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Background: Nutritional status is a major prognostic factor for breathing and the survival of patients with cystic fibrosis (CF). Since 2012, the development of CFTR modulators has considerably transformed the outcome of this disease. Indeed, both lung function and body mass index are improved by CFTR modulators, such as Lumacaftor/Ivacaftor. However, few data exist regarding the outcome of nutritional intakes under Lumacaftor/Ivacaftor.



Methods: We conducted a prospective single-center study in children with CF treated with Lumacaftor/Ivacaftor to evaluate their nutritional intake before and after treatment



Results: Thirty-four children were included in this study, with a median age of 12.4 years [11.9; 14.7]. There was no significant improvement in weight, height or BMI. Patients' total energy intake was not significantly changed with Lumacaftor/Ivacaftor, while carbohydrate intakes decreased significantly. We found that blood levels of vitamin E and Selenium were significantly increased under Lumacaftor/Ivacaftor, without a significant increase in supplementation. In patients with a BMI Z-score < 0 at treatment initiation, there was a significant improvement in weight and BMI Z-score, while TEI and carbohydrate intakes were significantly lower.



Conclusion: We showed that treatment with Lumacaftor/Ivacaftor improved the nutritional status of patients without necessarily being associated with an increase in nutritional intake. Although these data need to be confirmed in larger cohorts, they support the hypothesis that weight gain under modulators is multifactorial, and may be related to a decrease in energy expenditure or an improvement in absorption.
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Introduction

Cystic fibrosis (CF) is a genetic disorder that affects multiple organ systems, particularly the respiratory and digestive systems. It is caused by a mutation in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) protein, which is essential for controlling the movement of ions and water across epithelial cell membranes (1).

The nutritional status is a key determinant of health and well-being in individuals with cystic fibrosis (CF). Poor nutritional status is a common complication of CF and is associated with increased morbidity, mortality, and reduced quality of life. Factors that increase the risk of malnutrition in CF include the difficulty in the absorption and utilization of nutrients due to exocrine pancreatic insufficiency (EPI), increased energy expenditure due to chronic inflammation and lung infections, intestinal inflammation, and a decreased appetite due to gastrointestinal symptoms (2). In this context, the nutritional management of patients with cystic fibrosis is an essential element of follow-up (3, 4).

Joint international recommendations from the European Society for Clinical Nutrition and Metabolism (ESPEN), the European Society for Pediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) and the European Cystic Fibrosis Society (ECFS), published in 2016, reiterate the main principles of nutritional management of patients with CF, in particular a balanced and high-calorie diet, which should cover 110% to 200% of basic energy requirements (5). Despite these recommendations and appropriate nutritional management, the prevalence of undernutrition in cystic fibrosis patients remains higher than in the general population (3, 4, 6, 7).

However, the management of cystic fibrosis has made significant progress in recent years with the emergence of CFTR modulators, which aim to partially restore the functionality of the CFTR protein (8). The Lumacaftor/Ivacaftor combination (ORKAMBI®) is among the first available modulators and has been available in France since 2015, initially it was authorized for homozygous F508del patients from the age of 12, since 2019 it can be used from the age of 2 (9). The Lumacaftor/Ivacaftor combination has demonstrated effectiveness in improving respiratory function, with an increase in forced expiratory volume in one second (FEV1) and a reduction in exacerbations, but also on quality of life and body mass index (BMI) (10).

The improvement in BMI is probably due to several factors, including a decrease in energy expenditure due to improved respiratory function and a reduction in exacerbations (11, 12), a decrease in intestinal inflammation (13) and possibly an improvement in pancreatic function as reported in rare cases (14). However, data on changes innutritional intake with Lumacaftor/Ivacaftor are currently limited. The aim of this study was therefore to evaluate changes of nutritional intake in children treated with Lumacaftor/Ivacaftor in real life.



Methods


Study design and population

This study was conducted prospectively at the Bordeaux University Hospital and included children under 18 years of age with CF (sweat test > 60 mmol/L) who were eligible for Lumacaftor/Ivacaftor treatment in routine care and having had an assessment at home of nutritional intake before and after Lumacaftor/Ivacaftor initiation.

This was a non-interventional study as Lumacaftor/Ivacaftor has been approved by the Food and Drug Administration and the European Medicines Agency, and authorized in France since 2015 for F508del homozygous patients aged over 12 years, and from 2 years of age since 2019. Thus, at the time of the patient follow-up period, Lumacaftor/Ivacaftor was prescribed as part of the patients' routine care. Nutritional surveys were also performed as part of routine care. In addition, the use of the data collected and analyzed for the study were exclusively extracted from the medical records of the patients (MUCODOMEOS, https://www.vaincrelamuco.org/2019/05/09/mucodomeos-un-logiciel-adapte-aux-besoins-des-crcm-2684) after having obtained their informed consent. In this context and according to the French law in force, the approval of an ethics committee was not required.

Patients were divided into three age groups: 2–6 years, 7–11 years and over 12 years. The three age groups were defined according to the current ESPEN- ESPGHAN-ECFS recommendations and the current marketing authorization for Lumacaftor/Ivacaftor.



Assessment of nutritional intake

In addition to the systematic evaluations conducted by the dieticians of the CF unit at each follow-up visit, an assessment of nutritional intake could be performed as part of the routine care in children with CF followed at the University Hospital of Bordeaux. These assessments were conducted at home, in patients with a stable condition and at least three months after an exacerbation, during three consecutive days (including one weekday and two weekend days). These assessments were set up at home by the dietitians of the patients' care provider, which means that patients whose health status did not require a care provider could not participate in this study.

This nutritional assessment consisted of a detailed collection of all daily meals and snacks as well as the various nutritional supplements and medications taken. Parents reported the quantities consumed, either by weighing the food or in household units. The content of food in protein, lipid, carbohydrates, micronutrients and vitamins was then calculated according to the CIQUAL 2012 food composition table (https://ciqual.anses.fr). The nutritional assessment was then sent to the dieticians of the CF department of Bordeaux University Hospital for analysis and comparison with the recommendations.

Macronutrient intakes were expressed in grams per kilogram per day (g/kg/d), kcal per kilogram per day (kcal/kg/day) and as a percentage of the recommended total energy intake (TEI). The TEI was the sum of spontaneous food intake and any nutritional support (oral nutritional supplements (ONS) or enteral nutrition (EN)).

Compliance with the recommendations was defined by: TIE of between 110% and 200% of the recommended dietary allowances in the general population for age, gender and an average physical activity level, of which 45% in the form of carbohydrates, 35% in the form of fat and 20% in the form of protein (5, 15). We then retained as recommended, the nutritional intakes in our series of cystic fibrosis patients:


	–TEI > 100 kcal/kg/day between two and six years of age (90 kcal/kg/day recommended for the general population in this age group), including intakes of at least 5 g/kg/d of protein, 3.9 g/kg/d of fat and 11.3 g/kg/d of carbohydrates.

	–TEI > 83 kcal/kg/day between seven and eleven years of age (75 kcal/kg/day recommended for the general population in this age group), with intakes of at least 4.2 g/kg/d of protein, 3.2 g/kg/d of fat and 9.3 g/kg/d of carbohydrates.

	–TEI > 67 kcal/kg/day from age 12 onwards (60 kcal/kg/day recommended for the general population in this age group), including intakes of at least 3.3 g/kg/d of protein, 2.6 g/kg/d of fat and 7.5 g/kg/d of carbohydrates.



The nutritional assessments considered in this study were the last one performed before Lumacaftor/Ivacator initiation and the first one performed after treatment initiation.



Collection of clinical and biological data

Demographic and cystic fibrosis-related data collected from the medical records of the patients were: age, sex, CFTR gene mutations, co-morbidities (EPI, neonatal ileus, liver disease, carbohydrate intolerance and diabetes, chronic colonization with Staphylococcus aureus or Pseudomonas aeruginosa), number of intravenous (IV) antibiotic courses in the last 12 months prescribed, treatments (in particular, vitamin supplementation), anthropometric data [weight, height and body mass index (BMI) expressed as Z-Score], patients' respiratory function [assessed by the percentage of predicted forced expiratory volume in 1 s (ppFEV1)], and blood levels of vitamins and oligoelements.

Clinical and biological data were obtained from annual check-ups performed in routine care. Nutritional assessments were performed approximately 3 months after the annual check-up.



Statistical analyses

Analyses were only performed on available data using R software® (version 4.0). Parametric variables were compared using the Mann–Whitney test or ANOVA, and results were expressed as mean ± standard deviation (SD). Non-parametric variables were compared with the Mann–Whitney test for unpaired values or the Wilcoxon test for paired values and with the t-test for parametric variables. Results were expressed as the mean ± standard deviation (SD) or as the median and interquartile range [IQR]. Categorical variables were expressed as absolute values and percentages. Comparisons of categorical variables were analysed using the Fisher's exact test or Chi square test. Correlations were performed using the Spearman test. A p-value < 0.05 was considered significant.




Results


Description of the population

Among the 192 children with CF, followed at the University Hospital of Bordeaux, 63 were treated with Lumacaftor/Ivacaftor during the study period. One patient did not have a nutritional assessment prior to the initiation of Lumacaftor/Ivacaftor and 28 others (45%) did not have a nutritional assessment after the initiation of treatment. Consequently, 34 (54%) patients were included in this study.

Patient characteristics at baseline are summarized in Table 1. The median age before initiation of Lumacaftor/Ivacaftor treatment was 12.4 years [11.9; 14.7] and 18 patients (53%) were female. The median ppFEV1 at baseline was 77% [64%; 90%] and 32% of patients had chronic P. aeruginosa colonization. Concerning nutrition, the median Z-score for BMI was −0.5 [−1.2; 0.2]. Twenty-three patients (67%) had a BMI Z-score < 0, and 10 patients (29%) had a BMI Z-score < −1 at baseline. Twenty patients (59%%) received nutritional support (ONS or NE). All patients in our cohort had EPI at inclusion.


TABLE 1 Clinical characteristics at baseline and after lumacaftor/ivacaftor initiation (n = 34).
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Changes in clinical and nutritional outcomes with lumacaftor/ivacaftor

The median time to re-evaluation after the initiation of Lumacaftor/Ivacaftor was 10 months [6; 12]. Respiratory function did not significantly improve with Lumacaftor/Ivacaftor (median ppFEV1 before 77% [64; 90] vs. 84.5% [73; 97] after introduction of treatment, p = 0.13), but patients had a significant decrease in the number of IV antibiotic courses (2 [1; 3] vs. 1 [0; 2] respectively, p < 0.001) (Table 1).

Lumacaftor/ivacaftor did not significantly improve weight, height or BMI Z-score (Table 1). Changes innutritional intakes with Lumacaftor/Ivacaftor are shown in Table 2. Patients' TEI did not significantly change after Lumacaftor/Ivacaftor initiation, while carbohydrate intakes significantly decreased (median 8.9 g/kg/d [7.3; 11.1] before vs. 7.8 g/kg/d [5.2; 9.4] after treatment initiation, p = 0.01). Lipid and protein intakes were not significantly affected. Compliances with nutritional recommendations before and after treatment initiation is shown in Table 3. There was no significant difference under treatment. Nutritional support was unchanged with Lumacaftor/Ivacaftor in the 14 children (41%) who received it at baseline. There was no correlation between changes in TEI and anthropometric parameters (weight, height, or BMI Z-score) or respiratory function under treatment. However, we observed a negative correlation between baseline TEI and improvement in TEI after the introduction of treatment (r = −0.3; p = 0.05).


TABLE 2 Changes in macronutrient intakes with lumacaftor/ivacaftor.

[image: Table 2]


TABLE 3 Changes in compliance with nutritional recommendations after initiation of lumacaftor/ivacaftor.
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Changes in supplementation, blood levels of vitamins and micronutrients is shown in Table 4. We found that blood levels of vitamin E were significantly increased under treatment, while the daily dose of vitamin E supplementation was significantly lower. In addition, blood selenium levels were significantly increased without treatment, with no significant increase in supplementation. There were no significant changes in blood levels and supplementation for other vitamins and micronutrients.


TABLE 4 Changes in supplementation and blood levels of vitamins and micronutrients with lumacaftor/ivacaftor.
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Changes in nutritional status and intake under lumacaftor/ivacaftor in patients with a BMI < 0 at treatment initiation

We performed a subgroup study according to BMI at Lumacaftor/Ivacaftor initiation to assess whether baseline nutritional status influenced changes in nutritional intakes with Lumacaftor/Ivacaftor. Twenty-three patients (68%) had a BMI Z-score < 0 at Lumacaftor/Ivacaftor initiation. The median time to re-evaluation after initiation of Lumacaftor/Ivacaftor in this subgroup was 10 months [6.5; 12]. Under treatment, there was a significant improvement in weight and BMI Z-score, while TEI and carbohydrate intakes were significantly lower (Table 5 and Figure 1). ppFEV1 increased after Lumacaftor/Ivacaftor but not significantly, while the number of IV antibiotic courses decreased significantly under treatment.


[image: Figure 1]
FIGURE 1
Z-score changes in body mass index (A) and total energy intake (B) under lumacaftor/ivacaftor.



TABLE 5 Changes in clinical data and macronutrient intakes with lumacaftor/ivacaftor in patients with BMI < 0 at baseline.
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For the remaining 11 patients with a BMI Z-score > 0 at Lumacaftor/Ivacaftor initiation, there were no significant changes in anthropometric data and macronutrient intakes whilst under Lumacaftor/Ivacaftor.




Discussion

Nutritional status is a major prognostic factor of the respiratory and survival of patients with CF. Nutritional management is therefore essential in the multidisciplinary management of these patients. The aim of this study was to evaluate nutritional intakes before and after the initiation ofLumacaftor/Ivacaftor in children with CF. Although we did not observe a significant improvement in anthropometric data (weight, height and BMI) among the 34 patients included, this study provides data on nutritional intake under Lumacaftor/Ivacaftor. Whilst on treatment, TEI tended to decrease (86 kcal/kg/d [66; 102] before vs. 76 [58; 102] after initiation, p = 0.08), without any impact on weight or BMI. Carbohydrate intakes were significantly reduced (median 8.9 g/kg/d [7.3; 11.1] before vs. 7.8 g/kg/d [5.2; 9.4] after treatment, p = 0.01), whereas protein and lipid intakes did not significantly change. Data in the literature regarding nutritional changes under CFTR modulators is scarce. A study conducted on American and Italian patients treated with Ivacaftor showed that the American participants significantly increased their lipid intake, whereas the Italian participants increased both their TEI and lipid intakes under treatment (16). These results may be due in part to the instructions concerning drug administration, indeed it is advised to take it whist eating food containing lipids.

In patients with a BMI Z-score < 0 at treatment initiation, we could show a significant improvement in weight and BMI after treatment initiation, while TEI and carbohydrate intakes were significantly decreased. Few studies have explored the mechanisms of weight gain under CFTR modulators, but the hypotheses may be increased caloric intake (which is not the case here), but it also reduces resting energy expenditure and improves intestinal absorption.

In contrast to the symptomatic therapeutic approaches still used in CF, therapeutic modulation of CFTR offers the potential for early intervention in younger and younger patients who may have preserved lung function and normal growth. The gastrointestinal tract then offers the possibility of new therapeutic targets for assessing the efficacy of CFTR modulators. The main objective of this study was to evaluate possible changes in dietary intake under treatment to try to explain the improvement in nutritional status with modulators, but other issues should be explored such as changes in intestinal transit time, intestinal pH, intestinal absorption of bile salts, exocrine pancreatic function, intestinal lipid malabsorption or intestinal inflammation (17).

Tétard et al. (13) demonstrated that faecal calprotectin, a biomarker of intestinal inflammation, was decreased on Lumacaftor/Ivacaftor. Furthermore, Dhaliwal et al. (18) showed in cystic fibrosis patients that intestinal inflammation was associated with poorer nutritional status, particularly in terms of increased energy expenditure and reduced intestinal absorption of fat-soluble vitamins (19). Reducing intestinal inflammation could therefore improve the nutritional status of patients. However, we did not have the data and biomarkers to assess changes in intestinal inflammation in these patients.

Although no patients in our study restored their pancreatic function whilst on treatment, and no significant changes in pancreatic enzyme supplementation were given, improvements in pancreatic function in patients treated with Ivacaftor or Lumacaftor/Ivacaftor have been described, and may also contribute to improved nutritional status in patients on treatment (14, 20, 21). An improvement, even partial, of the exocrine pancreatic function could also explain the increase in blood levels of vitamin E observed under treatment. The evolution of pancreatic function with CFTR modulators is therefore an essential element to investigate in the nutritional changes with CFTR modulators, especially in populations initiating treatment at two years of age.

In terms of vitamins and micronutrients, we found that blood levels of Vitamin E were significantly increased after treatment initiation, as previously observed, while Vitamin E supplementation was significantly decreased (22). Gelzo et al. evaluated sterol metabolism and intestinal cholesterol absorption under Lumacaftor/Ivacaftor (22). Vitamin E and cholesterol levels were significantly increased after the introduction of the treatment, indicating an improvement in digestive absorption of lipids. The improvement in intestinal absorption may be explained by the efficacy of Lumacaftor/Ivacaftor on cystic fibrosis digestive damage. An other explanation may be that Lumacaftor is a known inducer of cytochrome P450 3A4 and may also affect the breakdown of vitamin E (18). Another hypothesis is that the risk of vitamin E deficiency increases with inflammation of the respiratory or digestive system (23, 24) and Lumacaftor/Ivacaftor has been shown to decrease pulmonary and digestive inflammation (13, 25).

Blood levels of selenium also increased significantly without any change in supplementation. Anti-inflammatory and antioxidant properties have been described with Selenium. One of the hypotheses that we could propose would be an increase in blood selenium levels associated with a decrease in intestinal inflammation under modulators, either with a decrease in consumption and/or an increase in absorption, as described in patients with inflammatory bowel disease in remission (26). There was no significant change in the supplementations and blood levels of other vitamins and trace elements, whereas an increase in Vitamin D intake and Vitamin A plasma levels has been described with Ivacaftor (27).

However, our study has some limitations. The nutritional assessments were based on a dietary survey completed at home by the patient and his/her parents, which may lead to a bias in data collection. Furthermore, we could not show a significant improvement in BMI in our cohort, although this is one of the most consistent criteria in the literature (8, 23, 27). These results may be explained by a lack of power in our cohort. We did not observe a significant difference in ppFEV1 with treatment. Although real-life data showed a 3% increase in ppFEV1 after 6 months of treatment (23), the evolution of pulmonary function is multifactorial (and notably related to local inflammation or the presence of bronchiectasis), as shown by the partial correlation between changes in sweat test and FEV1 (24–26). However, we observed an improvement in intravenous antibiotic courses, which reflect more consistent effectiveness outcomes according to numerous studies (8, 25, 28–30). Finally, the median time to re-evaluation after Lumacaftor/Ivacaftor was 10 months [6; 12]. A real-life, long-term study (e.g., re-evaluation at 2 years) may be relevant in order to improve the detection of the effects of Lumacaftor/Ivacaftor treatment on nutritional status (31).



Conclusion

This study provides data on nutritional intake in children with CF treated with Lumacaftor/Ivacaftor. Despite a limited impact on weight, BMI and TEI, we were able to observe an increase in carbohydrate intake under Lumacaftor/Ivacaftor. The nutritional benefits of this treatment appear to depend in part on the nutritional status at treatment initiation. Indeed, they appear to be greater in the patients with a BMI Z-score < 0, for whom we were able to demonstrate an improvement in weight and BMI, while they decreased their TEI and carbohydrate intake. An enhanced absorption of vitamin E and selenium also seems to be observed under treatment. Although these data need to be confirmed in larger cohorts, they support the hypothesis that weight gain under modulators is multifactorial, and may be related to a decrease in energy expenditure or an improvement in absorption. Nonetheless, these hypotheses need to be the subject of dedicated studies. It would also be interesting to study in parallel the parameters of intestinal inflammation and absorption to improve the knowledge of the mechanisms allowing a nutritional improvement under modulators.

If these results are confirmed, current nutritional recommendations for patients with CF will probably have to be adapted in patients on modulators in order to avoid long-term complications, in particular those related to the increased frequency of overweight and obesity, as we have already observed in patients treated with Ivacaftor (32).
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