or 
COPD, did not result in a decrease in cough or other benefits. However, the occurrence 
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of significantly more adverse events warrants caution for the prescription of ICS/LABA 
in the absence of asthma or COPD.

 Baseline characteristics  

Variable Placebo 
Beclomethasone-

formoterol 
p-value 

 n=17 n=17  

Age (mean, SD) 56 (18) 52 (19) 0.467 *

Gender (n, %) Female 12 (70.6%) 10 (58.8%) 0.721 †

Etnicity (n, %) Caucasian 16 (94.4%) 14 (87.5%) 0.601 †

BMI (mean, SD) 24.8 (4.6) 23 (3.7) 0.226 *

Smoking status (n, %) Never 13 (76.5%) 12 (70.6%) 1 †

 Former 4 (23.5%) 5 (29.4%)

Packyears (mean, SD) 1.5 (1) 5.6 (3.4) 0.053 *

Aetiology (n, %) Idiopathic 2 (11.8%) 8 (47%) 0.032 †

 Post-infective 4 (23.5%) 1 (5.9%)

 Immunodef 0 4 (23.5%)

 PCD 2 (11.8%) 1 (5.9%)

 Other 9 (52.9%) 3 (17.6%)

Chronic azithromycin use 
(n, %)

8 (47.1%) 8 (47.1%) 1 †

Eosinophil count (*10^9/L) 
(mean, SD)

0.18 (0.14) 0.12 (0.09) 0.155 *

FEV1 (L) (mean, SD) 2.63 (0.89) 2.56 (0.88) 0.819 *

FEV1 % predicted (mean, SD) 86.5 (13.3) 79.3 (17.6) 0.186 *

LCQ score (mean, SD) 16.2 (2.7) 15.2 (3.5) 0.366 *

QoL-B respiratory (mean, SD) 68.5 (13.3) 65.9 (13.6) 0.588 *

mMRC (mean, SD) 1.24 (0.9) 1.41 (0.93) 0.581 *

PEs past 12 months (mean, 
SD)

0.65 (0.93) 1.56 (1.46) 0.211 ‡

F (FEV1 ≥50%) (n, %) 17 (100%) 17 (100%) 1 †

A (age ≥70 years) (n, %) 3 (17.6%) 3 (17.6%) 1 †

C (colonization with Pseudo-
monas) (n, %)

2 (11.8%) 3 (17.6%) 1 †

E (>2 lobes affected) (n, %) 10 (58.8%) 9 (52.9%) 1 †

D (mMRC >2) (n, %) 1 (5.9%) 4 (23.5%) 0.335 †

FACED score (mean, SD) 1.12 (1.17) 1.29 (1.36) 0.687 *
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 Outcomes p-value 

Variable Placebo 
Beclomethasone/

formoterol 
 

 n=17 n=17  

LCQ score after 1 month 
(mean, SD)

16.8 (3.0) 16.4 (2.4)

LCQ score after 3 months 
(mean, SD)

16.6 (3.3) 16.2 (3.5) 0.708 §

QoL-B respiratoy score after 1 
month (mean, SD)

67.9 (16.6) 69.4 (13.0)

QoL-B respiratory score after 3 
months (mean, SD)

67.5 (16.5) 71.4 (18.6) 0.538 §

FEV1 %predicated after 1 
month (mean, SD)

89.1 (17.7) 78.8 (21.9)

FEV1%predicted after 3 
months (mean, SD)

86.5 (14.0) 81.8 (21.6) 0.264 §

mMRC score after 1 month 
(mean, SD)

1.46 (1.05) 1.2 (1.03)

mMRC score after 3 months 
(mean, SD)

1.25 (1.29 1.2 (0.92) 0.978 §

Pulmonary exacerbations (PEs) 
during study period (n)

1 4 0.146 †

Adverse events (including PE) 
during study period (n)

5 11 0.039 †

Discontinuation of study drug 
due to AEs (n)

 1 4 0.146 †

Adverse events (without PEs) 
(n)

Oropharyngeal symptoms 
(hoarseness, oral candidiasis, 
sore throat)

1 3

Muscle cramps 1

Restlessness, palpitations 1 1

Urinary tract infection 1

Abdominal discomfort 1

Subretinal edema 1

Gastroesophageal reflux 1

*: t-test; †:chi-squared; ‡: median, non-parametric; §: ANCOVA for treatment effect after controlling for 
baseline
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To the Editor,

We present a series of seven patients with allergic bronchopulmonary aspergillosis 
(ABPA) and asthma who were treated with dupilumab, a promising novel therapeutic 
option for ABPA. 

ABPA is a difficult-to-treat disease caused by airway inflammation triggered by an 
excessive allergic response to inhaled fungal spores. ABPA typically occurs in patients 
with asthma or cystic fibrosis and is characterized by dyspnea, cough, mucus plugs and 
frequent exacerbations and is associated with bronchiectasis. High serum IgE levels and 
high eosinophil counts are key biomarkers in patients with ABPA. The cornerstones of 
treatment have been systemic steroids and azole antifungals, but treatment protocols 
have never been investigated extensively. As these drugs often carry harmful side-effects, 
it is crucial to find alternative treatments.[1]

Dupilumab is an interleukin(IL)-4 alpha receptor antagonist impeding IL-4 and IL-
13 signaling, broadly inhibiting type 2 inflammation by counteracting IgE producing 
B-cells and eosinophils.[2] This gives dupilumab a rational mechanism of action in 
ABPA. Dupilumab efficacy in patients with ABPA and asthma has previously been 
reported in incidental patients.[3-4] Interestingly, a post-hoc analysis of the LIBERTY 
trial also showed reduced exacerbations in participants with serologic markers suggestive 
of ABPA.[5]

Our retrospective case series approved by the institutional review board presents 
seven patients with ABPA (International Society for Human and Animal Mycology 
diagnostic criteria [1]) and allergic asthma who had received between 4 and 21 months 
of dupilumab treatment. All patients provided informed consent. Their FEV1, steroid 
dose and total IgE levels as well as the number of exacerbations were compared between 
baseline and six months prior to first administration of dupilumab versus six months 
after start of dupilumab treatment. 

Six males and one female were included, mean age 71 years. All patients had a diagnosis 
of ABPA for ≥1 year. All patients were on maintenance prednisone at baseline. All 
patients used inhaled corticosteroids and bronchodilators. Six patients had a history of 
azole treatment. Median FEV1 at baseline was 84% predicted (27-96%) and median 
total IgE was 1841 kU/L (66-4147 kU/L). Baseline serum eosinophils were generally 
absent, likely due to steroid therapy. 

All patients started dupilumab between March 2019 and July 2020, maintenance dose 
300 mg every two weeks. 
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During the six months after start of dupilumab, the number of exacerbations for which 
additional courses of steroids were prescribed was significantly lower in all patients 
at mean 0.29 (SD 1.13) exacerbations, versus 2.43 (SD 0.49) exacerbations in the 
six months before dupilumab (paired t-test, t(6)=5.3, p<0.05). After six months of 
treatment, maintenance prednisone was discontinued or reduced in all patients, with 
mean steroid dose at baseline 9.17 mg/day (SD 1.3) versus 2.1 mg/day (SD 2.46) after 
six months (paired t-test, t(5)=5.94, p<0.05). Four patients had a ≥10%. increase in 
predicted FEV1. Four patients had a documented reduction in total IgE. (See Table 1)

Reported side-effects were fatigue in one patient and arthralgia in another patient, 
which caused the latter to discontinue treatment. One patient experienced steroid 
withdrawal syndrome during steroid tapering.

This is the largest reported case series of dupilumab treatment for ABPA patients. As in 
previous smaller reports, our findings indicate that dupilumab has strong effects on both 
clinical and biochemical parameters, most importantly the number of exacerbations 
and maintenance steroid dose. Side-effects were limited, as was also reported in larger 
real-world studies.[6] 

These results are naturally limited by retrospective methods and the small number of 
patients, but results from a prospective trial are not expected until 2023 (Clinicaltrials.
gov NCT04442269). Until then, based on real-world experiences and strong 
immunological arguments, dupilumab is a very promising new agent that can already 
be considered for empiric treatment of patients with ABPA and asthma.
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Table 1. Patients characteristics and parameters at baseline, before and after starting dupilmab 
treatment 

Baseline and before dupilumab Six months after starting dupilumab 

Patient
Sex, age

FEV1 
%pred

Prednison 
maintenance 
dose (mg/d)

Total IgE 
kU/L

No. exacer-
bations / six 

months  
before  

dupilumab

FEV1 
%pred

Prednison 
maintenance 
dose (mg/d)

Total IgE 
kU/L

No. exacer-
bations / six 
months after 

starting 
dupilumab

1. M,74 96 7.5 2324 3 106 0 * 0

2. F, 78 68 10 >2000 2 68 5 * 1

3. �M, 69 69 7.5 66 1 88 5 * 0

4. �M, 83 84 10 1841 3 103 0 913 0

5. �M, 78 92 10 4147 1 94 2.5 651 0

6. �M, 61 27

No stable 
dose due to 

frequent  
exacerbations

1046 4 26 0 531 1

7. �M, 52 95 10 994 3 109 0 474 0

*Incomplete data
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Discussion

As for his case, the optical and acoustical results corresponded as precisely as one could 
ever demand of science. Both the old spots and the fresh one had been visible, and there 
were “strands” that ran from the bronchi well down into the lung itself—“strands 
with nodules.” He would be able to verify that for himself on the X-ray plate. 

(Der Zauberberg, Thomas Mann 1924)

From Radiological Strands to Modern Medicine: Uncovering 
Bronchiectasis

Bronchiectasis disease is a chronic respiratory condition characterized by irreversible 
dilation of the bronchi, airway inflammation, mucus obstruction and recurrent 
infections, accompanied by cough, sputum and often progressive lung damage. 
Historically linked to tuberculosis, bronchiectasis remains a significant clinical 
burden despite advances in respiratory medicine, and has for a long time remained 
a neglected disease. There remains a severe lack of treatments specifically developed 
and approved for bronchiectasis and the traditional, qualitative methods of chest 
CT assessment of bronchiectasis and related changes have not changed for decades.
[1, 2] Alongside the often overlapping conditions of asthma and chronic obstructive 
pulmonary disease (COPD), bronchiectasis represents a major challenge in respiratory 
medicine, necessitating improved diagnostic tools and more personalized management 
approaches. [3-5]

High-resolution computed tomography (HRCT) and the arrival of artificial intelligence 
(AI)-based automated quantitative image analysis offers an opportunity to address 
this challenge. These technologies enable precise identification and quantification of 
relevant structural lung abnormalities, enabling disease monitoring and providing 
insights into disease mechanisms, particularly when combined with clinical data such 
as lung function, sputum cultures, blood markers and patient outcomes.

Furthermore, research in the past decade has increased our understanding of overlapping 
inflammatory mechanisms across chronic airway diseases. Distinct endotypes, including 
neutrophilic and eosinophilic inflammation, provide a common framework for 
understanding bronchiectasis, asthma, and COPD. However, the link between these 
inflammatory pathways and structural lung abnormalities remains poorly understood.
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This Thesis
This thesis investigated two key strategies to improve the management of bronchiectasis, 
asthma, and COPD: advanced imaging technologies for better disease phenotyping 
and targeted anti-inflammatory therapies to improve clinical outcomes. Together, these 
parts show a hopeful direction to manage these chronic airway diseases.

Part 1: AI-Enhanced Radiological Phenotyping
The first part of this thesis focused on the application of advanced radiological methods 
to better understand bronchiectasis and its overlap with asthma and COPD. High-
resolution computed tomography (HRCT) and automated imaging techniques are used 
to quantify structural lung abnormalities such as bronchial dilation, wall thickening, 
and mucus plugging. These methods were shown to correlate with a validated manual 
scoring system, but provided more detailed and objective data as well as being much 
less labor-intensive. (Ch. 3 & 4)

The work has highlighted the heterogeneity of bronchiectasis, with CT structural 
abnormalities varying significantly (from 0-88%) across a large clinical cohort. (Ch. 
2 & 4) This heterogeneity underscores the complexity of the disease, suggesting that 
individual patients with more severe disease are at higher risk for negative outcomes 
and would benefit from tailored assessments and treatments. Automated analyses, 
such as the Bronchus-Artery (BA) method, a technique that assesses the ratio of 
bronchial wall thickness to the accompanying pulmonary artery diameter, were shown 
to correlate strongly with clinical outcomes, including spirometry, chronic infection, 
and exacerbation frequency. (Ch. 4 & 5) Additionally, mucus plugging is identified 
as a significant marker correlating with exacerbations and mortality not only in 
bronchiectasis but also in asthma and COPD. (Ch. 5 & 6) These findings highlight the 
potential of AI-driven radiological assessments to enhance disease monitoring, improve 
patient phenotyping, and facilitate personalized management. 

However, to fully realize the clinical impact of these tools, further research is needed 
to determine which automated metrics offer the most value and to validate their use 
across diverse patient populations. A critical next step will be the integration of AI-
based analysis into routine clinical workflows, such as adding these tools to existing 
PACS (Picture Archiving and Communication Systems). This integration would enable 
direct automated evaluation of CT scans, making quantitative data on metrics such as 
bronchial wall thickness and mucus plugging readily accessible to clinicians, ultimately 
changing how bronchiectasis and other airway diseases are diagnosed, monitored, and 
treated, leading to more personalized and effective patient care.
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Part 2: Personalizing Bronchiectasis Management: From Steroids to 
Biologics
The second part of this thesis explored the application of anti-inflammatory therapies 
in bronchiectasis patients, drawing from treatments used in asthma and COPD. 
Inhaled corticosteroids (ICS) and long-acting beta-agonists (LABA), the cornerstone 
therapies for asthma, are evaluated for their efficacy in reducing cough symptoms in 
bronchiectasis patients without asthma or COPD. (Ch. 7) This lack of effectiveness is 
likely due to the growing body of evidence suggesting that the benefits of ICS therapy 
are predominantly seen in patients with eosinophilic inflammation. These results 
highlight the critical importance of identifying and targeting specific inflammatory 
endotypes to optimize treatment strategies in bronchiectasis. 

In contrast, biological therapies targeting type 2 (T2) driven inflammation, such as 
dupilumab, show promise in patients with allergic bronchopulmonary aspergillosis 
(ABPA). In this thesis, dupilumab reduced exacerbations and oral corticosteroid 
(OCS) dependency in a case series, illustrating the potential of biologicals to address 
eosinophilic inflammation in selected bronchiectasis phenotypes. (Ch. 8) These 
findings show the importance of inflammatory endotypes to guide management. 
Future therapies, including those targeting neutrophilic inflammation, offer additional 
opportunities to improve outcomes for patients with inflammatory airway diseases.

The Unmet Need for Radiological Quantification

Bronchiectasis disease is characterized by the presence of radiological abnormalities, but 
currently, the extent of radiological disease is not objectively quantified, nor routinely 
considered when evaluating a patient’s phenotype or assessing their risk of poor 
outcomes. In routine clinical practice, airway abnormalities are evaluated subjectively 
on chest radiographs and/or chest CTs without quantification of relevant structural 
changes related to airway disease such as bronchial widening (bronchiectasis), bronchial 
wall thickening (a surrogate for inflammation and/or remodeling) or mucus plugging. 
Only very limited mention of the nature or extent of radiological disease is found in 
either Dutch or European guidelines.[6, 7] This is remarkable, as many studies have 
linked radiological markers of bronchiectasis, airway wall thickness and mucus plugs 
directly to other disease characteristics and outcomes. Only a very rough measure of the 
extent of disease (‘≥3 affected lobes’) has been included in the multiple-item FACED 
and BSI scores for bronchiectasis severity.[8]
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From Manual Scores to Automation

However, despite the very limited consideration for the radiological extent of disease, 
there have been studies that have shown significant correlations between manual 
scoring and clinical outcomes in bronchiectasis. Despite a strong lack of uniformity, 
scoring systems for bronchiectasis, such as the Bhalla score, Brody score, and its 
upgraded version the CF-CT scoring system do provide insights into disease severity 
and patient prognosis. The Bhalla score correlates well with disease severity markers in 
bronchiectasis, including FEV1, sputum purulence, and hospital admissions, as well as 
already demonstrating a relationship between changes in mucus plugging and changes 
in FEV1.[9] The CF-CT score has high reproducibility, which could make it reliable 
for longitudinal studies.[10] The simplified Reiff score is quicker and easier to use in 
clinical practice.[11] Despite their utility, these scoring methods have not been widely 
adopted. Their laborious and time-consuming nature, such as the 12–15 minutes 
required to score a single chest CT using the Bhalla method, is a significant limitation.
[9] More importantly, radiological features like bronchial wall thickening and mucus 
plugging have hardly been investigated as treatment targets, and they have yet to be 
established as clinical endpoints in therapeutic trials.

One of the best-validated visual scoring systems for bronchiectasis disease is the 
Bronchiectasis Scoring Technique for CT (BEST-CT), which was developed based 
upon a validated morphometry-based scoring method to quantify structural lung 
damage in paediatric patients with cystic fibrosis (PRAGMA-CF).[12] BEST-CT was 
shown to be a reproducible quantitative scoring system to phenotype and measure 
the severity and extent of the structural lung abnormalities in bronchiectasis patients.
[13] Disadvantages of the BEST-CT system are that it requires on average two weeks 
training of the observer, and that it is time consuming, taking up to 45 minutes to score 
one CT scan. While these factors may be acceptable in research settings where accuracy 
and reproducibility are prioritized, it forms an important barrier to implementation in 
clinical practice

The manual scoring of CT features in asthma and COPD, increased airway wall 
thickness, was associated with higher airway resistance in COPD and air trapping in 
asthma, indicating its contribution to airflow obstruction and disease severity.[14] 
Bronchial wall thickening correlated with exacerbation frequency and sputum volume 
in bronchiectasis patients, highlighting its role in predicting disease severity.[15] 
Serial changes in CT scores for mucus plugging correlated with pulmonary function 
fluctuations, with bronchial wall thickness being the primary determinant of significant 
functional decline.[16] Mucus plugs are common in severe asthma and associated with 
increased airway eosinophils, suggesting that mucus plugs play a significant role in 
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chronic airflow obstruction in severe asthma.[17] In COPD patients, manually scored 
mucus plugs are highly prevalent and significantly associated with higher all-cause 
mortality, with an adjusted hazard ratio of death of 1.15 for 1 to 2 lung segments and 
1.24 for 3 or more segments.[18]

Regarding the actual definition of bronchiectasis, Meerburg et al. conducted a systematic 
review to evaluate the diagnostic criteria and imaging methods for bronchiectasis 
using CT and MRI.[19] The most used criterion for diagnosing bronchiectasis was an 
inner airway-artery ratio ≥ 1.0, used in 43% of the 122 reviewed studies. However, no 
validation studies for this cut-off value were found. Other criteria included the lack of 
tapering of the airways and the presence of airways visible within 1-3 cm of the pleura 
or the outer one-third of the lung. The review identified 42 different scoring methods 
used to quantify bronchiectasis, indicating a lack of standardization in the field. This 
again emphasized the strong lack of uniformity and the high need for standardized and, 
equally important, sufficiently validated imaging acquisition and analysis protocols 
to improve consistency in diagnosing and quantifying bronchiectasis, as well as 
standardized definitions and validated age-specific cut-off values.

The EMBARC Registry: Disease Quantification is a Must

In chapter 2, we used the BEST-CT manual scoring system to analyse CT scans 
from 524 bronchiectasis patients included in the European Bronchiectasis Registry 
(EMBARC) to investigate the nature and extent of structural lung abnormalities (SLA) 
and their relationship to clinical features, using subscores for different radiological 
features of bronchiectasis disease. Notably, inclusion into the registry is based on the 
presence of bronchiectasis per judgment of the investigator, but without any measure 
of the character or extent of the radiological abnormalities. The range of all types of 
structural abnormalities on the CT scans varied widely, from 0 tot 88%. Our findings 
revealed considerable heterogeneity in the type and extent of SLAs among patients. 
Mean subscores included total bronchiectasis (TBE) at 4.6%, total mucus plugging 
(TMP) at 4.2%, total inflammatory changes (TinF) at 8.3%, and total disease (DIS) 
at 14.9% of the ten scored predefined, evenly spaced axial CT slices . Patients with 
primary ciliary dyskinesia exhibited more extensive SLAs, while those with COPD 
had fewer SLAs. Lower FEV1, longer disease duration, Pseudomonas aeruginosa and 
NTM infections, and severe exacerbations were all independently associated with more 
extensive SLAs. 

These findings align with and expand on previous research. Reiff et al. demonstrated 
that CT imaging provides some ability to differentiate between specific causes 
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of bronchiectasis, such as central bronchiectasis in allergic bronchopulmonary 
aspergillosis or lower lobe predominance in mucociliary clearance disorders, though 
these distinctions are often insufficient for etiological differentiation in individual 
cases.[20] Similarly, Lynch et al. found weak but significant correlations between CT 
features, such as bronchiectasis extent and bronchial wall thickening, and spirometry 
values of FEV1 and FVC, while noting that cystic bronchiectasis was associated with 
purulent sputum and Pseudomonas colonization.[21] Ooi et al. further demonstrated 
that bronchial wall thickening and small-airway abnormalities were linked to sputum 
volume and exacerbation frequency, with bronchial wall thickening emerging as a 
significant determinant of airflow obstruction after multivariate analysis.[15] These 
studies support the notion that a focus on specific abnormalities such as wall thickening 
and mucus plugging can be useful for patient differentiation.

The findings from our study build on these results by giving a more detailed 
quantification of structural abnormalities in a large and diverse bronchiectasis cohort, 
showing the significant heterogeneity in SLAs and their associations with patient 
characteristics and clinical outcomes., Our results suggest that quantitative CT analysis 
would be a valuable tool for clinicians to phenotype bronchiectasis patients and to 
potentially individualize treatment. Indeed, the notion that the presence of mucus 
plugging may identify patients that could benefit from mucolytic therapies has been 
supported by Dutch bronchiectasis guidelines.[6] Also, a recent post-hoc analysis from 
the BAT-trial has shown that azithromycin maintenance therapy led to an improvement 
of radiologic features including mucus impaction.[22] Future investigations should 
use structural abnormalities to select patients for treatment, as well as establish them 
as radiological endpoints of treatment effect. Achieving this goal would be greatly 
facilitated by efficient, objective and quantitative measurements.

The Telescope Effect: What Is It That We See?

The arrival of automated image analysis in radiology can be compared to the 
introduction of the James Webb telescope in astronomy.[23] Just as the telescope 
has provided incredibly detailed images of the universe with a whole new level of 
resolution, advanced imaging techniques give us detailed measurements of the various 
lung components that were previously not available. However, the first task, much like 
interpreting the vast data from a new telescope, is to make sense of what it actually is that 
we are seeing. A single CT scan can now generate a very large amount of data on airway 
dimensions, wall thickness, vascular dimensions, mucus plugs, and other abnormalities. 
Yet, while these automated tools appear to hold great promise to better inform us about 
a patient’s condition, it remains uncertain which metrics will ultimately give the most 
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clinical value. This flood of new information requires careful analysis to cross-check the 
new, automatically generated data with established methods of analysis, such as manual 
CT scoring, spirometry and clinical judgment. Similarly, in Hans Castorp’s case from 
the introductory citation, the optical results from the early X-ray image were checked 
for their correspondence with acoustic results, i.e. the tapping and auscultation findings 
from the physical examination, and found to correspond precisely. 

Automated Imaging: Objective Quantification at Scale

Using the automated Bronchus-Artery (BA) method, we can detect and quantify a large 
number of bronchi and BA-pairs to obtain precise measurements of BA-dimensions on 
chest CT scans. These BA measures were first validated against manually annotated CT 
scans by Kuo et al.[24], finding good reliability in the assessment of bronchiectasis.[25, 
26] In chapter 3 of this thesis, in a cohort of bronchiectasis patients participating in the 
iBEST clinical trial [27], we demonstrated that BA-dimensions for bronchial widening 
correlated with outcomes from the visual BEST-CT scoring method. Furthermore, 
airway wall thickness and wider bronchial lumen diameter assessed by the BA-method 
correlated with spirometry indices of airflow obstruction, such as FEV1 and FEV1/FVC. 
This study serves as an important validation of the BA-method, in particular showing 
that the higher cut-off values of BA-ratios for bronchiectasis and wall thickening 
correlate well with BEST-CT, and demonstrated the potential to provide clinicians with 
objective assessments of a large number of bronchi in the context of a clinical trial. This 
compliments other studies assessing the application of such automated measurements, 
for example Dournes et al. demonstrated the value of AI-derived radiologic markers 
to assess treatment effect in a cohort of CF patients using lumacaftor/ivacaftor.[28] 
Furthermore, Diaz et al. in an observational study of the large COPDGene cohort also 
showed their ability to quantify bronchiectasis using airway-to-artery ratios and the 
link to a higher total number of exacerbations.[29] Such studies have built a strong 
case that, using automated tools, information of high clinical relevance can be gathered 
from large sets of CT scans.

Thus, in Chapter 4, the BA-method was applied to the EMBARC bronchiectasis 
cohort, providing automated measurements of BA dimensions and mucus plug metrics 
to evaluate their relationships with visual BEST-CT findings and clinical characteristics. 
The analysis revealed significant correlations between automated BA measures, such 
as Bout/A and Bwt/A ratios, and clinical parameters, including spirometry indices 
like FEV1, as well as bronchiectasis severity scores. Mucus plug counts and volumes 
also showed strong associations with disease activity markers, such as Pseudomonas 
aeruginosa infection and hospital admissions. These findings highlight the added value 
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of automated quantitative imaging for identifying phenotypic differences among 
bronchiectasis patients, showing the potential to improve patient stratification and 
disease monitoring. Moreover, the ability to detect mild bronchial dilatation and its 
potential application to monitor progression over time demonstrates the BA-method’s 
utility in providing clinicians a more nuanced understanding of the pathological 
changes in their patients. Additionally, this study shows the feasibility of integrating 
automated imaging biomarkers into large patient registries like EMBARC, paving 
the way for broader clinical adoption and identification of phenotypes and high-risk 
subgroups for different treatment strategies. Importantly, the objective quantification 
of bronchial wall thickness is another less explored parameter which, as a surrogate 
of chronic inflammatory bronchial remodeling and wall adherent mucus plaques, can 
be used not only in the area of bronchiectasis but also in asthma, COPD and other 
subjects with chronic inflammation and frequent airway infections. 

In chapter 5, the BASIIS study explored the relationship between automated 
radiological markers of both wall thickness and mucus plugs with clinical characteristics. 
The findings revealed a moderate to strong relationship between increased airway wall 
thickness and mucus plugs with reduced spirometry values, underscoring their role as 
drivers of airflow limitation. Additionally, these markers showed strong associations with 
bronchiectasis severity indices, which are predictive of mortality and hospitalization 
risk, as well as independent associations with the presence of Pseudomonas aeruginosa 
and frequent exacerbations.

The study also examined the influence of blood eosinophil counts in bronchiectasis 
patients with an asthma co-diagnosis. No significant relationship was found between 
blood eosinophil counts and radiological markers, suggesting that either blood 
eosinophils are an imperfect marker or that eosinophilic inflammation may not play an 
important role in the investigated bronchiectasis cohort, even though the participants 
had coexisting asthma. These findings align with the EMBARC bronchiectasis cohort 
in Chapter 4, where elevated eosinophil counts showed no significant correlation with 
BA measures or mucus plugs, although a subgroup analysis for coexisting asthma is 
planned.

These findings appear to contrast with those of Inoue et al., who demonstrated a 
positive correlation between induced sputum eosinophil differential counts and CT-
assessed airway wall thickness in eosinophilic asthma patients, indicating a difference 
in patient category or that localized eosinophilic activity may be more closely related 
to airway remodeling than systemic measures like blood eosinophils.[30] Additionally, 
Bendien et al. reported significantly higher mean blood eosinophil counts in severe 
asthma patients with bronchiectasis compared to those without bronchiectasis (0.80 
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vs. 0.40), suggesting that the presence of bronchiectasis in severe asthma could reflect 
an overlap phenotype with greater eosinophilic activity.[31] Together, these studies 
highlight the complexity of the relationship between eosinophilic inflammation and 
radiological abnormalities in airway diseases.

The relevance of mucus plugs was further assessed in chapter 6 in the large COPDGene 
cohort, which allowed us to quantify mucus plugs and their relationship with the 
ultimate clinical outcome, death, in COPD patients. Importantly, this study found 
almost exactly the same result as a previous manual mucus plug counting study by 
Diaz et al., underscoring the reproducibility and validity of the findings.[18] Possibly, 
many of the mucus plugs identified in these studies are symptomatically silent, as also 
highlighted in a previous study by Dunican et al.[32] Their study demonstrated that 
57% of 400 smokers with COPD had mucus plugs on CT scans, yet only a minority 
reported mucus-related symptoms. This finding underscores the potential for silent 
plugs to contribute to disease progression without clear clinical symptoms, supporting 
imaging-based detection strategies. In their study, mucus plugs were also associated 
with airflow limitation, exacerbations and hypoxemia. Thus, the associations between 
mucus plug burden and negative outcomes, including all-cause mortality, shows the 
role of mucus as a biomarker and risk predictor. Measuring mucus plugs can help 
monitor disease progression and stratify risk, particularly in patients who may not have 
obvious symptoms. However, moving beyond our ‘simple’ analysis on mortality of 
chapter 6, more investigations are needed to understand the interactions of mucus with 
patient characteristics such as systemic inflammation, pathogens (e.g. Pseudomonas) 
airflow limitation and emphysema. Additionally, assessing mucus volume and lobar 
distribution is essential to potentially define mucus-dominant phenotypes and evaluate 
the effectiveness of mucus clearing therapies. Importantly, the exact causal pathway 
linking mucus and mortality remains unclear. While mucus reduction strategies appear 
promising, it is possibly too simplistic to assume that simply reducing mucus would 
also reduce mortality without addressing the underlying pathological mechanisms. 

In light of the results discussed above, it is evident that by not implementing these 
techniques, a huge resource of highly relevant information on our patients would be 
left unused. Manual scoring is simply not feasible due to the time-consuming nature of 
such analysis, but automated tools can bridge the gap from research to clinic. 

From Research to Clinic: Validating AI for Airways

While the automated BA-method provides an assessment that is both efficient and 
objective, broader adoption, comparable to the use of FEV1 in clinical practice, will 
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require more validation and population studies. Such studies should aim to establish 
cut-off values, for both bronchial and arterial dimensions as well as their ratios, to 
distinguish normal from pathological states. Also, different automated techniques 
will have different strengths and drawbacks, such as for example the influence of 
pathophysiological changes in the arterial dimensions on BA-ratios has until now been 
insufficiently investigated. Recent analyses by our group have supported the concept 
that COPD is equally a vascular disease with important changes to the vasculature in 
more severe disease stages, potentially making a bronchial ratio relative to the artery a 
moving target.[33, 34] Indeed, in the BASIIS study (Chapter 5), it was shown that Bwa/
Boa and Pi10 as measures of wall thickness that are independent of arterial dimension 
provided insights into structural changes without the potentially confounding influence 
of altered arterial size. The results demonstrated that these measures were also correlated 
with spirometry and other clinical factors, underscoring their use in measuring airway 
remodeling and its functional effect.

Other important steps will be the development of standardized CT protocols. 
Standardization of scan settings, such as KV, mA, slice thickness, and reconstruction 
kernels, is critical to reduce variability across centers and improve data quality. 
Variability in technical parameters and inspiratory and expiratory levels significantly 
impacts the interpretation of CT scans. Efforts by the Radiological Society of North 
America (RSNA) through the Quantitative Imaging Biomarkers Alliance (QIBA) have 
provided valuable resources for addressing this challenge.[35] The QIBA protocols for 
different scanner manufacturers, although developed with a focus on COPD, serve as a 
good example of how standardization efforts could drive uniformity and reproducibility 
in imaging. Applying a similar approach to the study of bronchiectasis could greatly 
enhance the use of imaging biomarkers in this area.

Another possibility is CT timing using spirometry to ensure consistent and accurate 
lung volumes during scanning.[31, 32] This may improve the reliability of quantitative 
assessments, minimizing variability due to differences in inspiration levels, particularly 
in pediatric patients.[36] Furthermore, advancements in CT technology may further 
enhance resolution, allowing for the capture of a greater number of airways. Given that 
using current standard CT scans the algorithms only capture on average around 200 
bronchial-arterial (BA) pairs out of the theoretically over 1100 bronchi (dichotomous 
branching) in segmental bronchi generations 1-6, efforts should be directed towards 
optimising lung volume for chest CTs, increasing the resolution and sensitivity of CT 
imaging to provide a more comprehensive representation.[37]

Another key improvement involves incorporating expiratory scans into protocols 
to assess air trapping, diaphragm movement, and airway collapse. Expiratory scans, 
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though challenging due to inter-operator variability and patient cooperation, offer 
additional insights into airway diseases. Low-dose protocols for expiratory imaging may 
enable this without significant increases in radiation exposure.[38, 39]

Finally, obtaining large datasets for training, validation, and the establishment of 
reference values for non-diseased individuals will be critical. Efforts like the Normal 
Chest CT Study Group can provide essential reference data.[40] In this regard, it is 
unfortunate that the author’s attempt to apply BA-analysis to the CT scans from the 
ERGO cohort were hindered by technical limitations. Hopefully, future technical 
solutions and newer scan protocols will solve this obstacle and provide us with 
population reference values of these airway measures. 

Advancing Disease Monitoring: PRM and Beyond

Looking beyond the here investigated AI-assisted quantitative techniques, newer 
AI technologies for CT image analysis may present further opportunities to advance 
the understanding and clinical management of bronchiectasis and other respiratory 
diseases. 

One promising area is the use of saliency mapping, which can highlight the most 
relevant features in CT scans for disease assessment. When using single or combined AI-
derived parameters for prediction of clinical outcomes or response to therapy, saliency 
mapping can visualize which parts of the CT image are driving a model’s predictions. 
This technique can identify subtle radiological features with the strongest relationships 
to outcomes of interest, which may not always align with traditional interpretations or 
might have been previously overlooked. Although current deep learning saliency map 
applications have not yet performed well enough for clinical application, developments 
in this area are moving fast. [41]

Another innovative approach is progression mapping, which involves the longitudinal 
analysis of multiple CT scans to track disease progression over time. By automatically 
comparing sequential scans, AI can detect small changes in airway dimensions such 
as wall thickness and mucus plugs, providing the clinician with regions of interest. 
Integrating multiple scans into ‘movie clips’ of changes over time enables an improved 
dynamic understanding of disease evolution, offering insight into a patient’s trajectory, 
with possible cues for intervention.[42]

Parametric response mapping (PRM) is another advanced imaging approach that has 
shown promise in quantifying functional and structural changes over time. Originally 
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developed to assess lung parenchymal changes in diseases like COPD, PRM overlays 
paired inspiratory and expiratory CT scans to visualize regional variations in ventilation 
and air trapping, even down to the level of individual bronchial segments The 
technique distinguishes healthy lung areas from regions affected by small airway disease 
or emphysema.[43] Applying PRM to bronchiectasis could add insight into dynamic 
airway function. By combining PRM with assessments of airway wall thickness, 
bronchial dilation, and mucus plugging, researchers could gain a more complete view 
of disease mechanisms and their functional consequences.

These developments can transform CT image analysis from a static, subjective practice 
into a dynamic, objective tool. By providing actionable insights into disease progression, 
treatment response, and phenotype-specific management, these technologies promise 
to greatly enhance both our understanding and patient care. . The ultimate validation 
of these approaches will depend on their integration into a continuous cycle of 
measuring, treating, re-measuring, and evaluating outcomes to ensure that the insights 
lead to clinical benefits. To enable this cycle, it is critical that automated tools become 
integrated in existing PACS systems and readily available to clinicians at point-of-care. 

Impact of  Anti-inflammatory Therapies

Chronic airway inflammation plays a central role in the pathophysiology of 
bronchiectasis, asthma and COPD, and has been correlated with symptoms of 
cough, sputum production, dyspnea, and frequent exacerbations.[44] Among the 
inflammatory mechanisms involved, eosinophilic inflammation, a prototype of type 
2 (T2) immune responses, stands out as a significant but complex phenomenon in 
chronic airway diseases. Eosinophils contribute to airway inflammation through their 
role in promoting mucus production, inflammation, and contributing to tissue damage, 
which makes them a central focus for therapeutic strategies in asthma.[45]

In asthma, where T2 inflammation dominates, eosinophil counts are a reliable biomarker 
to guide treatment decisions, particularly for the use of ICS and biologics targeting 
the IL-4, IL-5, or IL-13 pathways. Beyond asthma, however, the role of eosinophilic 
inflammation in bronchiectasis and COPD remains less clear. While a subgroup of 
bronchiectasis patients exhibits eosinophilic inflammation, others are predominantly 
driven by neutrophilic or mixed inflammatory mechanisms, complicating the selection 
of appropriate therapies.[44, 46] In addition, the instability of blood eosinophil 
levels in bronchiectasis further challenges their utility as reliable biomarkers for T2 
inflammation or corticosteroid efficacy.[47]
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In this thesis, the role of eosinophilic inflammation in bronchiectasis was a relevant 
consideration in the analysis of the CT scans of a cohort of patients with bronchiectasis 
and asthma, as well as evaluations of ICS/LABA combination therapy and biologic 
agents (chapter 5, chapter 7 and chapter 8, respectively). Understanding the 
contribution of eosinophils in bronchiectasis could enable clinicians to better stratify 
patients for therapies that specifically target T2 inflammation, potentially reducing 
disease burden and improving clinical outcomes. 

ICS/LABA in Bronchiectasis: Lessons from FORZA

Inhaled corticosteroids (ICS), often in combination with long-acting beta-agonists 
(LABA) are the cornerstone of asthma treatment.[48] ICS work by reducing (T2) 
inflammation, in particular eosinophilic inflammation, within the airways, decreasing 
the frequency and severity of asthma symptoms and exacerbations. LABA, on the other 
hand, help in relaxing the smooth muscles around the airways, providing sustained 
bronchodilation. The combination of ICS and LABA (ICS/LABA) has been shown to 
improve lung function, control symptoms, and enhance the quality of life in asthma 
patients.[48]

Beyond asthma, the application of ICS/LABA has been explored in other chronic 
respiratory diseases, notably chronic obstructive pulmonary disease (COPD) and 
bronchiectasis. In COPD, ICS/LABA combination therapy is used to manage 
symptoms and prevent exacerbations, and has been included in the guidelines for 
selected COPD patients with frequent exacerbations (≥2/year), hospitalizations, an 
eosinophilic endotype (≥300 cells/µL) or concomitant asthma.[49] However, while 
studies demonstrated that ICS/LABA can reduce exacerbation frequency, they may 
also increase the risk of pneumonia in COPD patients. The benefit of ICS/LABA in 
bronchiectasis is doubtful. 

In chapter 7 of this thesis, the FORZA study evaluated the efficacy of combined 
beclomethasone-formoterol inhalation in reducing chronic cough in bronchiectasis 
patients without asthma or COPD. The rationale for the study was primarily that older 
studies had showed some benefits of ICS/LABA or ICS alone, but did not include a 
placebo control group, nor excluded asthma or COPD.[50-54] 

Despite the early termination of the study due slow accrual and the COVID-19 
pandemic, the results indicated no significant differences in cough scores, lung function, 
or quality of life between the treatment and placebo groups. The increased incidence 
of adverse events in the treatment group suggested that caution is warranted when 
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prescribing ICS/LABA for bronchiectasis patients without asthma or COPD. These 
findings highlight the issues with undifferentiated prescription of anti-inflammatory 
therapies and suggest the need for better patient selection. Indeed, subsequent cohort 
analyses have suggested that ICS prescription has a beneficial effect on exacerbations in 
the subcategory of patients with peripheral blood eosinophils ≥3%.[55, 56] However, 
recent studies have indicated that blood eosinophil counts may actually be variable 
in bronchiectasis.[47] Also, blood eosinophils in bronchiectasis may, like in COPD, 
not reliably discriminate for T2 inflammation and corticosteroid efficacy, as multiple 
inflammatory pathways are involved.[57] Unfortunately, the FORZA study was 
underpowered to do a post-hoc subgroup analysis based on blood eosinophil counts, so 
unable to confirm the mentioned cohort studies. 

Biologics for Airway Diseases

Biological therapies, which are monoclonal antibodies that target specific intermediaries 
in the inflammatory process, have transformed the management of severe asthma. 
Agents such as omalizumab, mepolizumab, benralizumab, dupilumab and tezepelumab 
target different mediators in the T2 immune response, leading to reduced exacerbations, 
improved lung function, and enhanced quality of life in patients with severe asthma. 
These biologicals are currently investigated for their potential use in other respiratory 
conditions, including COPD and bronchiectasis, given their success in modulating 
complex immune pathways in asthma. However, targeting the right patient with 
the right biological has proven to be difficult. In COPD, some studies investigating 
mepolizumab or benralizumab in patients with high eosinophil levels turned out 
negative, most importantly for the number of exacerbations.[58-60] However, 
dupilumab has recently shown efficacy in reducing exacerbations and mucus plugs in 
COPD, suggesting potential for bronchiectasis patients with similar T2 inflammatory 
endotypes.[61] In bronchiectasis, no biological trials have been conducted, but 
case series have indicated the efficacy of anti-IL-5.[62] Promising results have been 
described for both benralizumab and dupilumab on the reduction of mucus plugs in 
asthma patients, which again may also be relevant for mucus-obstructed bronchiectasis 
patients with an underlying T2 pathophysiology.[63, 64] Additionally, a therapy like 
tezepelumab, which acts higher in the inflammatory cascade, may address both T2 and 
IL-17-driven neutrophilic inflammation, so with a broader anti-inflammatory mode of 
action.[65, 66] 

In this thesis, dupilumab in an ABPA case series demonstrated the potential of biologic 
agents in modulating the T2 immune response and improving clinical outcomes. ABPA 
is characterized by a hypersensitive response to Aspergillus fumigatus, leading to excessive 
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inflammation, bronchial damage, and mucus plugging. Conventional treatments for 
ABPA typically involve corticosteroids and antifungal agents, which, although effective, 
can have serious adverse effects, including immunosuppression and toxicity.

Dupilumab, a monoclonal antibody targeting the IL-4 receptor alpha subunit, blocks 
both IL-4 and IL-13 signaling pathways. This dual blockade reduces IgE production, 
eosinophil recruitment to tissues, and overall T2-driven inflammation.[67] In our case 
series, treatment led to significant improvements in symptoms, exacerbation rates, lung 
function, and reductions in prednisone use and IgE levels. Although a case series is an 
uncontrolled study, these findings suggest that dupilumab offers an effective alternative 
for managing ABPA, providing a new line of treatment next to the conventional ABPA 
therapies. A Phase 2 trial investigating dupilumab specifically for ABPA is currently still 
underway.[68] However, a recommendation to use dupilumab has recently made it to 
the most recent ABPA guidelines, although with a low level of evidence and low level of 
consensus, reflecting differing opinions among experts.[69]

Future directions in the management of bronchiectasis with anti-inflammatory therapies 
involve the continued exploration of biological agents. Given the success of dupilumab 
in ABPA and other reports, there is much room for other biologics to be tested in 
bronchiectasis. Investigating the efficacy and safety of biologics like mepolizumab 
and benralizumab, which target eosinophilic inflammation through IL-5, could be of 
benefit in eosinophilic bronchiectasis. However, patient selection remains challenging. 
Since blood eosinophil levels may be less stable or reflective of T2 inflammation in 
bronchiectasis patients than in asthma, sputum eosinophils could be a better indicator 
of active eosinophilic airway inflammation, which in the future can potentially be 
measured by point-of-care assays.[70]

Neutrophils and Mucus Plugs

Anti-neutrophilic approaches present a new direction in anti-inflammatory treatment 
for bronchiectasis and other airway diseases. Neutrophil elastase, an enzyme released 
during neutrophil activation, is closely linked to bronchiectasis severity and disease 
progression. It contributes to tissue damage, mucus hypersecretion, and exacerbations.
[5, 44] Neutrophils form neutrophil extracellular traps (NETs), which are web-like 
structures composed of DNA, histones, and granular proteins such as myeloperoxidase 
(MPO) and neutrophil elastase. Interestingly sputum colour, reflecting the level of 
neutrophilic inflammation through MPO, was shown to be an objective predictor of 
exacerbation risk.[71, 72] NETs, designed to trap pathogens, paradoxically worsen 
airway inflammation by increasing mucus viscosity and elasticity and inducing pro-
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inflammatory cytokines such as IL-8 and IL-6 from airway epithelial cells. NETosis, 
the process of NET formation has been implicated in both the development and 
exacerbation of airway diseases, including asthma and COPD.[73] Moreover, high 
levels of extracellular DNA (eDNA), originating from NETosis, have been associated 
with poorer outcomes and more severe airway obstruction. 

Azithromycin (AZM), a macrolide antibiotic, has become a cornerstone of management 
of bronchiectasis, with robust evidence demonstrating its efficacy in reducing 
exacerbation frequency.[74, 75] Beyond its antimicrobial properties, AZM exerts 
immunomodulatory effects, particularly by reducing IL-8 and other pro-inflammatory 
cytokines.[76] Its long-term use has also been shown to improve radiologic features, 
as evidenced by a recent post-hoc analysis from the BAT trial, where maintenance 
AZM therapy led to reductions in mucus impaction and other radiologic markers of 
bronchiectasis on CT scans.[22] These findings affirm AZM as an essential component 
of therapeutic strategies targeting neutrophilic inflammation in bronchiectasis. [6, 7] 
Additionally, AZM has shown efficacy in reducing exacerbations in selected patients 
with COPD and asthma.[48, 49]

Treatments targeting eDNA, such as dornase alfa, have shown great efficacy in cystic 
fibrosis, but not in (non-CF) bronchiectasis, asthma, and COPD.[77] However, perhaps 
it may be effective in carefully selected patients with high neutrophilia or high numbers 
of exacerbations. Studies have revealed links between neutrophilic inflammation and 
the severity of radiological abnormalities in patients with bronchiectasis as well as 
asthma and COPD patients, again underscoring the potential to use CT features for 
patient selection. [78-80] 

Recent trials with the neutrophil elastase inhibitor brensocatib have shown promise, 
demonstrating reduced exacerbations.[81, 82] By inhibiting neutrophil elastase, 
brensocatib addresses the key pathogenic factor in bronchiectasis, potentially 
offering a targeted treatment strategy that complements existing therapies. In fact, 
the development of brensocatib is the first drug specifically developed in the long-
neglected field of bronchiectasis and is eagerly awaited by patients and physicians. 
Interestingly, targeting neutrophilic inflammation via neutrophil elastase inhibitors 
may also be effective in selected COPD subgroups and should gain renewed interest 
from investigators and pharmaceutical companies.[83, 84] Perhaps neutrophil elastase 
activity can also be measured using point-of-care sputum assays for patient selection and 
response monitoring.[85] But again, subgroups of patients that are likely to respond to 
this therapy may also be identified through filtering specific radiological features with 
the help of AI tools. In this regard, the results of the LungQ analysis of the CT scans 
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of the phase III brensocatib trial (as carried out by LungAnalysis) will be extremely 
interesting. 

Tezepelumab, already mentioned before for its ability to modulate upstream 
inflammatory pathways, may also hold promise in addressing neutrophilic 
inflammation. By targeting thymic stromal lymphopoietin (TSLP), tezepelumab can 
reduce IL-17A and IL-8 activity, which, as discussed, are key drivers of neutrophil 
recruitment and activation.[66] This dual anti-eosinophilic and anti-neutrophilic 
mechanism makes it a compelling candidate for treating airway diseases characterized 
by mixed or shifting inflammatory endotypes. Interestingly, a positive effect of 
tezepelumab on mucus plugs has already been demonstrated in moderate-to-severe 
asthmatics. [86] Even more aggressive management strategies may combine such drugs, 
with for example brensocatib’s inhibition of neutrophil elastase could complement 
tezepelumab’s upstream modulation of neutrophil recruitment, providing a double 
approach to controlling neutrophilic inflammation.

In conclusion, while traditional inhalator therapies like ICS/LABA have shown limited 
benefit when prescribed in unselected bronchiectasis disease patients, the establishment 
of an eosinophil-driven subgroup as well as the emergence of biologicals and novel anti-
neutrophilic treatments offers new hope. Ideally, a precision medicine approach could 
select the right patients through inflammatory endotyping as well as using radiologic 
markers of inflammation such as wall thickness and mucus plugs to optimize treatment 
approach. 

Concluding Remarks

Reflecting on Thomas Mann’s description of the revealing nature of early X-ray 
diagnostics, this thesis was built onto the advancements and persistent challenges in 
understanding and managing bronchiectasis disease, asthma, and COPD. Just as the 
invisible destruction caused by tuberculosis was brought to light, the studies in this 
thesis have demonstrated how modern high-resolution computed tomography and 
automated quantitative image analysis reveal new, complex and until now hidden 
abnormalities within the lungs of patients with these chronic airways diseases. The two 
studies in this thesis on anti-inflammatory therapies highlight the need for personalized 
medicine, showing both the potential of targeted biologicals therapy as well as the risk 
of increased adverse events when an intervention is not matched to the underlying 
pathophysiological mechanism. Fortunately, inflammatory endotyping will likely be a 
dominant paradigm for future studies on the expanding arsenal of anti-inflammatory 
therapies. 
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Moving ahead from this thesis, radiological and inflammatory markers must become 
integrated in a unified strategy for managing these complex diseases. However, the 
impact of these advancements depends on bringing them into routine clinical practice, 
particularly through clinical implementation of automated imaging metrics as well as 
reliable, point-of-care inflammatory markers and a growing arsenal of targeted anti-
inflammatory treatments. This will empower clinicians with information and options 
for each patient’s unique disease profile. By combining all the available data we can 
develop more effective, personalized treatments, delivered at the right time to those 
patients most at risk. With continued research and innovation, we can look forward 
to a future where patients with these chronic airway diseases experience significantly 
improved health and quality of life.
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English Summary

Bronchiectasis is a complex chronic respiratory disease characterized by irreversible 
airway dilation, chronic inflammation, and mucus obstruction. This thesis investigates 
its clinical and radiological heterogeneity and underlying disease mechanisms, 
particularly in the context of overlapping conditions like asthma and COPD. By using 
advanced imaging techniques and evaluating the effect of anti-inflammatory therapies, 
it aims to improve disease phenotyping and support tailored treatment strategies. 

In the general introduction in Chapter 1, the context of this thesis is established by 
discussing the rising prevalence and burden of bronchiectasis and its shared disease 
mechanisms with asthma and COPD. It explains the need for personalized therapeutic 
approaches and introduces advanced imaging techniques to better understand 
the disease. This sets the stage to explore the role of these tools for better disease 
management. 

Building on this, Chapter 2 examined the clinical implications of structural 
abnormalities in the European Multicenter Bronchiectasis Audit and Research 
Collaboration (EMBARC) BEST-CT study. By correlating visual CT scores with clinical 
outcomes in a large bronchiectasis cohort of 524 patients, it found that abnormalities 
such as mucus plugging, the extent of bronchial wall widening and bronchial wall 
thickening were associated with increased disease severity, higher exacerbation rates, 
worse lung function and Pseudomonas aeruginosa colonization. The study also showed 
the very high heterogeneity of bronchiectasis patients, showing a range from 0% to 
88% abnormalities in the scored lung parenchyma, and demonstrated the value of CT 
scoring in distinguishing radiological phenotypes of bronchiectasis patients. This visual 
scoring approach provided a framework for further refining imaging analysis methods, 
which was the focus of the following chapters. 

Chapter 3 introduced the automated bronchus-artery (BA) method, a technique 
that assesses the ratio of bronchial wall thickness to the accompanying pulmonary 
artery diameter. Using CT scans from 69 patients from the iBEST clinical trial, it 
demonstrated how automated metrics of bronchial widening (Bout/A≥1.5) were well 
correlated with visual scoring of bronchiectasis as well as FEV1 and FEV1/FVC, and 
showed that automated methods are better at detecting bronchial wall thickening. The 
study showed the potential of automated scoring to replace visual scoring for trials and 
clinical care. This set the stage for broader application of automation in larger datasets. 

Thus, in Chapter 4 the BA method was applied to a much larger dataset of CT scans 
of 609 patients from the EMBARC study, which quantified 135,489 bronchus-artery 
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pairs and detected over 12,000 mucus plugs. Bronchial dilatation and bronchial wall 
thickening were observed in 73% and 49% of all BA-pairs. As in the visual scoring 
study, increased wall thickness and mucus plugging was significantly associated with 
Pseudomonas aeruginosa infections, severe exacerbations and underlying primary ciliary 
dyskinesia. Patients with more extensive structural abnormalities had a higher risk of 
frequent (≥2) hospitalizations. Interestingly, patients with co-existing asthma and/or 
COPD diagnosis had less bronchial dilatation, but more bronchial wall thickening. This 
chapter not only validated the use of automated techniques in quantifying structural 
abnormalities but also links these findings to key clinical outcomes. The inclusion 
of patients with co-existing asthma or COPD highlighted the nuanced differences 
between these overlapping conditions. 

Further focusing on asthma and COPD, in Chapter 5, we analyzed CT scans from 
64 bronchiectasis patients with coexisting asthma. Automated measurements revealed 
that increased bronchial wall thickness and mucus plugs correlated negatively with lung 
function (FEV1 and FEV1/FVC) and positively with disease severity scores (BSI and 
FACED), as well as the no. of exacerbations and Pseudomonas aeruginosa colonization. 
Elevated blood eosinophil counts were not associated with imaging metrics, suggesting 
a limited role for eosinophilic inflammation in this cohort. 

Expanding the discussion of mucus obstruction to COPD, Chapter 6 evaluated its 
prognostic significance in COPD using the large COPDGene cohort of 9,399 COPD 
patients. Automated mucus plug quantification showed a significant association 
between mucus obstruction and increased all-cause mortality. Patients with three 
or more mucus-obstructed bronchial segments had a 27% higher mortality risk, 
highlighting mucus plugs as an important biomarker in COPD and a potential target 
for intervention. Interestingly, this automated assessment replicated the result of 
manual mucus plug counting investigations, but in a larger cohort and with increased 
efficiency. 

In the second part of this thesis on therapeutic interventions, Chapter 7 assessed 
anti-inflammatory therapy for bronchiectasis patients without asthma or COPD. The 
FORZA randomized controlled trial, enrolling 34 bronchiectasis patients without 
asthma or COPD, evaluated beclomethasone-formoterol inhalation therapy for the 
relief of chronic cough. Although the trial was terminated prematurely, the treatment 
did not improve cough-related quality of life and was found to be associated with 
more adverse events compared to the placebo group. These findings call for caution in 
prescribing ICS/LABA therapies for bronchiectasis patients without coexisting asthma 
or COPD, a practice which remains very widespread. 
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Finally, in Chapter 8 targeted anti-inflammatory treatment was investigated in a case 
series of patients with allergic bronchopulmonary aspergillosis (ABPA) and asthma. 
As a prototypical Type-2 inflammation mediated type of bronchiectasis disease, there 
are strong mechanistic arguments to apply the biological dupilumab in ABPA. In this 
study, dupilumab reduced the need for treatment with steroids as well as the number 
of exacerbations, and improved lung function. These findings highlight the potential of 
targeted therapies in specific subgroups of bronchiectasis patients. 

In the final discussion in Chapter 9, insights from the preceding chapters have 
been synthesized to discuss the great potential of automated imaging analyses and 
personalized treatment strategies in bronchiectasis care. Findings demonstrated that 
automated imaging metrics not only improve diagnostic precision but also provide 
critical prognostic information, connecting radiological metrics with functional 
and clinical outcomes. The investigation of anti-inflammatory therapies showed the 
importance of tailoring treatments to specific patient subgroups. The next essential step 
should be clinical implementation of these markers alongside further research on the 
integration of radiologic phenotypes and inflammatory endotypes for more targeted, 
patient-specific strategies. With continued research, innovation and translation into 
clinical practice, patients with chronic airway diseases may experience significantly 
improved health and quality of life.



202 APPENDICES



203NEDERLANDSE SAMENVATTING

A

Nederlandse Samenvatting

Bronchiëctasieën zijn een complexe chronische longaandoening die wordt gekenmerkt 
door irreversibele verwijding van de luchtwegen, chronische ontsteking en 
slijmophoping. Dit proefschrift onderzoekt de klinische en radiologische heterogeniteit 
van bronchiëctasieën, met name in de context van overlappende aandoeningen zoals 
astma en COPD. Door gebruik te maken van geavanceerde beeldvormingstechnieken 
en het evalueren van de effecten van anti-inflammatoire therapieën, heeft het als doel de 
fenotypering van de ziekte te verbeteren en gepersonaliseerde behandelingsstrategieën 
te faciliteren. In de algemene introductie in Hoofdstuk 1 wordt de context van dit 
proefschrift geschetst door de toenemende prevalentie en ziektelast van bronchiëctasieën 
te bespreken, evenals de gedeelde ziektemechanismen met astma en COPD. De 
noodzaak van gepersonaliseerde therapeutische benaderingen wordt toegelicht, en 
geavanceerde beeldvormingstechnieken worden geïntroduceerd om de ziekte beter te 
begrijpen. Dit legt de basis voor het onderzoeken van de rol van deze tools in een betere 
ziektebehandeling.

In aansluiting hierop onderzocht Hoofdstuk 2 de klinische implicaties van structurele 
afwijkingen in de Europese Multicenter Bronchiëctasie Audit en Research Collaboration 
(EMBARC) BEST-CT-studie. Door visuele CT-scores te correleren met klinische 
uitkomsten in een groot cohort van 524 patiënten met bronchiëctasieën, werd vastgesteld 
dat afwijkingen, zoals slijmpluggen, de mate van bronchiale verwijding en verdikking 
van de bronchiale wand werden geassocieerd met een verhoogde ernst van de ziekte, 
hogere frequentie van exacerbaties, slechtere longfunctie en kolonisatie met Pseudomonas 
aeruginosa. De studie toonde ook de grote heterogeniteit van bronchiëctasiepatiënten 
aan, met een variatie van 0% tot 88% afwijkingen in het gescoorde longparenchym, 
en benadrukte de waarde van CT-scoring bij het onderscheiden van radiologische 
fenotypes van patiënten met bronchiëctasieën. Deze visuele scoringsresultaten vormde 
een achtergrond voor verder onderzoek naar geautomatiseerde beeldanalysemethoden, 
wat het onderwerp was van de volgende hoofdstukken.

Hoofdstuk 3 introduceerde de geautomatiseerde bronchus-arterie (BA)-methode, 
een techniek die de verhouding beoordeelt tussen de dikte van de bronchiale wand 
en de diameter van de bijbehorende longslagader. Met behulp van CT-scans van 69 
patiënten uit de iBEST klinische trial werd aangetoond hoe geautomatiseerde meting 
van bronchiale verwijding (Bout/A≥1,5) goed correleerde met visuele scoring van 
bronchiëctasieën, evenals met FEV1 en FEV1/FVC, en liet zien dat geautomatiseerde 
methoden beter waren in het detecteren van bronchiale wandverdikking. De studie 
toonde het potentieel van geautomatiseerde scoring aan om visuele scoring te vervangen 
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voor trials en kliniek. Dit vormde de basis voor bredere toepassing van automatisering 
in grotere datasets. 

Zo werd in Hoofdstuk 4 de BA-methode toegepast op een veel grotere dataset van 
CT-scans van 609 patiënten uit de EMBARC-studie, waarbij 135.489 bronchus-
arterieparen werden gekwantificeerd en meer dan 12.000 slijmpluggen werden 
gedetecteerd. Bronchiale dilatatie en verdikking van de bronchiale wand werden 
waargenomen in respectievelijk 73% en 49% van alle BA-paren. Net als in de visuele 
scoringstudie waren een verhoogde wanddikte en slijmophoping significant geassocieerd 
met Pseudomonas aeruginosa-kolonisatie, ernstige exacerbaties en onderliggend primaire 
ciliaire dyskinesie. Patiënten met meer uitgebreide structurele afwijkingen hadden 
een hoger risico op frequente (≥2) ziekenhuisopnames. Interessant genoeg hadden 
patiënten met een co-existente diagnose van astma en/of COPD minder bronchiale 
dilatatie, maar meer verdikking van de bronchiale wand. Dit hoofdstuk valideerde 
niet alleen het gebruik van geautomatiseerde technieken voor het kwantificeren van 
structurele afwijkingen, maar koppelde deze bevindingen ook aan belangrijke klinische 
uitkomsten. De bevindingen in de subgroep van patiënten met co-existente astma of 
COPD benadrukte de nuanceverschillen tussen deze overlappende aandoeningen.

Vanaf Hoofdstuk 5 werd verder gefocust op astma en COPD, met de analyse van CT-
scans van 64 patiënten met bronchiëctasieën en co-existente astma. Geautomatiseerde 
metingen toonden aan dat een toegenomen dikte van de bronchiale wand en 
slijmophopingen negatief correleerden met de longfunctie (FEV1 en FEV1/FVC) en 
positief met scores van ziekte-ernst (BSI en FACED), evenals het aantal exacerbaties 
en Pseudomonas aeruginosa-kolonisatie. Verhoogde eosinofielen in het bloed waren niet 
geassocieerd met radiologische parameters, wat suggereert dat eosinofiele ontsteking 
een beperkte rol speelt bij de pathofysiologie van bronchiectasieen in deze groep. 

In Hoofdstuk 6 werd de prognostische betekenis van slijmpluggen in COPD 
onderzocht in de grote COPDGene-cohortstudie met 9.399 COPD-patiënten. 
Geautomatiseerde kwantificatie van slijmpluggen toonde een significante associatie 
aan tussen slijmpluggen en verhoogde mortaliteit door alle oorzaken. Patiënten met 
drie of meer door slijm geobstrueerde bronchussegmenten hadden een 27% hoger 
sterfterisico, wat slijmpluggen positioneert als een belangrijke biomarker in COPD en 
een potentieel doelwit voor interventie. Ook van belang is dat deze geautomatiseerde 
studie de resultaten van eens studie met visuele tellingen van slijmpluggen repliceerde, 
maar in een groter cohort en met verhoogde efficiëntie.

In het tweede deel van dit proefschrift, over therapeutische interventies, werd in 
Hoofdstuk 7 anti-inflammatoire therapie voor patiënten met bronchiëctasieën zonder 
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astma of COPD belicht. De FORZA gerandomiseerde gecontroleerde studie, met 34 
patiënten, onderzocht het effect van inhalatietherapie met beclometason-formoterol 
ter verlichting van chronische hoest. Hoewel de studie voortijdig werd beëindigd, 
verbeterde de behandeling de hoestgerelateerde kwaliteit van leven niet en ging de 
interventie gepaard met meer bijwerkingen vergeleken met de placebogroep. Deze 
bevindingen roepen op tot voorzichtigheid bij het voorschrijven van ICS/LABA-
therapieën aan patiënten met bronchiëctasieën zonder co-diagnose van astma of 
COPD, een praktijk die echter nog steeds veel voorkomt. 

In Hoofdstuk 8 werd gerichte anti-inflammatoire behandeling onderzocht in een 
casusserie van patiënten met allergische bronchopulmonale aspergillose (ABPA) en 
astma. Als een vorm van bronchiëctasieën die bij uitstek wordt gemedieerd door Type-2 
ontsteking zijn er sterke mechanistische argumenten voor het toepassen van biologische 
therapieën zoals dupilumab. In deze studie verminderde dupilumab de noodzaak van 
behandeling met steroïden, het aantal exacerbaties en verbeterde het de longfunctie. 
Deze bevindingen benadrukken het potentieel van gerichte anti-inflammatoire 
therapieën voor specifieke subgroepen van patiënten met bronchiëctasieën.

In de afsluitende discussie in Hoofdstuk 9 werden inzichten uit de voorgaande 
hoofdstukken geïntegreerd om het grote potentieel van geautomatiseerde beeldanalyses 
en gepersonaliseerde strategieën in de behandeling van bronchiëctasieën te 
bespreken. De bevindingen in dit proefschrift toonden aan dat geautomatiseerde 
beeldvormingsparameters niet alleen de diagnostische precisie verbeteren, maar ook 
cruciale prognostische informatie bieden, waarmee ze de verbinding maken tussen 
radiologische parameters en functionele en klinische uitkomsten. Het onderzoek 
naar anti-inflammatoire therapieën benadrukte het belang van het afstemmen van 
behandelingen op specifieke patiëntsubgroepen. De volgende essentiële stap is de 
klinische implementatie van deze markers, samen met verder onderzoek naar de integratie 
van radiologische fenotypes en inflammatoire endotypes om gerichte, patiëntspecifieke 
strategieën te ontwikkelen. Met meer onderzoek, innovatie en implementatie in de 
klinische praktijk kunnen patiënten met chronische luchtwegziekten aanzienlijk 
verbeterde gezondheid en een hogere kwaliteit van leven ervaren.
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