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ABSTRACT

Cystic fibrosis transmembrane conductance regulator modulators (CFTRm) represent a major therapeutic advance for patients with cystic fibrosis (pwCF). Given their
oral administration and high efficacy, they may be better suited than other cystic fibrosis treatments to optimize long-term adherence, which is crucial to ensuring
effectiveness. To examine adherence patterns to CFTRm and their determinants, we conducted a population-based retrospective cohort study using data from the
French CF Registry linked to the French National Health Data System. We included pwCF (>6 years) who initiated at least one CFTRm (ivacaftor or lumacaftor/
ivacaftor) between 2012 and 2020 and were treated for at least six months. Implementation was measured using the continuous multiple-interval measure of
medication availability version 7 (CMA-7), and longitudinal K-means clustering identified adherence trajectories based on monthly CMA-7 values over one-year
follow-up. Multinomial logistic regression assessed associations between adherence patterns and sociodemographic and clinical characteristics. Among 1362 pa-
tients, three adherence trajectories were identified: optimal adherence (68%), gradual decline (16%), and initial drop-off followed by return to optimal adherence
after 3-5 months (16%). Compared to optimal adherence, gradual decline trajectory was associated with age 15-25 years (reference: >25), while drop-off and
rebound trajectory was linked to being younger than 15 and P. aeruginosa bronchial colonization. Socioeconomic disadvantage was also associated with nonoptimal
adherence. This study highlights the need for age-tailored interventions to support long-term adherence, revealing a decline among adolescents and young adults,

along with a specific pattern among children, which may relate to prescribing practices at treatment initiation.

1. Background

The development of cystic fibrosis transmembrane conductance
regulator modulators (CFTRm) has significantly improved lung function
and nutritional status as well as decreased pulmonary exacerbation in
eligible patients with cystic fibrosis (pwCF). These results have led to an
improved quality of life, a dramatic increase in life expectancy, and a
reduction in the need for lung transplantation [1]. However, CFTRm
effectiveness depends on medication adherence and, therefore, on how
pwCF take their medication as prescribed [2]. Poor adherence leads to
worse health outcomes, such as increased hospitalization and pulmo-
nary exacerbations [3], and a systematic review demonstrated that
CFTRm adherence was suboptimal, with adherence rates ranging from
0.62 to 0.99 [4]. However, studies included in this systematic review
relied on average adherence levels during the follow-up period that did
not consider the dynamic nature of the medication adherence process.
This method can mask distinct underlying patterns, such as consistently

low adherence, optimal adherence followed by interruption, or early
non-adherence followed by recovery and eventual optimal adherence
[5]. We evaluated medication adherence dynamics to identify the lon-
gitudinal patterns of adherence and to determine the sociodemographic
and clinical determinants of these distinct adherence trajectories — an
approach that, to our knowledge, has not yet been explored for CFTRm.

2. Methods

We conducted a national retrospective cohort study using data from
the French Cystic Fibrosis Registry linked to the French National Health
Data System (SNDS), which included all reimbursement data for
outpatient or inpatient care [6]. We included all French pwCF aged 6
years and older who initiated at least one CFTRm from 2012 to 2020,
were treated for at least six months, and survived until the end of the
2-year follow-up period. CFTRm were ivacaftor (IVA) - available since
2012 in France, and lumacaftor/ivacaftor (LUM/IVA) - available since
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2015 in France. CFTR modulators were provided free of charge for all
patients and data were available for CFTR modulators dispensed from
both hospitals and pharmacies in the database (except during clinical
trials). The extracted data included sociodemographic and clinical data,
as well as dispensing records. Clinical data were assessed the year prior
to CFTRm initiation including: best of the year percent predicted forced
expiratory volume in 1 s (ppFEV1%), nutritional status (abnormal if
Z-score<0 for children or BMI<18.5 for adults), bronchial colonization
with Pseudomonas aeruginosa (P. aeruginosa), CF-related treated dia-
betes, number of intravenous antibiotic courses (proxy variable of the
number of pulmonary exacerbations) all extracted from the French CF
registry. Sociodemographic variables, assessed at the initiation year of
CFTRm, consisted of age, gender, and the French Deprivation Index
(FDep), an area-based socioeconomic indicator measuring social disad-
vantage (1: less disadvantaged socio-economic quartile, 5: most disad-
vantaged one), and dispensing records were extracted from the SNDS
database. Age was categorized (<15, 15-25, > 25), along with FEV1
(low: first quartile within age category, high: fourth quartile within age
category).

Adherence to the first CFTRm was measured with implementation
using the continuous medication acquisition availability version 7
(CMA-7), calculated monthly (ratio of the number of days covered by
dispensing events to 30 days) [7]. Longitudinal K-means clustering was
conducted to identify adherence patterns on a monthly CMA-7 basis for
the initial year of CFTRm treatment [8]. This method permits the
identification of a pre-specified number of patient subgroups that follow
similar patterns over time and considers missing values within indi-
vidual trajectories. The algorithm was run 10 times with different
starting points for each group number specification (2 to 8 groups) to
identify the best partition. The best model was based on combined
assessment: 1) the Calinski-Harabasz criterion; 2) the number of patients
included in the smallest group (>5%); 3) the clinical meaningfulness of
the trajectories. A multinomial logistic regression was then performed to
determine the association between adherence patterns and the socio-
demographic and clinical variables. Patients with at least one missing
data were excluded from the multivariate analysis. Results were
expressed as odds ratios (ORs) with their 95% confidence intervals (CIs).

3. Results

We included 1362 pwCF (Table 1) and identified three adherence
trajectory patterns (Fig. 1). PWCF in the largest group (N = 921, 68%),
defined as the «optimal adherence » group, had a high and consistent
adherence rate during the year following treatment initiation (approx-
imately 95% on average). PWCF in the second group (N = 224, 16%),
had an adherence rate that showed a «gradual decline», from 100% to
50% over 12 months. PWCF in the last group (N = 217, 16%) initially
showed their adherence rate, drop from 100% to 15% after two months,
followed by a rebound to optimal adherence over the following four
subsequent months, averaging approximately 95%, (“drop-off &
rebound” group).

Determinants of these distinct adherence trajectories are presented
in Fig. 2. PWCF in the «dropoff and rebound » group, compared to pwCF
in the “optimal” group, were significantly younger (OR 2.70, IC95%
[1.60-4.54] in children <15 years compared with adults >25 years) and
had a significantly high risk of bronchial colonization by P. aeruginosa
(1.94 [1.11-3.37]). However, they were less likely to have IVA (0.38
[0.15-0.98]) or low FEV1 (0.63 [0.40-0.99]). PWCF in the «gradual
decline » group compared to pwCF in the “optimal” group, were more
likely to be adolescents and young adults (1.74 [1.16-2.61] in 15-25
years compared with adults <25 years), more deprived (1.14 [1.01-
1.28] for every unit increase in FDep) and less likely to be children
(0.48 [0.31-0.76] in children <15 years compared with adults >25
years).
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Table 1
Sociodemographic and clinical characteristics of the study population.

Adherence groups

Total Optimal Drop-off & Gradual
rebound decline
N =1362 N =921 N =217 N =224
Sociodemographic characteristics
Sex, n (%)
Male 717 489 109 (50.2%) 119 (53.1%)
(52.6%) (53.1%)
Female 645 432 108 (49.8%) 105 (46.9%)
(47.4%) (46.9%)
Age (in years), n 19.2 £10.8 19.7 £+ 11.4 15.2+9.4 20.8 £8.1
(%)
<15 684 464 152 (70.0%) 68 (30.3%)
(50.2%) (50.4%)
15-25 315 192 33 (15.2%) 90 (40.2%)
(23.1%) (20.8%)
>25 363 265 32 (14.8%) 66 (29.5%)
(26.7%) (28.8%)
FDep?, n (%)
Quintile 1 (least 259 178 42 (19.8%) 39 (18.1%)
deprived) (19.5%) (19.8%)
Q2 318 243 33 (15.6%) 42 (19.4%)
(23.9%) (27.0%)
Q3 299 198 50 (23.6%) 51 (23.6%)
(22.5%) (22.0%)
Q4 241 147 53 (25.0%) 41 (19.0%)
(18.1%) (16.2%)
Q5 (most 212 135 34 (16.0%) 43 (19.9%)
deprived) (16.0%) (15.0%)
Clinical characteristics
FEV1¢, mean + SD 83.7 £ 25.2 82.6 £ 25.6 93.1 +£22.1 78.7 £ 24.3
Nutritional status”, n (%)
Abnormal (Z- 544 353 100 (46.7%) 91 (41.2%)
score<0 or (40.5%) (38.8%)
BMI<18.5)
P. aeruginosa 142 85 (9.2%) 24 (11.1%) 33 (14.7%)
bronchial (10.4%)
colonization, n
(%)
CF-related 208 151 19 (8.8%) 38 (17%)
diabetes, n (%) (15.3%) (16.4%)
Number of IV- 07+14 08+1.4 0.4+1.0 0.8+1.7
antibiotics
courses,
mean + SD
Type of CFTR modulator, n (%)
Ivacaftor 95 (7.0%) 78 (8.5%) 8 (3.7%) 9 (4.0%)
Lumacaftor/ 1267 843 209 (96.3%) 215 (96.0%)
ivacaftor (93.0%) (91.5%)

@ Missing data: 33.
b Missing data: 18.
¢ Missing data: 78.
4 Homozygous for F508del.

4. Discussion

This study described adherence patterns, considering the dynamic
nature of the medication adherence process in pwCF after initiating
CFTRm and explored their determinants in a French nationwide cohort.
We identified distinct and previously unknown adherence trajectories.
The « optimal adherence » group, which represented the majority of
pwCF, showed a consistently high trajectory that exceeded previously
reported adherence rates [4]. Nevertheless, our results for gradual de-
cliners were consistent with the literature on high adherence rates in
children, which subsequently decline in adolescents and young adults
[9]. We also showed that children were more likely to belong to the
«drop-off and rebound » group. Given that the adherence rate was
calculated assuming a fixed dosage, this pattern could be explained by a
gradual dose escalation during CFTRm initiation in some pwCF. A
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Fig. 1. Mean adherence trajectories for each of the 3-group partitions in the year following initiation of CFTR modulator (IVA or IVA/LUM). 74 patients had at least

one missing data point in their trajectory.
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Fig. 2. Odd-ratios of belonging to the groups « Gradual decline» and «Drop-off and rebound » compared to the group with optimal adherence, for several socio-
demographic, clinical and medication (type of CFTR modulator) factors. * For French Deprivation Index and IV antibiotics, the value of the odds ratios is the value for
a 1-unit augmentation (one more IV antibiotic course, being one quartile of FDep higher). ** Having a FEV1 in the highest or lowest quartile versus FEV1 in range for
each age class. The model was fitted based on 1241 patients (121 had at least one missing value: missing data were equally distributed across groups).

gradual dose escalation is recommended for patients initiating LUM/IVA
while taking a strong inhibitor of cytochrome P450 superfamily member
CYP3A, starting with a quarter of the full dose during the first week of
treatment. This pattern could also be explained by a temporary dose
reduction or short discontinuation of CFTRm during the first weeks of
treatment due to initial adverse effects [10]. These adjustments made by
clinicians, allowed patients to maintain their treatment while improving
tolerability, with most individuals subsequently resuming the full rec-
ommended dose.

Our study has several limitations. The data source used to assess
medication adherence and its determinants was the SNDS, which is a
claims database. Consequently, dispensing data does not necessarily
reflect actual medication intake, and medication adherence may be
overestimated. Furthermore, because the SNDS does not contain psy-
chosocial or behavioral data, several determinants of medication
adherence could not be assessed. “Another limitation is a potential
survival bias, as patients who died during the study period were
excluded. Since patients with poorer adherence may also have worse

clinical outcomes, their exclusion could lead to an overestimation of
adherence at the cohort level. However, this effect is expected to be
minimal, as only 9 patients died during the follow-up period. Moreover,
the findings may not be generalizable to all CFTRm, as patients treated
with elexacaftor/tezacaftor/ivacaftor (ETI) were excluded because ETI
was not available in France during the study period. However, our
findings regarding medication adherence to IVA and LUM/IVA may
provide useful insights for understanding adherence to ETI, as the
methods we used to assess medication adherence can be fully applicable
to ETI and may guide future analyses once sufficient data are available.
Although ETI has demonstrated clinical benefits greater than those of
previous CFTR modulators, it remains a lifelong treatment, making
medication adherence a critical aspect to monitor and address.

To conclude, adherence to CFTRm was generally high. However,
lower adherence was observed among adolescents, young adults and
socially disadvantaged individuals, including a distinct pattern that was
particularly pronounced among children. The evaluation and imple-
mentation of targeted interventions may help to optimize long-term
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CFTRm adherence within these subgroups, especially among adoles-
cents and young adults.
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