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1-year treatment with lumacaftor–ivacaftor is associated with visual improvement of bronchial
abnormalities on chest CT. CT scans can help to identify patients with a higher probability of lung
function improvement under lumacaftor–ivacaftor. https://bit.ly/3FUrUXv
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Abstract
Objectives Lumacaftor–ivacaftor is a cystic fibrosis transmembrane conductance regulator (CFTR) modulator
known to improve clinical status in people with cystic fibrosis (CF). The aim of this study was to assess lung
structural changes after 1 year of lumacaftor–ivacaftor treatment and to use unsupervised machine learning to
identify morphological phenotypes of lung disease that are associated with response to lumacaftor–ivacaftor.
Methods Adolescents and adults with CF from a French multicentre real-world prospective observational
study evaluating the first year of treatment with lumacaftor–ivacaftor were included if they had pre-
therapeutic and follow-up chest computed tomography (CT) scans available. CT scans were visually scored
using a modified Bhalla score. A k-means clustering method was performed based on 120 radiomics
features extracted from unenhanced pre-therapeutic chest CT scans.
Results In total, 283 patients were included. The Bhalla score significantly decreased after 1 year of
lumacaftor–ivacaftor (−1.40±1.53 points compared with pre-therapeutic CT, p<0.001). This finding was
related to a significant decrease in mucus plugging (−0.58±0.88 points, p<0.001), bronchial wall
thickening (−0.35± 0.62 points, p<0.001) and parenchymal consolidations (−0.24±0.52 points, p<0.001).
Cluster analysis identified three morphological clusters. Patients from cluster C were more likely to
experience an increase in per cent predicted forced expiratory volume in 1 s (FEV1 % pred) ⩾5% under
lumacaftor–ivacaftor than those in the other clusters (54% of responders versus 32% and 33%; p=0.02).
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Conclusion 1-year treatment with lumacaftor–ivacaftor was associated with a significant visual
improvement of bronchial disease on chest CT. Radiomics features on pre-therapeutic CT scans may help
to predict lung function response under lumacaftor–ivacaftor.

Introduction
In recent years, new targeted therapies aimed at restoring the cystic fibrosis transmembrane conductance
regulator (CFTR) channel function have been introduced and have dramatically changed the management
of people with cystic fibrosis (CF) [1]. Among CFTR modulators, lumacaftor–ivacaftor was the first
combination available for patients homozygous for the Phe508del mutation [2], who represent 40–50% of
people with CF [3]. In phase III trials, lumacaftor–ivacaftor allowed a 1.9–3.7% improvement in per cent
predicted forced expiratory volume in 1 s (FEV1 % pred) and a 43% decrease in the rate of pulmonary
exacerbations [4, 5].

Chest computed tomography (CT) is the gold standard for morphological assessment of lung diseases
including CF [6]. Studies in people with CF have reported associations between lung function tests and/or
rates of pulmonary exacerbations and morphological lung damage evaluated by CT scans [7, 8]. CT also
provides additional information to spirometry, by showing new morphological damage in people with CF
with stable FEV1 % pred [9, 10]. However, chest CT has not been used as an end-point in trials evaluating
the effects of CFTR modulators. Real-world observational studies have shown that ivacaftor induces
marked improvement in airway wall thickening and extensive clearing of mucus plugging in patients with
the Phe508del/G551D genotype [11, 12]. However, no data exist regarding CT monitoring of the effects of
lumacaftor–ivacaftor in people with CF.

Despite resulting in improved lung function in the majority of patients, the response to treatment is
variable from patient to patient, ranging from no or mild benefit to clinically significant improvement [13].
A previous study showed that the magnitude of response to lumacaftor–ivacaftor depended on FEV1 %
pred at treatment initiation [14], but the possible impact of CT morphological abnormalities on the
response to lumacaftor–ivacaftor has not been assessed. However, patients with a comparable level of
FEV1 % pred can present with different disease phenotypes on chest CT, and only some CF-induced
lesions are known to be reversible (e.g. under antibiotics). We therefore hypothesised that morphological
phenotypes identified using machine learning-based methods on pre-therapeutic CT scans might predict the
response to treatment.

The aims of this study were 1) to assess longitudinal morphological changes by comparing CT scans
before and 1 year after initiation of lumacaftor–ivacaftor and 2) to use unsupervised machine learning on
pre-therapeutic CT scans to identify structural abnormalities associated with lung function improvement
under lumacaftor–ivacaftor.

Methods
Study population
This study was approved by the Institutional Review Board of the French Society for Respiratory Medicine
(Société de Pneumologie de Langue Française, #2016-004), which waived the need for written consent.
Data were extracted from a French real-world prospective multicentre observational study evaluating the
safety and effectiveness of the lumacaftor–ivacaftor combination (NCT03475381) [15]. The study involved
845 patients with CF, including 292 adolescents aged ⩾12 years and 553 adults aged ⩾18 years, who were
homozygous for the Phe508del CFTR mutation and were recruited from all 47 French CF reference
centres. These patients had started lumacaftor–ivacaftor between January 1 and December 31, 2016.
Available clinical data included demographic characteristics and FEV1 % pred before initiation and after
12 months of treatment with lumacaftor–ivacaftor.

Patients were eligible for the first part of the study, which evaluated the effect of lumacaftor–ivacaftor on
CT lung abnormalities, if there were available chest CT scans acquired 1) in stable condition (apart from a
period of pulmonary exacerbation) within 12 months before initiation of lumacaftor–ivacaftor and
2) follow-up chest CT performed between 9 and 18 months after initiation of lumacaftor–ivacaftor. Patients
who discontinued lumacaftor–ivacaftor within the first 12 months after initiation were excluded.

For the second part of the study, we aimed to use artificial intelligence to identify lung structural
abnormalities before initiation of lumacaftor–ivacaftor that were associated with improvement in FEV1 %
pred after 1 year of lumacaftor–ivacaftor. To form the clustering dataset, we only selected patients with
pre-therapeutic chest CT performed without contrast medium injection, with images reconstructed using a
mediastinal kernel and a slice thickness ⩽2 mm.
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Lung function response to lumacaftor–ivacaftor was defined as an increase in FEV1 % pred ⩾5% after
12 months of lumacaftor–ivacaftor.

CT scans
Chest CT scans were acquired using 14 different 16–128 multi-slice CT models from five manufacturers.
Acquisition parameters were specific to each centre with tube voltage ranging from 70 to 150 kV.
Additional information regarding image acquisition and reconstruction is provided in the supplementary
data. All images were fully anonymised, including the date of the CT examination.

Visual assessment of longitudinal changes in CT scans
All chest CT images were reviewed randomly using the same lung window setting (window width
1500 Hounsfield units, window level −450 Hounsfield units). Chest CT scans at treatment initiation and
follow-up chest CT scans were analysed independently. Reviewers were blinded to the clinical information
and the study date. The same radiologist with 4 years’ experience (AC) scored all chest CT examinations
using a modified Bhalla score [16]. This visual score rates the severity and the extent of bronchiectasis,
peribronchial wall thickening, mucus plugging, generation of bronchial division involved, sacculations,
bullae, emphysema, mosaic perfusion and collapse or consolidation. The total score ranges from 0 in the
absence of morphological changes to 27. It also provides subscores for each anomaly; subscores for
assessing bronchiectasis extent (range 0–3) and severity (range 0–3) were combined in a bronchiectasis
subscore (range 0–6). To assess the intra- and inter-observer repeatability, 25 CT examinations were
randomly selected. These CT examinations were again scored by the same observer in a second reading
session 1 month apart and independently scored by a second observer (TNHT) with 3 years’ experience in
thoracic imaging.

Morphological phenotypes identification
This part of the study was conducted on the subset of patients from the clustering dataset. In a
preprocessing step, all images were resampled to a 1-mm isometric voxel size using cubic interpolation.
Lung segmentation, which consists of separating the lung from the chest wall and mediastinum, was then
automatically performed on each axial slice using a publicly available lung segmentation model based on a
three-dimensional deep-learning approach [17]. In case of segmentation error, the lung segmentation was
manually edited. After lung segmentation, 120 radiomic features were extracted from the whole lung,
including first-order statistics (19 features), shape descriptors (26 features) and textural features
(75 features) (supplementary table e1). Feature extraction was performed using Python 3.6 (Python
Software Foundation) and the Pyradiomics library [18]. The Pyradiomics library is a very popular library
for radiomic studies that allows the extraction of 120 radiomic features per region of interest. These
radiomic features, which are not perceptible to the human eye and allow a comprehensive description of
the image, were used as the input in a k-means clustering method [19]. K-means clustering is a classical
unsupervised machine learning method. The algorithm was run 200 times with random centroid
initialisation, while the final clustering was chosen in terms of inertia. For our experiments, we used the
Scikit-learn library [20]. Patients’ characteristics at the time of initiation of lumacaftor–ivacaftor, Bhalla
scores and the rate of response to treatment were compared between the clusters.

Statistical analysis
Statistical analysis was performed using the statistical software package R (v3.2.1, www.r-project.org).
Groups were compared using a Wilcoxon test or an ANOVA for quantitative variables and a Chi-squared
test for qualitative variables. Changes in the whole visual score and in each of its items, as well as changes
in FEV1 % pred between lumacaftor–ivacaftor initiation and follow-up, were compared using a Wilcoxon
signed-rank test. A p-value <0.05 was considered statistically significant. The correlation between changes
in the Bhalla scores and changes in FEV1 % pred were evaluated with the Spearman R values and were
interpreted as follows [21]: <0.2=very weak, 0.2–0.39=weak, 0.40–0.59=moderate, 0.60–0.79=strong and
>0.8=very strong correlation. Intraclass correlation coefficients (ICCs) and Bland–Altman plots were used
to assess intra- and inter-observer repeatability of visual scores. Excellent repeatability was assumed when
ICC was ⩾0.8.

Results
Study population
Among the 845 patients participating in the French real-world lumacaftor–ivacaftor observational study,
476 had an available chest CT scan performed before initiation of lumacaftor–ivacaftor. Of these, 310 also
had a follow-up chest CT scan. One patient who underwent an upper right lobectomy between the chest
CT at lumacaftor–ivacaftor initiation and the follow-up CT scan was excluded. Another 26 patients who
discontinued lumacaftor–ivacaftor prematurely (mostly owing to respiratory adverse events in the first
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weeks following initiation [15]) were excluded. This resulted in a cohort of 283 patients (figure 1) for
analysing the effects of lumacaftor–ivacaftor on CT scan structural abnormalities. Among these
283 patients, 201 patients in whom the CT scan at lumacaftor–ivacaftor initiation was acquired without
contrast and reconstructed with a soft kernel and a slice thickness ⩽2 mm were further included in the
clustering dataset, aimed at identifying pre-therapeutic radiomics features associated with lung function
improvement.

Patient characteristics at the time of initiation of lumacaftor–ivacaftor are presented in table 1. Patients were
predominantly adults (n=174 of 283; 61%) and male (n=161 of 283, 57%). At lumacaftor–ivacaftor
initiation, mean age was 23.4±9.1 years (range 12–52 years) and mean FEV1 % pred was 65.9±19.6%
(range 22–123%). The mean±SD increase in FEV1 % pred at 1 year was 2.5±7.9% (p<0.001). 101 of
283 patients (36%) had an improvement in FEV1 % pred ⩾5% in absolute value and were considered as
responders. There were no significant differences in clinical characteristics between the whole 283 patient
cohort and the 201 patient clustering subgroup (all p⩾0.14, table 1). The mean time interval between the
pre-therapeutic chest CT scan and lumacaftor–ivacaftor initiation was 2.5±3.1 months (range 0.2–
11.8 months). At lumacaftor–ivacaftor initiation, the mean Bhalla score was 12.7±3.7 points (range 1–
22 points) (table 2). Its value moderately correlated with FEV1 % pred at lumacaftor–ivacaftor initiation
(R=−0.51, p<0.001) and number of intravenous antibiotic courses in the year prior to treatment initiation
(R=0.52, p<0.001) (figure 2). The mean Bhalla score at lumacaftor–ivacaftor initiation was lower among
responders than non-responders (12±3.5 points versus 13.1±3.7 points, p=0.01).

CT morphological changes under lumacaftor–ivacaftor
The mean time interval between lumacaftor–ivacaftor initiation and follow-up CT was 12.7±1.6 months
(range 9.3–17.9 months). The mean difference between Bhalla score at lumacaftor–ivacaftor initiation and
during follow-up was −1.40±1.53 points (range −8 to 2 points, p<0.001; table 2). Representative CT
images depicting morphological changes occurring between initiation and 1 year after lumacaftor–ivacaftor
initiation are shown in figure 3.

Among the subscores of the Bhalla score, the greatest improvement was observed for mucus plugging with
a mean of difference of −0.58±0.88 points (range −2 to 2 points, p<0.001). Bronchial wall thickening and
the severity of collapse or consolidations also significantly decreased under treatment with a mean
difference of −0.35±0.62 points (range −3 to 2 points, p<0.001) and −0.24±0.52 points (range −2 to
2 points, p<0.001), respectively. There were no significant changes in severity and extent of bronchiectasis

845 patients with
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initiation in 2016

476 patients with chest CT 

scan before initiation of 

lumacaftor–vacaftor

283 patients 

included for comparison of 

Bhalla score before and after 

initiation of lumacaftor–vacaftor

201 patients

included for cluster analysis

based on radiomics features 

obtained on chest CT scan before 

initiation of

lumacaftor–vacaftor

Excluded:

  166 patients without follow-up
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FIGURE 1 Flow-chart. CT: computed tomography.
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(p=0.37), severity of sacculations/abscesses (p=0.85), severity of bullae (p=0.78) or severity of
emphysema (p=1) (table 2, figure 4).

Visual CT score repeatability
There was excellent intra-observer agreement (ICC 0.93, 95% CI 0.85–0.97) and high inter-observer agreement
(ICC 0.86, 95% CI 0.71–0.94) for visual CT scoring using the modified Bhalla score. Bland–Altman plots
in figure 5 show that the 95% limits of agreement were −1.8 to 2.2 points for intra-observer agreement and
−2.3 to 3.2 points for inter-observer agreement. The mean difference of the Bhalla score between chest CT
scans acquired before lumacaftor–ivacaftor initiation and at follow-up (−1.40 points) was within this 95%
limit of agreement. This means that the improvement was not sufficient to reliably capture the
morphological improvement under lumacaftor–ivacaftor at the individual patient level.

CT morphological phenotype identification
Most lung segmentations did not require manual editing (n=123 of 201, 61%) and when done, manual
edits were minor with a Dice similarity coefficient of 0.997±0.005 between the original and manually

TABLE 1 Patient characteristics at lumacaftor–ivacaftor initiation

All Clustering dataset p-value#

Subjects, n 283 201
Adults (⩾18 years) 174/283 (61%) 123/201 (61%) 0.95
Age, years 23.4±9.1 23.5±9.2 0.93
Male 161/283 (57%) 113/201 (56%) 0.88
Body mass index, kg·m−2 19.9±2.3 19.9±2.3 0.95
Diabetes 79/283 (28%) 57/201 (28%) 0.92
Liver cirrhosis 10/150 (7%) 8/79 (10%) 0.36
FEV1 % pred 65.9±19.6 68.4±19.6 0.21
Number of i.v. antibiotic courses in the previous 12 months 1.12±1.6 1.2±1.6 0.59
Airway pathogens
Pseudomonas aeruginosa 170/283 (60%) 114/201 (57%) 0.46
Burkholderia cepacia 7/283 (2%) 6/201 (3%) 0.73
Methicillin-susceptible Staphylococcus aureus 193/283 (68%) 136/201 (68%) 0.90
Methicillin-resistant S. aureus 48/283 (17%) 37/201 (18%) 0.68
Haemophilus influenzae 40/283 (14%) 29/201 (14%) 0.93

Maintenance pulmonary medications at lumacaftor–ivacaftor initiation
Azithromycin 178/283 (63%) 124/201 (62%) 0.79
Inhaled antibiotics 175/283 (62%) 123/201 (61%) 0.89
Dornase alpha 197/283 (70%) 144/201 (72%) 0.63
Inhaled bronchodilators 231/283 (82%) 168/201 (84%) 0.58
Inhaled corticosteroids 181/283 (64%) 127/201 (63%) 0.86
Oral corticosteroids 19/283 (7%) 8/201 (4%) 0.20

Lumacaftor–ivacaftor duration, days 374±40.4 347±91.1 0.14
Increase in FEV1 % pred after lumacaftor–ivacaftor, % 2.5±7.9 2.6±9.1 0.63
Responders to lumacaftor–ivacaftor (increase in FEV1 % pred ⩾5%) 101/283 (36%) 79/201 (39%) 0.42

Quantitative data are presented as mean±SD, qualitative data are presented as n (%). FEV1: forced expiratory volume in 1 s; i.v.: intravenous.
#: comparison assessed using Wilcoxon test for quantitative data and Chi-squared test for percentages.

TABLE 2 Morphological changes between lumacaftor–ivacaftor initiation and follow-up chest CT scans

Bhalla score Chest CT at lumacaftor–ivacaftor initiation Follow-up chest CT p-value#

Total 12.7±3.7 11.4±3.7 <0.001
Mucus plugging 1.8±0.9 1.2±0.9 <0.001
Bronchial wall thickening 1.8±0.7 1.5±0.7 <0.001
Bronchiectasis 4.3±1.5 4.3±1.5 0.37
Bullae 0.1±0.3 0.1±0.3 0.78
Emphysema 0.2±0.6 0.2±0.5 1

Data are presented as mean±SD. CT: computed tomography. #: comparison assessed using the Wilcoxon paired
test.
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edited segmentation. A clustering analysis based on the automated analysis of CT morphological
characteristics (radiomics features) at lumacaftor–ivacaftor initiation led to the identification of three
clusters of CF patients, based on the best split by k-means clustering. The number of clusters was selected
according to the inflection point of the Calinski–Harabasz Index. Comparison of k-means clustering with
other clustering algorithms (k-medians, density-based spatial clustering of applications with noise and
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FIGURE 2 Correlation between Bhalla score and per cent predicted forced expiratory volume in 1 s (FEV1) at
initiation of lumacaftor–ivacaftor and number of intravenous (i.v.) antibiotic courses in the year prior to
initiation of lumacaftor–ivacaftor.

a) b)
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FIGURE 3 Side-by-side comparison of unenhanced chest computed tomography (CT) scans acquired
10 months before (a, c) and 1 year after (b, d) initiation of lumacaftor–ivacaftor in a 30-year-old female patient.
Comparison shows the disappearance of mucus plugging (arrowheads) from image a to b, but a stability of the
bronchiectasis from c to d. The Bhalla score was 16 before initiation of lumacaftor–ivacaftor and 13 after 1 year
of lumacaftor–ivacaftor.
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hierarchical clustering) using a silhouette coefficient and Calinski–Harabasz Index confirmed that k-means
was the best clustering method for this analysis. The three clusters corresponding to the best split were of
similar size but different clinical characteristics. These three clusters (A, B and C) comprised 80 patients
(40%), 56 patients (28%) and 65 patients (32%) (total population n=201), respectively (table 3). Patients
from clusters A and B had comparable demographic characteristics whereas patients from cluster C were
significantly younger (19.6±8 years versus 25.6±10 years for cluster A and 24.9±9 years for cluster B,
p<0.01). The proportion of patients with methicillin-resistant Staphyloccocus aureus colonisation was
significantly lower in cluster C than in the other two clusters (6% for cluster C versus 26% for cluster A
and 21% for cluster B, p=0.01). FEV1 % pred was significantly higher in cluster C (75.7±17.8%) than in
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cluster A (60.5±17.3%) and B (71±20.8%) (p<0.001). CT visual analysis also showed a decreasing
severity gradient from cluster A (total Bhalla score 13.8±3.8 points) to B (total Bhalla score 12.2±3.1
points) to C (total Bhalla score 10.5±3.7 points) (p<0.001). Patients from cluster C had less mucus
plugging (1.3±0.9 points versus 2.1±0.8 points in cluster A and 1.6±0.8 points in cluster B, p<0.01), less
peribronchial wall thickening (1.5±0.7 points versus 2.1±0.7 points in cluster A and 1.7±0.7 points in
cluster B, p<0.01) and less bronchiectasis (3.5±1.6 points versus 4.3±1.7 points in cluster A and 3.9±1.3
points in cluster B, p<0.01). Interestingly, patients from cluster C, who had less morphologically and
functionally severe disease, were better responders to treatment than the others (54% of responders in
cluster C versus 32% in cluster A and 33% in cluster B, p=0.02).

Discussion
We found that the improvement in lung function following initiation of lumacaftor–ivacaftor in people with
CF was associated with significant improvement of bronchial abnormalities on chest CT based on visual
scoring. We were also able to identify a subgroup of patients with reduced lung structural abnormalities at
lumacaftor–ivacaftor initiation, which predicted higher rates of FEV1 % pred response to lumacaftor–ivacaftor.

Using data from a large nationwide real-world observational study, we showed that treatment with
lumacaftor–ivacaftor was associated with morphological improvement on CT, which was related to
decreased mucus plugging and peribronchial wall thickening. These lesions are known to be potentially
reversible, as shown by studies evaluating the effects of antibiotics on CT scans [10, 22]. Conversely,
bronchiectasis, bullae, emphysema and sacculations did not significantly improve under treatment with
lumacaftor–ivacaftor. These results are in line with previous reports on the morphological improvement in
CF patients with gating mutations treated by ivacaftor [11, 12]. In these studies, morphological
improvement was mainly related to decreased mucus plugging and peribronchial thickening [12, 23, 24].
There are conflicting data regarding the evolution of bronchiectasis under ivacaftor. Some authors have

TABLE 3 Patients’ clinical characteristics among the three clusters identified by k-means clustering of
radiomics features

Cluster A Cluster B Cluster C p-value#

Subjects, n 80 56 65
Responders to treatment (increase in FEV1 % pred ⩾5%) 26 (32%) 18 (33%) 35 (54%) 0.02
Age at treatment initiation, years 25.6±10 24.9±9 19.6±8 <0.001
Adults (⩾18 years) 56 (70%) 40 (71%) 27 (42%) <0.001
Male 43 (54%) 38 (68%) 32 (49%) 0.10
FEV1 % pred 60.5±17.3 71±20.8 75.7±17.8 <0.001
Airway pathogens
Pseudomonas aeruginosa 49(61%) 35 (62%) 30 (46%) 0.11
Burkholderia cepacia 2 (2%) 2 (4%) 2 (3%) 0.94
Methicillin-susceptible Staphylococcus aureus 50 (62%) 36 (64%) 50 (77%) 0.15
Methicillin-resistant S. aureus 21 (26%) 12 (21%) 4 (6%) 0.01
Haemophilus influenzae 10 (12%) 11 (20%) 8 (12%) 0.43

Maintenance pulmonary medications at lumacaftor–ivacaftor
initiation
Azithromycin 51 (64%) 30 (54%) 43 (66%) 0.32
Inhaled antibiotics 52 (65%) 37 (66%) 34 (52%) 0.20
Dornase alpha 50 (62%) 38 (68%) 56 (86%) 0.01
Inhaled bronchodilators 68 (85%) 45 (80%) 55 (85%) 0.74
Inhaled corticosteroids 49 (61%) 32 (57%) 46 (71%) 0.27
Oral corticosteroids 2 (2%) 2 (4%) 4 (6%) 0.53

Bhalla score at lumacaftor–ivacaftor initiation
Total score 13.8±3.8 12.2±3.1 10.5±3.7 <0.001
Mucus plugging 2.1±0.8 1.6±0.8 1.3±0.9 <0.001
Peribronchial wall thickening 2.1±0.7 1.7±0.7 1.5±0.7 <0.001
Bronchiectasis¶ 4.3±1.7 3.9±1.3 3.5±1.6 <0.001
Bullae 0.1±0.6 0.1±0.4 0.1±0.4 0.94
Emphysema 0.2±0.4 0.3±0.4 0.2±0.4 0.19

Quantitative data are presented as mean±SD, qualitative data are presented as n (%). FEV1: forced expiratory
volume in 1 s. #: comparison between the three clusters assessed using ANOVA for quantitative data and
Chi-squared test for quantitative data. ¶: score from 0 to 6 (see Methods).
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reported that treatment with ivacaftor is associated with a significant decrease in bronchiectasis score [12]
whereas others have reported an increase, which could be due to the natural evolution of the disease [24].
The stability of the bronchiectasis score after 1 year in our study is consistent with the fact that
bronchiectasis results from irreversible changes due to the destruction of elastic tissues [25].

We found a significant correlation between visual CT scores of disease severity and FEV1 % pred
(R=−0.51). This correlation was in the range of those previously reported for the Bhalla score and other
visual scores (R=−0.52 to −0.85) [12, 24, 26]. However, we did not observe a significant correlation
between morphological improvement and FEV1 % pred improvement, whereas such correlation has
previously been reported in patients with gating mutations treated with ivacaftor [24]. We speculate that
this difference could be related to a reduced magnitude of effect on lung function in patients homozygous
for the Phe508del mutation treated with lumacaftor–ivacaftor, as compared to the effects of ivacaftor in
patients with gating mutations.

The improvement in the Bhalla score, which quantifies morphological changes, was relatively small yet
significant, with a mean decrease of only 1.40 points out of 27. This value was within the 95% limit of
agreement of −2.3 to 3.2 for inter-observer repeatability. This suggests that the Bhalla score can be used for
assessing structural changes at the cohort level, but cannot be reliably used to capture the morphological
improvement under lumacaftor–ivacaftor at the individual patient level. Of course, this conclusion could be
different when assessing the effects of newer modulator combinations (e.g. the recently released elexacaftor–
tezacaftor–ivacaftor), which show more potent effects on lung function improvement [27–29].

In the present study, machine learning was used to identify different structural abnormalities observed on
chest CT prior to initiation of lumacaftor–ivacaftor that would predict lung function response under
lumacaftor–ivacaftor. Previous attempts to describe lung disease phenotypes in CF patients included the
development of the Severe Advanced Lung Disease (SALD) scoring system [9]. The SALD scoring system
is based on visual quantification of airway disease using grid cells applied to the images. Using this
scoring system in severe pre-transplantation CF patients, LOEVE et al. [9] showed that at one end of the
spectrum, patients had predominantly infection/inflammation-related changes and at the other end
predominantly air trapping/hypoperfusion. We used a data-driven approach entirely based on automated
image analysis. An unsupervised machine learning method combined with radiomics feature extraction
allowed us to identify three different morphological clusters on chest CT. We identified a cluster
(cluster C) of better responders who were younger and had less morphologically and functionally severe
disease. Interestingly, although mucoid impactions and bronchial thickening were reversible lesions under
treatment, they were less prevalent in the phenotype better responding to treatment. These findings further
support the need for introduction of CFTR modulators earlier in life.

Our study has several limitations. First, owing to its observational design, CT scans at lumacaftor–ivacaftor
initiation and during follow-up were not available for all patients, because the decision to perform CT was
left to the treating physicians. Second, the use of other visual scores, such as Brody’s score and its
derivatives, could have allowed a finer quantification of morphological changes by assessing the disease on
a segmental instead of lobar level. However, most of the scored items are similar between the methods and
we preferred Bhalla’s score because of its shorter time for measurement, which was important because of
the rather large cohort. The Bhalla score allowed us to show significant improvement under treatment.
Last, we only used unsupervised machine learning methods for clustering. Indeed, despite this cohort
being the largest of people with CF treated by lumacaftor–ivacaftor, we were not able to use deep learning
to predict response to treatment owing to the relatively limited size of the cohort.

In conclusion, we found that 1 year of treatment by lumacaftor–ivacaftor in people with CF homozygous
for the Phe508del mutation resulted in significant improvement of morphological changes on CT,
characterised by decreased mucus plugging and airway wall thickening. In addition, we identified a cluster
of patients with milder structural abnormalities on CT scan prior to initiation of lumacaftor–ivacaftor. This
cluster was associated with a markedly higher probability of lung function improvement under lumacaftor–
ivacaftor. The better response rate observed in patients with younger age and less severe structural
abnormalities concurs with the concept that CFTR modulators should be started early in life. Analyses of
CT scans using visual scoring and artificial intelligence could prove important in assessing response to
therapy, including newer CFTR modulator combinations, in people with CF.

This article has been revised according to the correction published in the March 2023 issue of the European
Respiratory Journal.
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