Q«J nutrients

Article

A 3-Week Inpatient Rehabilitation Programme Improves Body
Composition in People with Cystic Fibrosis with and Without
Elexacaftor/Tezacaftor/Ivacaftor Therapy

Jana Koop !, Wolfgang Gruber "
Christian Falkenberg ¢, Olaf Schnabel ¢, Burkhard Weisser 7, Mario Hasler 8

check for
updates

Academic Editor: Sin-Chung Li

Received: 13 June 2025
Revised: 12 July 2025
Accepted: 24 July 2025
Published: 25 July 2025

Citation: Koop,J.; Gruber, W.;
Hiégele, F.A.; Norman, K.; Herpich, C.;
Dewey, S.; Falkenberg, C.; Schnabel, O.;
Weisser, B.; Hasler, M.; et al. A 3-Week
Inpatient Rehabilitation Programme
Improves Body Composition in People
with Cystic Fibrosis with and Without
Elexacaftor/Tezacaftor/Ivacaftor
Therapy. Nutrients 2025, 17, 2439.
https://doi.org/10.3390/

nul7152439

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

2(D, Franziska A. Hagele !, Kristina Norman 34, Catrin Herpich 34, Stefan Dewey °,

and Anja Bosy-Westphal 1-*

Institute of Human Nutrition and Food Science, Kiel University, Diisternbrooker Weg 17, 24105 Kiel, Germany
Pediatric Pulmonology and Sleep Medicine, Cystic Fibrosis Center, Children’s Hospital, University of
Duisburg-Essen, Hufelandstrasse 55, 45122 Essen, Germany

Department of Nutrition and Gerontology, German Institute of Human Nutrition Potsdam-Rehbriicke,
Arthur-Scheunert-Allee 114-116, 14558 Nuthetal, Germany

Department of Geriatrics and Medical Gerontology, Charité-Universitidtsmedizin Berlin, Reinickendorfer
Strasse 61-62, 13347 Berlin, Germany

Strandklinik St. Peter-Ording, Fritz-Wischer-Strafie 3, 25826 St. Peter-Ording, Germany

Fachklinik Satteldiine DRV Nord, Tanenwai 32, 25946 Nebel, Germany

Department of Sportsmedicine, Kiel University, Olshausenstrasse 74, 24118 Kiel, Germany

Applied Statistics, Kiel University, Hermann-Rodewald-Strasse 9, 24098 Kiel, Germany

Correspondence: abosyw@nutrition.uni-kiel.de

® N o

Abstract

Background: The introduction of cystic fibrosis transmembrane conductance regulator mod-
ulators, especially the triple therapy elexacaftor, tezacaftor, ivacaftor (ETI), has improved
outcomes in people with cystic fibrosis (pwCF), reducing underweight but increasing
overweight rates. Objectives: This study investigates the effect of ETI on appetite control,
body composition, and energy balance during a 3-week inpatient rehabilitation programme
with regular exercise. Methods: In 54 pwCF (38 on ETI, 16 without ETI), changes in body
composition (fat mass index, FMI; fat-free mass index, FFMI) and energy balance (calcu-
lated from body composition changes) were assessed. Appetite control was evaluated
via plasma peptide YY (PYY) levels and post-exercise meal energy intake. Results: The
programme significantly increased BMI (+0.3 = 0.1 kg/m?; CI 0.1-0.4) and energy balance
(+4317 £ 1976 kcal /3 weeks), primarily through FEMI gains (+0.3 £ 0.1 kg/ m?; C10.1-0.4).
Despite higher post-exercise meal energy intake and a tendency towards lower PYY levels
in the ETI group, changes in body composition and energy balance did not differ between
groups. This is explained by a higher prevalence of exocrine pancreatic insufficiency in the
ETI group (92% vs. 50%, p < 0.001). Small sample sizes limit the interpretation of data on
appetite control and energy intake. Conclusions: A 3-week inpatient rehabilitation pro-
gramme improved body composition in pwCF, without resulting in a more positive energy
balance with ETI therapy. This is due to a higher prevalence of pancreatic insufficiency in
this group.

Keywords: triple CFTR modulators; Elexacaftor/Tezacaftor/Ivacaftor; appetite control;
energy balance; CF rehabilitation; body composition

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive multiorgan disease caused by mutations
of the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which leads to
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impaired CFTR channel function and compromised chloride and bicarbonate secretion [1].
This results in thickened mucus secretions that affect the respiratory and gastrointestinal
tracts [1]. Organ manifestations include reduced lung function and exocrine pancreatic
insufficiency [1], which affect about 90% of people with CF (pwCF) in Germany [2]. Patients
have a reduced life expectancy compared to the general population [1]. CF used to be
associated with malnutrition and underweight that were linked to a worse prognosis [3,4].

The introduction of CFTR modulators in Europe in 2012 [5] has led to marked improve-
ments in patient outcomes [6,7]. These agents target the CFTR protein defect by potentiating
(ivacaftor) or correcting (elexacaftor, tezacaftor, lumacaftor) its function [7] and are used in
83% of adults with CF in Germany [2]. The introduction of CFTR modulators significantly
contributed to reducing the proportion of pwCF who were underweight from 18% to
7% between 2000 and 2023 [2]. However, concomitantly, the prevalence of overweight
and obesity increased from 8% to 23% [2], particularly among individuals receiving the
triple combination of elexacaftor, tezacaftor, and ivacaftor (ETI) [8,9], approved in 2020 in
Europe [10]. A decrease in resting energy expenditure [8], potentially due to improved lung
function and reduced inflammation [11], and/or a higher energy intake [8] may contribute
to a higher risk of body weight gain in pwCF receiving ETI therapy [8].

A great number of studies on the impact of ETI on body composition have demon-
strated a disproportionate gain in fat mass (FM) following the initiation of ETI treatment in
adults with CF [12-20]. Conversely, a smaller number of studies have reported an appro-
priate increase in both FM and fat-free mass (FFM) [21-23]. While an improvement in FFM
is strongly associated with better pulmonary function [24,25] and thus better outcomes in
pwCE, the combination of high FM with low FFM, which can be masked by a high body
mass index (BMI), has been linked to worse lung function compared with those with better
FFM [25]. The rising prevalence of overweight and obesity may also lead to a higher risk of
non-communicable diseases such as cardiovascular disease [25].

It is conceivable that ETI treatment may exert an influence on two distinct yet interre-
lated aspects of energy metabolism: (i) the absolute energy balance, which may involve a
reduction in resting energy expenditure or stimulation of appetite, and (ii) energy partition-
ing, which affects the distribution of gains in FM and FFM.

In Germany, inpatient rehabilitation programmes for pwCF are traditionally directed
towards weight gain and aim to improve body composition, exercise capacity, and overall
health with a structured, multidisciplinary approach that includes nutrition therapy, phys-
iotherapy, and regular exercise [26,27]. It is recommended that pwCF engage in regular
physical activity (30-60 min daily of moderate-to-vigorous and resistance training 2-3 times
per week), as research has demonstrated that regular exercise can enhance lung function
and quality of life, while concurrently reducing pulmonary exacerbations and hospitalisa-
tion [28]. The observed increase in weight during inpatient rehabilitation programmes [27]
could partly be due to an appetite-stimulating effect of the regular training sessions in the
programme [29]. Given that ETI therapy already predisposes pwCF to weight gain [25], it is
conceivable that ETI treatment during an inpatient rehabilitation programme could result
in a more positive energy balance compared to pwCF without CFTR modulator treatment.

We therefore investigated the effect of ETI treatment on appetite control, changes in
body composition, and energy balance in pwCF during a 3-week inpatient rehabilitation
programme comprising an exercise intervention. PwCF without CFTR modulator therapy
served as a control (non-ETI). It was postulated that individuals who received ETI treatment
exhibit a greater post-exercise appetite (higher subjective appetite and lower plasma levels
of peptide YY, PYY) and energy intake (meal post-exercise and 24 h energy intake) as
well as a more positive energy balance (calculated from changes in body composition and
accompanied by an increase in plasma leptin levels). This secondary analysis provides



Nutrients 2025, 17, 2439

30f17

novel insights into the effects of triple CFTR modulator therapy on changes in body
composition and appetite control during inpatient rehabilitation programmes. To the
best of our knowledge, this is an area that has not been studied before, yet it is highly
relevant to clinical practice given the increasing prevalence of overweight and obesity in
this population.

2. Materials and Methods
2.1. Study Protocol and Study Population

This is a secondary analysis that is based on a study that investigated the effect of two
training programmes with different modalities (high-intensity interval training, HIIT, and
moderate-intensity continuous training, MICT) on exercise capacity, body composition, and
appetite control in pwCF as a primary aim [30]). The trial was registered at clinicaltrials.gov
as NCT05140967. The study was conducted in accordance with the guidelines outlined in
the Declaration of Helsinki, and all procedures involving human subjects were approved by
the Ethics Committee of the Medical Faculty at Kiel University, Kiel, Germany (D 588/21).
Written informed consent was obtained from all subjects. The study was conducted with
an identical protocol in two inpatient rehabilitation clinics (Fachklinik Satteldiine, Nebel,
Amrum, Germany and Strandklinik St. Peter-Ording, St. Peter-Ording, Germany) as part
of a 3-week rehabilitation programme for pwCeF, including a training intervention.

Between January 2022 and December 2023, 70 pwCF were recruited to participate
in the study. Inclusion criteria comprised a confirmed diagnosis of CF by at least two
sweat tests and/or by the presence of two CF mutations, age > 18 years, and percent
predicted forced expiratory volume in one second (ppFEV1) > 40%. Exclusion criteria
were acute pulmonary exacerbation in the 4 weeks before the programme, cor pulmonale,
pulmonary hypertension, or musculoskeletal complaints that make regular physical activity
impossible. Prevalence of exocrine pancreatic insufficiency, CF-related diabetes (CFRD),
genotype, Pseudomonas aeruginosa infection, and CFTR modulator intake were obtained
from the medical records of the participants.

Outcome parameters, which were also evaluated in this analysis, were measured at
baseline (T0) and the end (T1) of the intervention and included BMI, body composition (fat
mass index, FMI; fat-free mass index, FFMI; both kg/m?), and the energy balance calcu-
lated from changes in FM and FEM. Post-exercise subjective appetite, appetite-regulating
hormone concentrations (plasma levels of PYY and leptin), and meal energy intake 90 min
after a training session, as well as 24 h energy intake, were also assessed at TO and T1. The
two study days, at baseline (T0) and the end of the rehabilitation programme (T1), were
conducted following the protocol outlined in Figure 1.

In the original study, participants were randomised to either HIIT or MICT. Since
the type of training did not affect the outcome parameters, the participants could then be
categorised into two groups for this secondary analysis: those with ETI therapy and those
who did not receive ETI or other CFTR modulators (non-ETI group).
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Figure 1. Study protocol at baseline (T0) and at the end (T1) of the 3-week rehabilitation pro-
gramme. Participants had breakfast, followed by a training session (High-Intensity Interval Training
or Moderate-Intensity Continuous Training) on a cycle ergometer for 30 min. Meal energy intake
post-exercise was assessed with an ad libitum test meal (pasta dish) 90 min after the end of the
training session. Subjective appetite ratings were obtained using visual analogue scales (VASs) at six
time points: before and after exercise, 60 min post-exercise, before and after the test meal, and 60 min
post-meal. Appetite-regulating hormones were measured in blood samples taken before training
(plasma peptide YY, PYY, and plasma leptin) and 60 min after training (plasma PYY). Participants
documented 24 h energy intake with smartphone photos and written entries using a web application
(Meal-Tracking Web App, Institute of Human Nutrition, Kiel University, Kiel, Germany).

2.2. Training Protocol

In the initial study, participants were randomised based on their lung function
(ppFEV < 70% or ppFEV > 70%) to either HIIT (10 x 1 min at 90% peak oxygen uptake,
VOspeax with 2 min active rest after each interval at 40% VOpeqx, based on cardiopul-
monary exercise testing) or MICT (60% of VOypeax), both performed on a cycle ergometer
3 times per week for 30 min in the morning after breakfast. All training sessions were
supervised by a sports therapist or physiotherapist. Participants also completed one weekly
strength training session and one weekly session of various sports activities (e.g., gymnas-
tics or yoga), totalling five exercise sessions per week. Since the primary aim of the study
was to improve exercise capacity, the training was predominantly aerobic.

2.3. Spirometry

Lung function was assessed using body plethysmography (Jaeger® MasterScreen Body,
Vyaire Medical, Hoechberg, Germany), and reference values for ppFEV1 were calculated
according to the Global Lung Function Initiative Reference System [31]. VOppeax Was
determined using cardiopulmonary exercise testing performed at baseline (T0) on a cycle
ergometer (ergoselect 200, ergoline, Bitz, Germany), following the Godfrey protocol [32,33].
Gas exchange measurements were recorded breath-by-breath (Vyntus TM CPX, Vyaire
Medical, Hoechberg, Germany), and VOypeqx Was defined as the highest value in the last
30 s of the test.

2.4. Subjective Appetite

Subjective appetite ratings were obtained using horizontal 100 mm visual analogue
scales (VAS; 0 mm: 'not at all’, 100 mm: ‘extremely’) [34]. Participants reported their
perceptions of hunger, fullness, desire to eat, and prospective food consumption at several
time points (Figure 1): before and immediately after training, 60 min after the end of the
training, immediately before and after the test meal, and 60 min post-meal. The appetite
score was calculated as the mean of all appetite ratings (inverse of fullness) for all time-
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points [35,36]. The Satiety Quotient (5Q) was calculated for two time points immediately
after the test meal and 60 min after the end of the test meal, using the following formula
according to Drapeau et al. (2007) [37] and Green et al. (1997) [38].

SQ (mm/kcal) = [pre-meal rating of hunger (mm) — post-meal rating of hunger (mm)]/energy content of the test meal (kcal)] x 100

A higher SQ value indicates a greater reduction of hunger per calorie, demonstrating
a greater satiating effect of the meal [38]. Additionally, participants were required to rate
the palatability and pleasantness of the test meal using a VAS.

2.5. Appetite-Regulating Hormones

Participation in the collection of blood samples was voluntary. If consent was given,
blood samples (EDTA plasma) were drawn before and 60 min after the end of the training
session at TO and T1 (Figure 1). As breakfast is part of the standard routine in the reha-
bilitation clinic, and to ensure safety and effectiveness of the morning exercise session,
participants were not fasting before blood sample collection. Samples were centrifuged
directly at 2500 x g for 10 min and stored at —80 °C until analyses. Concentration of total
plasma PYY (ng/mL) was analysed using a human ELISA-based assay (intra-assay CV:
6.1-8.5%, inter-assay CV: 5.5-10.3%, Yanaihara Institute Inc., Shizuoka, Japan). Plasma
leptin concentration (ng/mL) was assessed in pre-training samples at T0 and T1 using a
human ELISA-based assay (intra-assay CV of 4.2% and an inter-assay CV of 6.7%; BioVen-
dor, Brno, Czech Republic). All analyses were conducted according to the manufacturer’s
instructions at the ‘German Institute of Human Nutrition” (Department of Nutrition and
Gerontology, Potsdam-Rehbriicke, Nuthetal, Germany).

2.6. Energy Intake

The meal energy intake post-exercise was assessed with a test meal 90 min after the
end of the training session on both study days (Figure 1). Subjects received a standardised
lunch consisting of a pasta dish with 65% carbohydrates (CHO), 13% protein, and 22%
fat. The energy content of the initial portion was 25% of the participants’ resting energy
expenditure (REE; Harris & Benedict, 1918 [39]) and was weighed accurately to the gram
using an electronic kitchen scale (Soehnle, Nassau, Germany). Depending on their appetite,
subjects could receive additional portions (large: 25% kcal/REE; small: 12.5% kcal/REE).
They ate ad libitum and were required to finish the meal within 30 min. To avoid distracted
eating, the use of media or conversations with other participants were not allowed. Subjects
received a glass of water (150 mL) that had to be consumed during the meal. The amount
eaten of the test meal was recorded by weighing the leftovers accurately to the gram.

At TO and T1, participants documented their 24 h energy intake (including breakfast,
dinner, snacks, and caloric beverages) with smartphone photos and written entries, using
a web application specifically developed for study purposes by the Institute of Human
Nutrition (Meal-Tracking Web App, Kiel University, Kiel, Germany). The data on energy
intake at the test meal were added by the study staff for the analysis of 24 h energy intake.
Energy intake (% kcal/REE) and amounts of CHO, fat (% of calories), protein (% of calories,
and g/kg body weight), sugar (% of calories), and salt (g/day) were analysed using
PRODI expert version 6.12 (Wissenschaftliche Verlagsgesellschaft, Stuttgart, Germany).
Percentages of macronutrients (% of calories) were calculated using the following factors:
protein (4 kcal/g), CHO (4 kcal/g), and fat (9 kcal/g) [40].

2.7. Body Composition and Energy Balance

Height was measured at baseline, using a stadiometer (seca 274, seca Hamburg,
Germany). Body weight was assessed on an electronic scale at T0 and T1 (seca 861, seca
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Hamburg, Germany). Body composition (FM, FFM) was determined using bioelectrical
impedance analysis (seca 515; seca 525, Hamburg, Germany) at TO and T1. BMI, FMI,
and FFMI were calculated as kg/m?. Given known physiological differences in body
composition between males and females, FMI and FEMI were analysed separately by sex,
as the initial body fat content is a determining factor for the relative contribution of FFM
and FM to total body weight change [41].

Energy balance was calculated based on the measured changes in body composition
(T1-TO0), using the following formula, which incorporates coefficients for tissue gains
(covering energy content of the tissue plus energy costs for tissue synthesis) [42], as well as
coefficients for tissue losses [43,44].

Energy balance (kcal/3 weeks) = (13.1 x FM gain, g) + (2.2 x FFM gain, g) — (9.3 x FM loss, g) — (1.1 x FFM loss, g)

Positive values indicated a positive energy balance and vice versa.

2.8. Statistical Analysis

A priori power analysis for the original study (‘Effect of HIIT vs. MICT on exercise
capacity, body composition, and appetite control in pwCF’) was performed using G*Power
version 3.1.9.7 [45], based on the results of a study conducted by Gruber et al. (2014) [46].
To detect a 10% difference (SD: 15%) in the primary outcome (VOzpeak) with 80% power
and an alpha level of 0.05, a total of 28 participants per group (HIIT or MICT) were required.
To account for a 20% dropout, 70 participants (35 per group) were enrolled.

The statistical software R version 4.4.1 (2024) was used to evaluate the data [47]. The
analysis started with comparisons of baseline characteristics between ETI and non-ETI
groups using independent t-tests (age, height, REE, ppFEV1, BMI, FMI, FFMI) and chi-
squared tests for categorical variables (training type, sex, pancreatic insufficiency, CFRD,
Pseudomonas aeruginosa, genotypes). It was followed by the definition of appropriate
statistical models, a linear mixed model [48] and a model based on generalised least
squares [49]. The linear mixed model included the fixed factors medication (ETI, non-ETI),
training type (HIIT, MICT), sex (female, male), and time point (T0, T1), along with all their
interaction terms as fixed factors and subject ID as a random factor. The model based
on generalised least squares did not include the fixed factor time point and the random
factor subject ID. It was used to compare increases/decreases for the variables ABMI, AFMI,
AFFMI, Aplasma leptin, and energy balance between the ETI and non-ETI groups.

Potential confounders, including exocrine pancreatic insufficiency and FMI at TO (for
energy balance, ABMI, AFMI, AFFM], and Aplasma leptin) and palatability (for meal energy
intake post-exercise), were tested and included as covariates if p < 0.1. Due to the association
of exocrine pancreatic insufficiency with poor nutritional status [50], comparisons between
the ETI and non-ETI groups regarding energy balance, ABMI, AFMI, AFFMI, and Aplasma
leptin were adjusted for the prevalence of pancreatic insufficiency.

The residuals were assumed to be normally distributed and heteroscedastic (if nec-
essary), with graphical residual analysis to confirm. Based on the model, an ANOVA
was conducted, followed by appropriate multiple contrast tests [51,52]. The significance
of increases/decreases in the variables ABMI, AFMI, AFFMI, energy balance, Aplasma
leptin, and PYY levels was assessed with simultaneous 95% Cls. Results comparing ETI vs.
non-ETI were averaged across training type and time points, unless otherwise stated. The
unequal sample sizes between the two groups were accounted for by the linear (mixed)
model and multiple contrast tests. Participants with a missing value were excluded from
the statistical analysis, separately for each measurement variable. Data presented as box-
plots show the median (horizontal line within the box) and the IQR (box limits represent
the 25th and 75th percentiles). Whiskers extend to 1.5 times the IQR, and the mean value
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is indicated by the ‘x’. Results are presented as mean + SE and 95% CI. Significance was
set at p < 0.05. Figures were created using Microsoft® Excel (version 16.95.1), Microsoft®
PowerPoint (version 16.95.1), and GraphPad Prism 10 (version 10.4.1).

3. Results

A total of 70 participants were recruited for the study. The dropout rate was 14.3%
(10 participants, ETI: nn = 4; non-ETI: n = 6), resulting from premature cessation of participa-
tion or illness among the participants. Two subjects were excluded from the subsequent
analysis, as they were receiving mono- or dual CFTR modulator therapy. Missing data for
outcome parameters (due to unsuccessful blood draws, incomplete questionnaires, and
organisational problems) are shown in Table S1.

3.1. Baseline Characteristics

Comparison of baseline characteristics between ETI and non-ETI groups is shown
in Table 1. The proportion of participants in the different types of training did not differ
between the groups (HIIT/MICT, ETI: 47/53%, non-ETI: 44/56%; p = 0.89). The ETI vs.
non-ETI group exhibited a higher prevalence of exocrine pancreatic insufficiency, as well as
a greater incidence of homozygous and heterozygous Delta F508 genotypes. No further
differences in baseline characteristics were found between the groups. According to WHO
criteria, no participants were classified as being underweight, 38 participants had normal
weight (ETL n = 29; non-ETI: n = 9), 13 participants were overweight (ETL: n = §; non-ETIL:
n =5), and 3 participants had obesity (ETI: n = 1; non-ETI: n = 2) [53]. The age range was
19-57 years for the ETI group and 22-56 years for the non-ETI group. Training type did not
affect the results between ETI and non-ETI groups in all outcome parameters.

Table 1. Baseline characteristics of the study population.

Total Study Population ETI (n = 38) non-ETI (1 = 16) p-Value
Age, years 37+1 42+2 0.06
BMI, kg/m? 23.8£0.3 247 £ 0.6 0.37
ppFEV1, % 68 £2 70+3 0.75
Calculated REE ?, kcal/d 1511 + 21 1588 + 43 0.11
Exocrine Pancreatic 35 (92%) 8 (50%) <0.001
Insufficiency

Pseudomonas aeruginosa 24 (63%) 9 (56%) 0.65
AF508 homozygous 17 (45%) 3 (19%) 0.002
AF508 heterozygous 18 (47%) 7 (44%) 0.002
CEFRD 15 (40%) 3 (19%) 0.06
Women

(ETI: n = 22, non-ETI: n = 8)

BMI, kg/m? 237+£05 24.6 £ 0.7 0.52
FMI, kg/m? 7.6+ 04 84+0.7 0.47
FFMI, kg /m? 16.1 £0.2 16.1 +0.2 0.92
Men

(ETI: n = 16, non-ETL: n = 8)

BMI, kg/m? 239 £0.4 248 +£09 0.57
FMI, kg/m? 53+03 51406 0.67
FFMI, kg /m? 18.6 £0.2 19.7+£05 0.10

Values are either mean =+ SE or absolute number (%). p-values indicate differences between groups assessed by
independent samples f-test (metric variables) or chi-squared test (categorical variables). Significant differences
(p < 0.05) are indicated in bold. CFRD, cystic-fibrosis-related diabetes; ETI, Elexacaftor/Tezacaftor/Ivacaftor
therapy; FMI, fat mass index; FFMI, fat-free mass index; non-ETI, no ETI or other CFTR modulator therapy;
ppFEV1, percent predicted forced expiratory volume in one second; REE, resting energy expenditure ® calculated
according to Harris and Benedict (1918) [39].

3.2. Exercise-Induced Appetite and Energy Intake

In the total sample, no differences in appetite scores (pre- and post-exercise) and SQ
were observed between the ETI and non-ETI groups at baseline and the end of the inpatient
rehabilitation programme (Figure 2a—d).
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Figure 2. Comparison of appetite scores, satiety quotients, plasma PYY concentrations, and post-
exercise meal energy intake between the ETI group (Elexacaftor/Tezacaftor /Ivacaftor therapy) and
the non-ETI group (no CFTR modulator therapy) at baseline (T0) and at the end (T1) of the rehabilita-
tion programme. Appetite scores (a,b) (mean of subjective appetite ratings of hunger, fullness, desire
to eat, and prospective food consumption) were assessed using visual analogue scales at six time
points: before and after exercise (30 min on cycle ergometer), 60 min post-exercise, before and after
the ad libitum test meal, and 60 min post-meal. Satiety quotients (c,d) show the change in hunger
ratings before vs. immediately after or 60 min after the test meal in relation to the energy content
of the meal (kcal). Plasma PYY concentrations (e,f) were analysed from blood samples taken 60
min post-exercise. Post-exercise meal energy intake (g,h) 90 min after the exercise, expressed as a
percentage of calculated resting energy expenditure according to Harris and Benedict (1918) [39].
(a—d): ETL n = 22; non-ETI, n = 11. (e,f): ETI, n = 24; non-ETI, n = 12. (g,h): ETI, n = 25; non-ETI,
n = 12. REE, resting energy expenditure; PYY, peptide YY. Results are adjusted for training type and
sex. Dots indicate data points identified as outliers. p-values indicate differences between the ETI
and non-ETI groups assessed by contrast tests (based on linear mixed model), ** p < 0.01.
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Plasma PYY levels did not differ between ETI and non-ETI groups at TO and T1 be-
fore training (TO, ETI: 0.9 £ 0.1, non-ETI: 1.1 & 0.1 ng/mL; p = 0.25; T1, ETI: 0.8 £ 0.1,
non-ETI: 1.0 £ 0.1 ng/mL, p = 0.29) and 60 min after training (TO, ETL: 0.8 + 0.1,
non-ETI: 1.0 + 0.1 ng/mL; p = 0.34; T1, ETIL: 0.8 £ 0.1, non-ETI: 0.9 & 0.1 ng/mL, p = 0.36)
(Figure 2e,f). When averaged over T0O and T1, plasma PYY concentration was lower in the
ETI compared to the non-ETI group pre-training (ETI: 0.9 & 0.05, non-ETI: 1.1 &+ 0.1 ng/mL,
p = 0.04) and tended to be lower 60 min after the training session (ETI: 0.8 & 0.05, non-ETI:
1.0 &£ 0.1 ng/mL, p = 0.07). In all participants, each training session resulted in a significant
reduction in PYY levels (T0, 95% CI —0.1-(—0.1); T1: 95% CI —0.1-(—0.05)).

Meal energy intake post-exercise was higher in the ETI group than in the non-
ETI group both at baseline and at the end of the inpatient rehabilitation programme
(Figure 2g,h). The pleasantness of the test meal was rated similarly between ETI and non-
ETI groups (66.2 = 4.3 vs. 62.3 = 7.1 mm; p = 0.64), but the palatability tended to be rated
higher in the ETI vs. the non-ETI group (66.0 £ 3.8 vs. 52.4 £ 6.2 mm; p = 0.07).

Self-reported 24 h energy intake tended to be higher in the ETI vs. non-ETI group
(163.7 £ 9.1% vs. 133.0 £ 13.0% kcal /REE; p = 0.06). The 24 h protein intake was signifi-
cantly higher in the ETI compared to the non-ETI group (1.3 £ 0.1 vs. 1.0 £ 0.1 g/kg body
weight; p = 0.008).

3.3. Changes in Body Composition, Energy Balance, and Plasma Leptin Concentrations

A significant increase in BMI and energy balance with the rehabilitation programme
was observed in the total group of pwCF (BML: +0.3 4 0.1; 95% CI 0.1-0.4 kg/m?; energy
balance: +4317 & 1976, 95% CI 317-8316 kcal/3 weeks). Subgroup analysis showed that
the increase in BMI was evident in all groups except for the non-ETI group participating
in HIIT (+ 0.1 + 0.2; 95% CI —0.3-0.6 kg/m?). The positive energy balance was also true
for the subgroup of women (6936 + 2374, 95% CI 2130-11,741 kcal /3 weeks) but not for
men (1697 £ 3052, 95% CI —4480-7875 kcal/3 weeks). The increase in energy balance
in the total sample was due to an increase in FFMI (+0.3 + 0.1, 95% CI 0.1-0.4 kg/m?),
whereas FMI remained unchanged (—0.01 4 0.1, 95% CI —0.2-0.2 kg/m?). In the total
sample, pwCF with exocrine pancreatic insufficiency had a lower energy balance compared
to pancreatically sufficient pwCF (—629 £ 2327 vs. +9262 + 3314 kcal/3 weeks; p = 0.01).
Analysis of subgroups of pwCF with or without exocrine pancreatic insufficiency within ETI
or non-ETI groups showed that only those with sufficient pancreatic function demonstrated
a positive energy balance following the intervention (Table S2).

Table 2 shows the comparison of 3-week changes in BMI, body composition, energy
balance, and plasma leptin levels between the ETI and non-ETI groups, adjusted for the
prevalence of exocrine pancreatic insufficiency and training type. No between-group
differences were observed in all these parameters. In the ETI group, women demonstrated
a more positive energy balance than men (p = 0.03).
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Table 2. Comparison of T1-TO0 changes in BMI, body composition, energy balance, and plasma leptin
levels during the rehabilitation programme between ETI and non-ETI groups.

ETI (n = 38) non-ETI (n = 16) p-Value
mean + SE 95% CI mean + SE 95% CI ETlvs.
non-ETI
ABMI, kg/m? 03+0.1 0.1-05 03+0.1 0.02-0.5 0.97
g‘vlfégl{falame' keal/ 482342785  —814-10460 381043056  —2376-9996 0.82
Women
(ETL: n =22, non-ETL: n =8)
ABMI, kg/m? 03+0.1 0.1-0.6 03+02 —0.1-0.6 0.86
ATFMI, kg/m? 01+0.1 —0.2-0.4 0.04+02 ~0.5-0.5 0.96
AFFMI, kg/m? 02+0.1 —0.04-0.4 02+02 —0.1-0.6 0.99
Energy Balance, kcal / —2066—
3 oohs 944443330  2702-16,186 4427 43207 10901 0.46
A Plasma Leptin, ng/mL? 77427 2.1-133 17.1+16.7 —17.7-52.0 0.82
Men
(ETL n =16, non-ETI: n = 8)
ABMI, kg/m? 02+0.1 ~0.03-0.4 03+02 ~0.1-0.7 0.90
AFMI kg/m? —02+0.1 ~0.5-05 0.0140.2 —0.4-04 0.64
AFFMI, kg/m? 0.3+0.1 0.1-0.6 03+02 —~02-08 0.99
5?;5{555‘15‘“@' keal/ 20243705  —7299-7703 3193 4 5280 ;37 ‘é%é‘ 0.88
A Plasma Leptin, ng/mL? —0.02+1.5 -3.1-3.1 31+24 -2.0-8.2 0.53

Results are adjusted for training type and prevalence of exocrine pancreatic insufficiency. A indicates the change
between T0 and T1. p-values refer to differences between ETI vs. non-ETI, assessed by contrast tests using a linear
model. Energy balance was calculated from changes in body composition. ETI, Elexacaftor/Tezacaftor/Ivacaftor
therapy; FMI, fat mass index; FFMI, fat-free mass index; non-ETI, no ETI or other CFTR modulator therapy; * n
for plasma leptin, ETI/non-ETI: women: n =18/n =5 men: n =11/n=7.

4. Discussion

The inpatient rehabilitation programme resulted in an increase in BMI and energy
balance in the total group of pwCF, with no differences between ETI and non-ETI treatment.
However, plasma PYY levels tended to be lower in the ETI group compared to the non-ETI
group (averaged over TO and T1), and post-exercise meal energy intake (in both men and
women) was higher in the ETI group. This discrepancy is explained by a higher prevalence
of exocrine pancreatic insufficiency in the ETI group. This is supported by the observation
of a lower energy balance in pwCF and pancreatic insufficiency when compared with those
pwCeF with sufficient pancreatic function (see results). In addition, analysis of subgroups of
pwCF with or without pancreatic insufficiency within ETI or non-ETI groups revealed that
only pancreatically sufficient pwCF had a positive energy balance due to the intervention
(Table S2). It is expected that pancreatic insufficiency impairs energy balance, given that
it results in malabsorption of macronutrients [50]. Notably, the non-ETI group exhibited
a lower prevalence of pancreatic insufficiency compared to the average CF population in
Germany (89.5%) [2]. At the time of the study, ETI was approved for the treatment of pwCF
with at least one AF508 mutation in the CFTR gene [10]. This mutation, along with other
severe genotypes such as G551D and R553X, is associated with greater disease severity,
including exocrine pancreatic insufficiency, impaired pulmonary function, and increased
mortality [54]. Severe alleles (AF508, G551D, and/or R553X) [54] were found in 47% in the
ETI and 25% in the non-ETI group.

A systematic review demonstrated that CFTR modulators such as ivacaftor improved
exocrine pancreatic function in pediatric patients [55], but data on the effects of ETI on
exocrine pancreatic insufficiency in adults remain limited. One study reported reduced
pancreatic enzyme replacement therapy requirements in adults on ETI therapy [56], and
another found that weight gain after one year of ETI treatment occurred only in those with
exocrine pancreatic insufficiency [57]. However, given the limited evidence, the extent to
which ETI improves exocrine pancreatic insufficiency and thereby contributes to weight
gain in adults with CF remains uncertain.

A further aspect is that ETI treatment has been observed to stimulate appetite [58]
and thus energy intake [59], whereas other authors found that the increase in body weight
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with ETI was not due to increased energy intake [60]. The lower plasma PYY concentra-
tions in the ETI group compared to the non-ETI group (only when averaged over T0O and
T1) suggest a higher appetite in participants with ETI therapy [61]. Taste and smell are
frequently impaired in pwCF due to sinus disease, which could explain the poor energy
intake during exacerbations of illness [62]. While some studies have reported that ETI
therapy can improve olfaction [63,64], other studies have shown no significant changes
after the initiation of ETI treatment [65,66]. Potential mechanisms regarding the effects
of ETI on olfaction are still unclear, but improvements in mucociliary clearance through
enhanced mucus hydration and reduced sinonasal inflammation [63] may contribute to
better olfactory function. The ETI group in this study rated the palatability of the test
meal more highly than the non-ETI group (see Results). Although the higher ratings of
palatability may account for the increased meal energy intake observed in the ETI group,
group differences remained evident after adjusting for palatability (ETI: 36.8 &+ 1.7 vs.
non-ETI: 28.6 & 2.7% kcal /REE; p = 0.02).

The intake of fat and CHO between ETI and non-ETI groups did not differ, but a
higher protein intake was found in pwCF with ETI therapy (+0.3 g/kg body weight). A
high protein intake is known to increase satiety [67] and thereby usually decreases energy
intake, both acutely [68,69] and in the long-term [70], but a secondary analysis of studies in
healthy individuals found a positive association between energy intake and protein content
in contemporary diets with moderate levels of CHO (48%) and fat (37%) [71]. These authors
suggested that other dietary factors, such as a high energy density and hyper-palatability of
the foods, contributed to the observed higher energy intake with a higher protein intake [71].
The regular exercise sessions in the rehabilitation programme (5 x 45 min/week) likely
contributed to a limitation of a positive energy balance during the rehabilitation programme
(on average +206 kcal/d), as higher energy turnover facilitates weight maintenance due to
appetite sensations that better correspond to energy requirements [72].

Changes in body composition were comparable between the ETI and non-ETI groups,
and no disproportionate increase in BMI or FMI was observed in the ETI group (Table 2).
This may be due to the beneficial effect of the exercise programme on energy partitioning,
which led to an increase in FFMI while FMI remained unchanged (Table 2). The relatively
high protein intake of the participants (>1 g/kg body weight in both groups, see Results)
could also have contributed to the observed increase in FEMI. The type of training did not
affect the results of comparisons of energy balance, changes in body composition, and BMI
in the ETI vs. non-ETI groups, however, a subgroup analysis showed that an increase in
BMI was evident in all groups except for the non-ETI group participating in HIIT (0.1 & 0.2;
95% CI —0.3-0.6 kg/m?).

An increase in FFM while maintaining FM was also observed in individuals with
severe CF during an inpatient rehabilitation programme with a comparable exercise inter-
vention [46], as well as in an outpatient setting with three weekly exercise sessions [73], both
over a period of 6 to 8 weeks. In contrast, a gain in both FMI and FFEMI was found in pwCF
with low BMI during a 3-week rehabilitation programme with daily exercise sessions [27].
The relevance of FFM for pwCF is evidenced by its association with better respiratory
outcomes [25]. Additionally, regular exercise in pwCF is linked to better physical fitness
and thus a better prognosis [74,75]. Therefore, the recently published ‘ESPEN-ESPGHAN-
ECFS guideline on nutrition care for cystic fibrosis” emphasises the importance of regularly
monitoring body composition and recommends regular physical activity to increase FFM
or prevent its loss [25]. Our findings show that rehabilitation programmes should priori-
tise improving body composition over body weight. In particular, those with less severe
pancreatic insufficiency would benefit from exercise programmes that improve energy
partitioning towards an increase in FFM rather than FM. This aspect appears to be highly
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significant given that, in April 2025, the European Medicines Agency decided to extend the
indication for ETI therapy to all pwCF who have at least one non-Class I mutation in the
CFTR gene [10]. Consequently, people with less severe pancreatic insufficiency will also
receive ETI therapy in the future.

A limitation of this study was the lack of data regarding the duration of prior CFTR
modulator use or ETI therapy. Therefore, we could not evaluate the effect of the duration of
ETI therapy on weight gain. Although weight gain has been shown to be most pronounced
at the first phase of ETI therapy [76], inpatient rehabilitation programmes in pwCF usually
achieve weight gain as a therapeutic target [26,27]. According to our hypothesis, if the
ETI group is indeed at a higher risk of weight gain, they should have gained more weight
during the rehabilitation programme, even if they had been taking the medication for a
long time. If the duration of previous ETI therapy had been shorter, weight gain in this
group would have been even higher. Other limitations are the small number of participants,
the short duration of the intervention, potential differences in the severity of the disease
(e.g., exocrine pancreatic insufficiency) between groups, and unequal group sizes. Even
though we accounted for unequal sample sizes by the linear (mixed) model and multiple
contrast tests, future studies need to confirm the finding of equal weight gain in ETI and
non-ETI groups during rehabilitation programmes. Further, studies with larger sample
sizes and a higher age range need to investigate age and sex differences in the regulation of
energy balance.

5. Conclusions

The 3-week inpatient rehabilitation programme for pwCF, including five exercise
sessions per week, led to an increase in BMI attributed solely to a gain in FFMI, independent
of ETI therapy. Although participants in the ETI group reported a greater palatability of
the food, exhibited lower plasma PYY levels, and had a higher energy intake, their rate of
weight gain and energy balance was comparable to that observed in the non-ETI group.
This suggests that the higher prevalence of pancreatic insufficiency in the ETI group may
have significantly contributed to this outcome. The results of our analysis do not provide
compelling evidence that ETI therapy during a rehabilitation programme with regular
exercise sessions leads to a disproportionate gain in body weight or fat mass.
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Abbreviations

The following abbreviations are used in this manuscript:

BMI Body Mass Index
CF Cystic Fibrosis
CFTR Cystic Fibrosis Transmembrane Conductance Regulator
ETI Elexacaftor, Tezacaftor, Ivacaftor
FFM Fat-Free Mass
FFMI Fat-Free Mass Index
FM Fat Mass
FMI Fat Mass Index
HIT High-Intensity Interval Training
MICT Moderate-Intensity Continuous Training
PYY Peptide YY
ppFEV1 Percent Predicted Forced Expiratory Volume in One Second
REE Resting Energy Expenditure
SQ Satiety Quotient
VAS Visual Analogue Scale
VO2peak Peak Oxygen Uptake
pwCF People with Cystic Fibrosis
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