
Structural lung disease and clinical phenotype in bronchiectasis patients:
the EMBARC CT study
Pieters, A.L.P.; Veer, T. van der; Meerburg, J.J.; Andrinopoulou, E.R.; Eerden, M.M. van der; Ciet,
P.; ... ; Chalmers, J.D.

Citation
Pieters, A. L. P., Veer, T. van der, Meerburg, J. J., Andrinopoulou, E. R., Eerden, M. M. van der,
Ciet, P., … Chalmers, J. D. (2024). Structural lung disease and clinical phenotype in
bronchiectasis patients: the EMBARC CT study. American Journal Of Respiratory And Critical
Care Medicine, 210(1), 87-96. doi:10.1164/rccm.202311-2109OC
 
Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)
Downloaded from: https://hdl.handle.net/1887/4283233
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/4283233


ORIGINAL ARTICLE
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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.

Keywords: bronchiectasis; bronchial diseases; airway wall
thickening; artificial intelligence; quantitative imaging
analysis
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Bronchiectasis (BE) disease is a clinical
syndrome characterized by cough, sputum
production, and recurrent infectious
exacerbations combined with the radiological
appearance of abnormal dilation of the
bronchi (1). BE disease may result from a
variety of etiologies and is highly
heterogeneous in its clinical, microbiological,
and functional attributes. The irreversible
dilation 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 andmanagement are based
on clinical assessment of disease severity and
disease activity. The frequency of
exacerbations, extent of symptoms, and
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,
hospitalizations, andmortality.

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

The gold standard for the radiological
diagnosis of BE is thin-section chest
computed tomography (CT). The
morphologic criteria for BE on CT are
bronchial dilation 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 andmucus plugging (MP) (3).
However, in routine clinical practice, airway
abnormalities are evaluated subjectively, and

no quantification of BE or accompanying
features is routinely performed.

For the quantitative analysis of airway
and parenchymal abnormalities in BE
disease, the Bronchiectasis Scoring
Technique for CT (BEST-CT) was
developed. BEST-CT is a scoring system that
uses morphometric principles and 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 with which to quantify
the severity and extent of the structural lung
abnormalities (SLAs) in patients with
granulomatous lymphocytic interstitial lung
disease and those with BE chronically
infected with PsA (4–6).

The EMBARC (EuropeanMulticenter
Bronchiectasis Audit and Research
Collaboration) registry was established in
2015 (7) as a prospective, pan-European
observational study of patients with BE (8).
Because BEST-CT is currently the best-
validated scoring method to quantify extent
of radiological disease in BE, we hypothesized
that radiological data would be associated
with clinical phenotype.We conducted a
substudy embedded within the EMBARC
registry to incorporate quantitative CT
analysis in more than 500 patients with the
aim of establishing relationships between the
radiological extent of disease and its etiology,
severity, and phenotype.

Methods

Study Population
We collected clinical data and CT images
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 (7, 8). The key inclusion criterion
to be included in the registry is a primary
clinical diagnosis of BE, per the judgment of
the treatment center, consisting of 1) a
clinical history consistent with BE and 2) a
CT scan demonstrating BE. Key exclusion
criteria for EMBARC registry are 1) BE due
to known cystic fibrosis (CF), 2) age
,18 years, and 3) inability or unwillingness
to provide informed consent. A complete list
of inclusion and exclusion criteria was
described previously (7). For the present
substudy, eight BE centers in six countries
were included: one each in Rotterdam, The
Netherlands; Dundee, London, and
Cambridge, United Kingdom; Sint-Niklaas,
Belgium;Monza, Italy; Haifa, Israel; and
Paris, France (Figure 1). Each center was
asked to make a completely random
subselection (50–100 patients) within their
available cohort. In parallel to the primary
BE registry, EMBARC has a European
nontuberculous mycobacterial (NTM) BE
substudy, which collects additional data from
patients meeting the Infectious Diseases
Society of America/American Thoracic
Society criteria for active NTM infection (9).
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 (10).

Clinical Parameters
The following data were collected from the
EMBARC registry: demographic
characteristics, previous medical history,
comorbidities, spirometry, hospital
admissions 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
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(FEV1% predicted, age, chronic colonization
by PsA, radiological extent of disease, and
dyspnea) (11, 12).

The underlying etiology of BE 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 BE;
2) allergic bronchopulmonary aspergillosis
(ABPA); 3) asthma; 4) primary/secondary
immunodeficiency; 5) connective tissue
disease, rheumatoid arthritis, and
inflammatory bowel disease; 6) chronic
obstructive pulmonary disease (COPD); 7)
NTM infection; 8) other disease (e.g.,
Mounier-Kuhn syndrome, yellow nail
syndrome, Young’s syndrome, CF
transmembrane conductance
regulator–related disorders, aspiration, and
gastroesophageal reflux disease); 9)
postinfectious BE (including after
tuberculosis); and 10) primary ciliary
dyskinesia (PCD). Additionally, this study
investigated whether patients had a
codiagnosis of asthma and/or COPD in
addition to the recorded primary etiology of
the BE.

In the EMBARC registry, patients were
categorized by duration of BE disease into
five groups (0–5 years, 5–10 years,
10–15 years, 15–20 years, and>20 years).
Hospital admissions due to pulmonary
exacerbations in the previous year were
categorized as none, one, or two or more.
Furthermore, patients were categorized by
normal or increased (>300 cells/ml) blood
eosinophil count (13).

CT Collection
The ErasmusMC 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 the
participating hospitals to LungAnalysis. CT
scans were included in this study if they
fulfilled the following requirements: 1)
correct digital format (i.e., correct DICOM
headers), 2) sufficient inspiratory lung
volume as defined by a round shape of the
trachea and the presence of lung parenchyma
between the heart and sternum, 3) complete
display of the lungs, 4) no artifacts beyond
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 enrollment
in the EMBARC cohort (with a maximum
interval of64 years, i.e., 1,460 d).

BEST-CT Scoring
BEST-CT is a morphometric scoring system
based on the same principles as the
extensively validated Perth-Rotterdam
Annotated GridMorphometric Analysis for
Cystic Fibrosis (PRAGMA-CF) (14). In
short, a grid is placed on 10 equally spaced
axial chest CT slices between the lung apex
and base, based on the PRAGMA-CF scoring
method (14, 15). Each grid box is annotated
by a trained and certified observer for the
presence of SLAs (5). Each grid cell that
contains>50% coverage of the lung is
scored using the following hierarchical
system (highest to lowest priority):
1) atelectasis/consolidation (ATCON),
2) BE withMP (BEMP), 3) BE withoutMP
(BEwMP), 4) airway wall thickening (AWT),
5) MP without BE, 6) ground-glass opacities
(GGOs), 7) bullae, 8) airways (i.e., those that
are not dilated), and 9) parenchyma (i.e., those
without annotated abnormalities) (Figure 1).

The following composite BEST-CT
scores were used to investigate the relation
between clinical outcomes and CT findings:

� Total BE
(%TBE) =%BEMP1%BEwMP

� Total MP (%TMP)=%BEMP1%MP
� Total inflammatory CT characteristics

(%TInF) =%ATCON1%BEMP1
%MP1%GGO

� Total disease (%DIS) =%ATCON1
%TBE1%AWT1%MP1%GGO1
%bullae

Intra- and Interobserver 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 (A.L.P.P.). The second
observer for the interobserver reliability was
a certified LungAnalysis laboratory staff
member (M.B.). To assess intraobserver
variability of the BEST-CT scoring method,
the main observer rescored 28 randomly
selected CT scans 1 month after completion.

Statistical Analysis
Descriptive statistics of patient characteristics
are displayed as medians with IQRs or as
counts and percentages as appropriate.
Intra- and interobserver agreement of CT
scoring methods and intraclass correlation
coefficients (ICCs) were calculated with

At a Glance Commentary

Scientific Knowledge on the
Subject: The evaluation of
bronchiectasis (BE) disease, even
though it is characterized by the
presence of radiological
abnormalities, currently lacks a
measure of the extent of
radiological disease in evaluating
patient phenotypes, disease activity,
and the risk of poor outcomes.
Current clinical practice assesses
radiological abnormalities
subjectively without quantifying BE
or accompanying features. In this
study within the EMBARC
(European Multicenter Bronchiectasis
Audit and Research Collaboration)
registry, we analyzed computed
tomography (CT) scans with the
quantitative Bronchiectasis Scoring
Technique for CT from more than
500 patients to investigate the
relationships between specific
radiological abnormalities and BE
disease etiology, severity,
and phenotype.

What This Study Adds to the
Field: Our analysis found great
heterogeneity in the nature and
extent of structural lung
abnormalities with prominent
inflammatory features. Lower
FEV1% predicted, presence of
Pseudomonas aeruginosa and
nontuberculous mycobacteria,
severe exacerbations, and BE disease
etiology were all strongly correlated
with the extent of distinct
radiological abnormalities on chest
CT scans. The quantitative
Bronchiectasis Scoring Technique
for CT outcomes can be used to
phenotype BE disease in patients
and determine the relationship
between clinical characteristics and
radiological disease manifestations.
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two-way mixed-effects models assessing the
consistency of single measurements. ICC
values lower than 0.50 were considered poor,
0.50–0.75 moderate, 0.75–0.90 good, and
greater than 0.90 excellent (16).

To investigate the association between
the four different BEST-CT composite scores
(%TBE, %MP, %TinF, and%DIS) and clinical
parameters (age, sex, duration of disease,
FEV1% predicted, microbiology, smoking
status, hospital admissions, etiology,
codiagnosis of asthma and/or COPD,
eosinophil count, and BSI and FACED
scores), we usedmultivariable linear
regression. For categories, we also performed
an F-test for overall effects. All statistical
analysis was done using SPSS software
(version 27.0; SPSS Inc.) and R (version 4.0.5,
2005; R Foundation for Statistical Computing).
Correction for multiple testing was not
performed. Statistically significant results were
defined at a P value of less than 0.05.

Results

CT Scan Collection and
Study Population
In total, 664 CT scans were collected from
the eight participating centers. Of these, 140
were excluded (as illustrated in Figure 1).
Hence, 524 inspiratory scans were analyzed
using the BEST-CTmethod. The median
time between the CT scan and enrollment in
the EMBARC registry was 210days (IQR,
80–560days). Patient characteristics and
etiologies of BE disease are shown in Table 1.
A total of 63% of patients were female
(n=329), and the median patient age
was 66 years (IQR, 55–74 years). In the
majority of cases, BE was attributed to an
idiopathic and postinfectious etiology: 37%
(n=193) and 14% (n=76), respectively
(Table 1). A total of 35% of patients had an
infection with PsA, and 19% had active NTM
infection.

Spectrum of Chest CT Outcomes
Table 2 presents the median and IQR of
each component score and the composite
scores %TBE, %TMP, %TinF, and %DIS.
The prevalence of patients with any cells
scored positive on that particular
component is also reflected in the table.
Althoughmost of the scans showed
components of BE (BEMP and/or BEwMP)
and infection/inflammation (BEMP, MP,
ATCON, and/or GGO), there was a wide
spread in the extent to which these
abnormalities were present. The %TBE
ranged from 0% (in 20 patients) to 23%,
%MP from 0% to 59%, %TinF from 0%
to 60%, and %DIS from 0% to 88%.
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 SLAs across all patients
(Figure 2).

Figure 1. Flow chart of the selection of eligible computed tomography (CT) scans used for Bronchiectasis Scoring Technique for CT from the
EMBARC (European Multicenter Bronchiectasis Audit and Research Collaboration) registry. *The inclusion criteria are: 1) inspiratory chest CT
series, 2) continuous helical CT acquisition, 3) slice thickness <1.5mm, 4) imaging of the entire lung parenchyma, and 5) no artifacts present
beyond mild artifacts 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 enrollment in the EMBARC cohort (with a maximum interval of 64 years, i.e., 1,460 d).
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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
duration of 15–20 years) had significantly

more radiological changes on the CT scan
for all composite scores (P, 0.01) except
%TMP versus age (P=0.17).

Overall, BE etiology was significantly
associated with all BEST-CT composite
scores (P, 0.01). Patients with NTM
specified as the etiology of their BE had
significantly higher %TinF and %DIS scores.
PCD was significantly associated with more
%TMP and %TinF. ABPA and postinfectious
etiologies of BE, on the contrary, were
significantly associated with a higher %TBE.
However, patients with primary and/or
secondary immunodeficiency or COPD as
the underlying cause of BE had significantly
lower %TBE. A codiagnosis of asthma and/or
COPDwas also negatively associated with
%TBE. The sample size was large enough to
allow us to statistically check for interaction
between the variables of sex and
asthma/COPD codiagnosis. These additional
analyses did not show any evidence of
differences in the effect size betweenmale
and female participants on %TBE or any of
the other composite outcome scores (data
not shown).

For patients with active NTM infection,
all composite scores were significantly higher
(P values varying between 0.02 and,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).

The %TinF and %DIS scores were
associated with hospital admissions for a
severe exacerbation; in particular, one
hospital admission was significantly
correlated with these two composite scores
(P, 0.01), and there was a trend toward
correlation for two or more admissions
(P=0.06). This association can be affected by
the timing of the questionnaire assessment,
which could be before or after date of the CT
scan. A univariate sensitivity analysis of this
variable in the two groups (CT before
questionnaire vs. vice versa) did suggest that
the association may be driven mostly by the
patients who completed the questionnaire
before or on the date of the CT scan (data
not shown).

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

Table 1. Patient Characteristics at the Time of Enrollment

Characteristic Value

No. of analyzed CT scans 524
Age, yr 66 (55–74)
Sex
Male 135 (37%)
Female 329 (63%)

BMI, kg/m2 (n=95 missing) 23.4 (20.5–27.6)
Site
Rotterdam, The Netherlands 91 (17%)
Sint-Niklaas, Belgium 79 (15%)
London, UK 69 (13%)
Dundee, UK 94 (18%)
Cambridge, UK 17 (3%)
Haifa, Israel 29 (6%)
Monza, Italy 131 (25%)
Paris, France 14 (3%)

History of bronchiectasis (n=29 missing)
,5 yr 237 (48%)
5–9 yr 87 (18%)
10–14 yr 55 (11%)
15–20 yr 30 (6%)
.20 yr 86 (17%)

Underlying etiology
Idiopathic 193 (37%)
Postinfective 76 (14%)
Other diseases* 52 (10%)
ABPA 35 (7%)
Primary/secondary immunodeficiency 35 (7%)
NTM 32 (6%)
COPD 29 (5%)
Primary ciliary dyskinesia 26 (5%)
CTD/RA/IBD 25 (5%)
Asthma 20 (4%)

Codiagnosis of asthma and/or COPD 212 (40.5%)
Asthma 138 (26%)
COPD 95 (18%)

Hospital admissions in previous year†

0 396 (76%)
1 100 (19%)
>2 28 (5%)

Spirometry
FEV1, % predicted 79% (64–98%)
FVC, % predicted 93% (77–109%)

Smoking status
Never 293 (56%)
Former 181 (35%)
Current 50 (9%)

Pseudomonas aeruginosa infection 185 (35%)
NTM infection (n=8 missing) 98 (19%)

Definition of abbreviations: ABPA=allergic bronchopulmonary aspergillosis; BMI=body mass
index; COPD=chronic obstructive pulmonary disease; CT=computed tomography;
CTD=connective tissue disease; IBD= inflammatory bowel disease; NTM=nontuberculous
mycobacteria; RA= rheumatoid arthritis.
Data presented as median (IQR) where applicable.
*Other diseases include cystic fibrosis transmembrane conductance regulator–related
disorders, aspiration, and gastroesophageal reflux disease.
†Hospitalization in the previous year is associated with the patient’s enrollment in EMBARC
(European Multicenter Bronchiectasis Audit and Research Collaboration).
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Reproducibility
ICCs of the BEST-CTmethod are presented
in Table E1 in the online supplement. For the
BEST-CTmethod, ICC scores within the
main observer were all excellent except in
the case of GGO, which was poor as a result
of the very low prevalence of GGO detection.

Discussion

BE 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 BE
registry and found great heterogeneity in the
nature and extent of SLAs. 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 twomost frequently found lung
abnormalities were: 1) BE without MP and
2) MP. BE is generally viewed as the result of
previous long-term airway inflammation,

leading to irreversible structural damage. The
presence of MP, on the contrary, is general
evidence of active ongoing inflammation.
Indeed, MPmade 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. MP can lead to airflow obstruction
and impaired lung function, as clearly shown
in our data. The accumulation of mucus in
the airways is an important part of the
aforementioned vicious vortex, increasing
the susceptibility to more infections,
exacerbations, and further progression of
structural lung damage. Importantly, mucus
plugs that occlude medium-sized to large
airways have been independently associated
with lung function and even mortality in
COPD, which is another entity among the
muco-obstructive lung diseases (17). The
significant association we observed between
%TInf, in particular, and the number of
exacerbations defined by hospital admission
supports the notion that this subgroup of
patients with BE exhibits a higher level of
disease activity and possible clinical sequelae
(18). Thus, the radiologic phenotype of BE
could help identify these patients andmay

have consequences for clinical care.
Addressing mucus clearance is considered
a crucial part of current BEmanagement
plans (19, 20). Although previous studies
have indeed suggested a crucial role of
inflammation in BE, the radiological
evidence of MP in the present large cohort
of patients with stable BE adds substantial
support to this viewpoint (21).

Our study further highlights the
significance of infection as a crucial
component of the pathophysiology of BE.
Patients with a PsA isolation hadmore BE as
well as evidence of a greater degree of small
airway disease, indicated by more MP. These
findings align with previous studies that have
demonstrated a correlation between PsA
colonization in patients with BE and an
increased risk of exacerbations, as well as
more pronounced SLAs observed on CT
scans (11, 12, 22, 23).

Patients who had a confirmed active
NTM infection exhibited even more
pronounced lung abnormalities on CT scans,
with average differences between patients
with versus without an NTM infection
approximately two to three times greater
than between patients with versus without a
PsA infection. Even though PsAwas not
significantly associated with total
inflammatory features, NTMwas clearly and
significantly associated. These findings
corroborate previous research by Faverio and
coworkers (24) that also demonstrated that
active NTM infections are associated with a
greater burden of SLAs compared with PsA
infections. 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 BEwMP
indicates chronic inflammation and actual
remodeling of the bronchial walls, implying a
more severe and chronic disease process in
patients with NTM infections. Overall, our
findings provide additional evidence that
NTM isolates in patients with BE are
associated with the more severe end of the
spectrum of the disease, with evidence of
chronic SLAs and active ongoing
inflammation, promoting the importance of
considering the specific microbial status
when assessing disease severity and
progression.

An essential part in the diagnostic
workup andmanagement of patients with
BE is the identification of the underlying
etiology and comorbidities (25–27). An

Table 2. Component and Composite BEST-CT Scores

Score 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%

Definition of abbreviations: A=airway; ATCON=atelectasis and/or consolidation; AWT=airway
wall thickening; BEMP=bronchiectasis with mucus plugging; BEST-CT=Bronchiectasis
Scoring Technique for Computed Tomography; BEwMP=bronchiectasis without mucus
plugging; BUL=bullae; DIS= total disease; GGO=ground-glass opacities; MP=mucus
plugging; P=parenchyma (without annotated abnormalities); TBE= total bronchiectasis;
TinF= total inflammatory features; TMP= total mucus plugging.
All BEST-CT subscores are expressed as a percentage of total lung volume. This table
presents data from patients with a BEST-CT component and composite score greater than
zero. The third column lists 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.
*Because bullae were present on relatively few CT scans (n=93), the median and IQR
are 0.00.
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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 the
cause of BE had significantly moreMP and
total inflammatory features. This finding is in
agreement with a small observational study
of Rademacher and coworkers that also
showed that patients with PCD tend to have
more atelectasis, MP, and a tree-in-bud
pattern (28). These findings may be
relevant for the selection of patients for
more intensive mucus-clearance,
antiinflammatory, and/or antibiotic
strategies. In contrast to the participants with
more signs of active inflammation, those
participants with postinfectious etiology and
ABPA showed no significant association with
total MP or inflammatory scores. This
supports the concept of a subgroup of
patients with established BE 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 BE that 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 that could possibly be
used to improve personalized treatment
plans.

The finding that a codiagnosis of
asthma and/or COPD is related to a
significantly lesser extent of BE is important
in light of research on BE and COPD and/or
asthma overlap syndromes (29–31). A lower
%TBE suggests that the symptoms of these
patients could arise predominantly from
their small airway disease rather than in the
medium-sized and larger airways where BE
is typically detected. The increased use of
high-resolution CTmay reveal previously
unnoticed BE in asthma or COPD, with
these patients then included as a subgroup
with milder radiological abnormalities in the
EMBARC registry (32). Whether these
patients indeed have less relevant BE and a
different response to treatment remains to be
determined (31, 33). In a cohort of Czech
patients with COPD, as many as 30.5% were
found to have BE–COPD overlap syndrome,
and a large subgroup of these patients did
not have typical BE symptoms (34). Our data
did not show any evidence of a difference in

this association between male and female
subjects. Finally, it can be appreciated that
COPD and immunodeficiencies (primary
and secondary) were, in fact, associated with
fewer structural abnormalities, most notably
significantly less total BE.

Our study has several limitations. First,
our study is cross-sectional, which does not
allow for causal conclusions. Second, the
selection of participating centers from the
EMBARC network might not be fully
representative of all European patients with
BE. Even though patient selection within
centers was random, minimizing selection
bias, the retrospective collection of CT scans
performed with nonstandardized 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 nondifferential, suggesting our
reported associations might be understated.
A further limitation is the median time
interval of approximately 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 previous year and FEV1.
Indeed, the association between the number
of admissions and CT outcomes did appear
to be stronger in participants whose clinical
data assessment was before or on the date of
the CT scan. 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 or the required longitudinal data to
substantiate this claim. Notably, 4% of study
participants did not show BE via the BEST-
CT score. These patients still can have subtle
BE.With the BEST-CT scoring method, 10
random but evenly spaced chest CT slices
between the lung apex and base are assessed,
so small areas of BE outside of these 10 slices
may have beenmissed. It should, however,
also be noted that scoring of BE relies on
visual and therefore 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 AWT. 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

Figure 2. Visual distribution of the EMBARC (European Multicenter Bronchiectasis Audit and
Research Collaboration) population. This stacked bar chart shows the results of Bronchiectasis
Scoring Technique for Computed Tomography (CT) scoring of 524 chest 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. The number of patients
is represented on the x-axis. Subscores are listed in the order by which they are scored.
Patients are sorted based on the total disease score (i.e., the sum of the percentages of
atelectasis and/or consolidation, total bronchiectasis, airway wall thickening, mucus
plugging, ground-glass opacities, and bullae). A=airway; ATCON=atelectasis and/or
consolidation; AWT=airway wall thickening; BEMP=bronchiectasis with mucus plugging;
BEwMP=bronchiectasis without mucus plugging; BUL=bullae; GGO=ground-glass opacities;
MP=mucus plugging; P=parenchyma.
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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. Because this was a
retrospective study, not all patients were
scanned with the use of contrast medium,
making it sometimes challenging to
distinguish between these two CT features.
Finally, it should be noted that, because
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 patients
with BE (35). Historically, improvedmethods
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 (36, 37). For
BE, developing objective ways to categorize
andmeasure radiological lung changes can
advance our understanding of inflammation
and infectionmechanisms, lung function
impairment, disease progressionmonitoring,
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
scoringmethod 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 in the detection of airway widening
and AWT in CF populations (38, 39),

non–CF BE (35), and pediatric asthma.
Analysis of the EMBARC cohort using
automated analysis is ongoing.

In summary, we conclude that SLAs in
patients with BE are heterogeneous and
extensive with prominent inflammatory
features. Lower FEV1, PsA infection, NTM
infection, severe exacerbations, and BE
etiology were strongly correlated with the
extent of SLAs on chest CT scans. The
quantitative BEST-CT outcomes can be used
to phenotype SLAs in patients with BE and
uncover the relationship between patient
characteristics and radiological disease
manifestations.�

Author disclosures are available with the
text of this article at www.atsjournals.org.

Acknowledgment: The authors thank M.
Bonte (LungAnalysis Laboratory, Erasmus MC)
for rescoring a random subset of BEST-CT
scores to calculate the interobserver reliability.

References

1. Aliberti S, Goeminne PC, O’Donnell AE, Aksamit TR, Al-Jahdali H, Barker
AF, 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;10:298–306.

2. Flume PA, Chalmers JD, Olivier KN. Advances in bronchiectasis:
endotyping, genetics, microbiome, and disease heterogeneity. Lancet
2018;392:880–890.

3. Hansell DM, Bankier AA, MacMahon H, McLoud TC, M€uller NL, Remy J.
Fleischner Society: glossary of terms for thoracic imaging. Radiology
2008;246:697–722.

4. Meerburg JJ, Veerman GDM, Aliberti S, Tiddens HAWM. Diagnosis and
quantification of bronchiectasis using computed tomography or
magnetic resonance imaging: a systematic review. Respir Med 2020;
170:105954.

5. Meerburg JJ, Hartmann IJC, Goldacker S, Baumann U, Uhlmann A,
Andrinopoulou ER, et al. Analysis of granulomatous lymphocytic
interstitial lung disease using two scoring systems for computed
tomography scans – a retrospective cohort study. Front Immunol 2020;
11:589148.

6. Meerburg JJ, Dragt O, Kemner-Van De Corput M, Andrinopoulou ER,
Elborn JS, Chalmers JD. Novel quantitative bronchiectasis scoring
technique for chest computed tomography: BEST-CT. A study within the
iABC project [abstract]. Eur Respir J 2019;54:PA4817.

7. Chalmers JD, Aliberti S, Polverino E, Vendrell M, Crichton M, Loebinger M,
et al. The EMBARC European Bronchiectasis Registry: protocol for an
international observational study. ERJ Open Res 2016;2:00081-2015.

8. Chalmers JD, Polverino E, Crichton ML, Ringshausen FC, De Soyza A,
Vendrell M, et al.; EMBARC Registry Investigators. Bronchiectasis in
Europe: data on disease characteristics from the European
Bronchiectasis registry (EMBARC). Lancet Respir Med 2023;11:
637–649.

9. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F,
et al.; ATS Mycobacterial Diseases Subcommittee; American Thoracic
Society; Infectious Disease Society of America. An official ATS/IDSA
statement: diagnosis, treatment, and prevention of nontuberculous
mycobacterial diseases. Am J Respir Crit Care Med 2007;175:367–416
[Published correction appears in Am J Respir Crit Care Med
175:744–745].

10. Zhou Y, Mu W, Zhang J, Wen SW, Pakhale S. Global prevalence of non-
tuberculous mycobacteria in adults with non-cystic fibrosis
bronchiectasis 2006-2021: a systematic review and meta-analysis.
BMJ Open 2022;12:e055672.

11. Chalmers JD, Goeminne P, Aliberti S, McDonnell MJ, Lonni S, Davidson
J, et al. The bronchiectasis severity index. An international derivation
and validation study. Am J Respir Crit Care Med 2014;189:576–585.

12. Mart�ınez-Garc�ıa M�A, de Gracia J, Vendrell Relat M, Gir�on RM, M�aiz
Carro L, de la Rosa Carrillo D, et al. Multidimensional approach to non-
cystic fibrosis bronchiectasis: the FACED score. Eur Respir J 2014;43:
1357–1367.

13. Shoemark A, Shteinberg M, De Soyza A, Haworth CS, Richardson H,
Gao Y, et al. Characterization of eosinophilic bronchiectasis: a
European multicohort study. Am J Respir Crit Care Med 2022;205:
894–902.

14. Rosenow T, Oudraad MC, Murray CP, Turkovic L, Kuo W, de Bruijne M,
et al.; Australian Respiratory Early Surveillance Team for Cystic
Fibrosis (AREST CF). PRAGMA-CF. A quantitative structural lung
disease computed tomography outcome in young children with cystic
fibrosis. Am J Respir Crit Care Med 2015;191:1158–1165.

15. Kuo W, Andrinopoulou ER, Perez-Rovira A, Ozturk H, de Bruijne M,
Tiddens HA. Objective airway artery dimensions compared to CT
scoring methods assessing structural cystic fibrosis lung disease.
J Cyst Fibros 2017;16:116–123.

16. Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation
coefficients for reliability research. J Chiropr Med 2016;15:155–163.

17. Diaz AA, Orejas JL, Grumley S, Nath HP, Wang W, Dolliver WR, et al.
Airway-occluding mucus plugs and mortality in patients with chronic
obstructive pulmonary disease. JAMA 2023;329:1832–1839.

18. Mikami Y, Grubb BR, Rogers TD, Dang H, Asakura T, Kota P, et al.
Chronic airway epithelial hypoxia exacerbates injury in muco-
obstructive lung disease through mucus hyperconcentration. Sci Transl
Med 2023;15:eabo7728.

19. Mu~noz G, de Gracia J, Bux�o M, Alvarez A, Vendrell M. Long-term
benefits of airway clearance in bronchiectasis: a randomised placebo-
controlled trial. Eur Respir J 2018;51:1701926.

20. Herrero-Cortina B, Lee AL, Oliveira A, O’Neill B, J�acome C, Dal Corso S,
et al.; Patient representative. European Respiratory Society statement
on airway clearance techniques in adults with bronchiectasis. Eur
Respir J 2023;62:2202053.

ORIGINAL ARTICLE

Pieters, van der Veer, Meerburg, et al.: Structural Lung Disease and Bronchiectasis Phenotype 95

 

http://www.atsjournals.org/doi/suppl/10.1164/rccm.202311-2109OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


21. Keir HR, Shoemark A, Dicker AJ, Perea L, Pollock J, Giam YH, et al.
Neutrophil extracellular traps, disease severity, and antibiotic response
in bronchiectasis: an international, observational, multicohort study.
Lancet Respir Med 2021;9:873–884.

22. Finch S, McDonnell MJ, Abo-Leyah H, Aliberti S, Chalmers JD. A
comprehensive analysis of the impact of Pseudomonas aeruginosa
colonization on prognosis in adult bronchiectasis. Ann Am Thorac Soc
2015;12:1602–1611.

23. Miszkiel KA, Wells AU, Rubens MB, Cole PJ, Hansell DM. Effects of
airway infection by Pseudomonas aeruginosa: a computed
tomographic study. Thorax 1997;52:260–264.

24. Faverio P, Stainer A, Bonaiti G, Zucchetti SC, Simonetta E, Lapadula G,
et al. Characterizing non-tuberculous mycobacteria infection in
bronchiectasis. Int J Mol Sci 2016;17:1913.

25. Pasteur MC, Bilton D, Hill AT; British Thoracic Society Bronchiectasis
non-CF Guideline Group. British Thoracic Society guideline for non-CF
bronchiectasis. Thorax 2010;65:i1–i58.

26. Hill AT, Sullivan AL, Chalmers JD, De Soyza A, Elborn JS, Floto RA,
et al. British Thoracic Society guideline for bronchiectasis in adults.
BMJ Open Respir Res 2018;5:e000348.

27. Polverino E, Goeminne PC, McDonnell MJ, Aliberti S, Marshall SE,
Loebinger MR, et al. European Respiratory Society guidelines for
the management of adult bronchiectasis. Eur Respir J 2017;50:1700629.

28. Rademacher J, Dettmer S, Fuge J, Vogel-Claussen J, Shin HO, Shah A,
et al. The primary ciliary dyskinesia computed tomography score in
adults with bronchiectasis: a derivation und validation study.
Respiration 2021;100:499–509.

29. Hurst JR, Elborn JS, De Soyza A; BRONCH-UK Consortium.
COPD-bronchiectasis overlap syndrome. Eur Respir J 2015;45:
310–313.

30. Jin J, Yu W, Li S, Lu L, Liu X, Sun Y. Factors associated with
bronchiectasis in patients with moderate-severe chronic obstructive
pulmonary disease. Medicine (Baltimore) 2016;95:e4219.

31. Zhang X, Pang L, Lv X, Zhang H. Risk factors for bronchiectasis in
patients with chronic obstructive pulmonary disease: a systematic
review and meta-analysis. Clinics (S~ao Paulo) 2021;76:e2420.

32. van den Bosch WB, James AL, Tiddens HAWM. Structure and function of
small airways in asthma patients revisited. Eur Respir Rev 2021;30:200186.

33. Magis-Escurra C, Reijers MH. Bronchiectasis. BMJ Clin Evid 2015;2015:
1507.

34. Brat K, Svoboda M, Zatloukal J, Plutinsky M, Volakova E, Popelkova P,
et al. The relation between clinical phenotypes, GOLD groups/stages
and mortality in COPD patients – a prospective multicenter study. Int J
Chron Obstruct Pulmon Dis 2021;16:1171–1182.

35. Aliboni L, Pennati F, Gelmini A, Colombo A, Ciuni A, Milanese G, et al.
Detection and classification of bronchiectasis through convolutional
neural networks. J Thorac Imaging 2022;37:100–108.

36. Kuo RYL, Harrison C, Curran TA, Jones B, Freethy A, Cussons D, et al.
Artificial intelligence in fracture detection: a systematic review and
meta-analysis. Radiology 2022;304:50–62.

37. van Leeuwen KG, de Rooij M, Schalekamp S, van Ginneken B, Rutten
MJCM. How does artificial intelligence in radiology improve efficiency
and health outcomes? Pediatr Radiol 2022;52:2087–2093.

38. Chen Y, Lv Q, Andrinopoulou ER, Gallardo-Estrella L, Charbonnier JP,
Caudri D, et al.; on behalf the SHIP-CT study group. 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;22:916–925.

39. Lv Q, Gallardo-Estrella L, Andrinopoulou ER, Chen Y, Charbonnier JP,
Sandvik RM, et al. Automatic analysis of bronchus-artery dimensions to
diagnose and monitor airways disease in cystic fibrosis. Thorax 2023;
79:13–22.

ORIGINAL ARTICLE

96 American Journal of Respiratory and Critical Care Medicine Volume 210 Number 1 | July 1 2024

 


