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a b s t r a c t 

Substantial progress has been made in the treatment of Cystic fibrosis due to introduction of CFTR mod- 

ulators. However, little is known about the long term side effects of treatment with these drugs. We here 

present a 7 year old girl with CF who presented with breast development as a rare dose dependent side 

effect of treatment with ivacaftor and we report data on the correlation between drug plasma concentra- 

tion and clinical effect, bodyweight, and BSA in 16 patients. 

Higher plasma concentrations did not correlate with clinical effect, as change in FEV1 and sweat chloride 

concentration. Patients with low bodyweight or BSA tended to have higher plasma concentrations. This 

might indicate that the current recommended dose of ivacaftor is at the top of the dose-response curve 

and that some patients can be treated with lower doses of ivacaftor with similar clinical effect. 

© 2021 The Authors. Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Treatment of patients with Cystic Fibrosis (CF) has been chal- 

enging for decades, but Cystic Fibrosis Transmembrane conduc- 

ance Regulator (CFTR) modulators such as ivacaftor, lumacaftor, 

ezacaftor and lately elexacaftor impressively changed the perspec- 

ives [ 1 , 2 ]. Initially, treatment with CFTR modulators started in 

dults and children aged 12 years and older, but treatment is now 

ecoming available to younger children from the age of 6 months 

3–5] . 

Ivacaftor, a CFTR-potentiator, is prescribed in adults and chil- 

ren aged 6 years and older with a body weight above 25 kgs (kg) 

n a dose of 300 mg /day (mg/day). Little research is available on 

he optimal dose for younger children. Davies et al. [3] and Rosen- 

eld et al. [4] treated children aged 2–5 years and 1,2 years, respec- 

ively, with 100–150 mg/day. No data is available on the effect of 

ower doses of ivacaftor in these young children. 
Abbreviations: CF , Cystic fibrosis; CFTR, Cystic fibrosis transmembrane conduc- 

ance regulator; FEV1, Forced expiratory volume in 1 sec, SCC, Sweat chloride con- 

entration; BSA, body surface area; HPLC, High pressure liquid chromatography. 
∗ Corresponding author. 
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Extensive research into the short term effects and safety of 

reatment with ivacaftor shows positive results [ 3 , 4 , 6 ]. However,

he safety on the long term remains unclear. 

Here we report a rare side effect of treatment with ivacaftor in 

 pediatric patient, which appears to be related to the prescribed 

ose of ivacaftor. Additionally, we report data on the correlation 

etween plasma concentrations of ivacaftor and body weight, body 

urface area (BSA) and clinical effect. 

.1. Case presentation 

A female CF patient aged 7 & 5/12th years old, who harbored 

he 711 + 1G > T and S1251N mutation, was presented to the outpa- 

ient clinic with breast development. She was being treated with 

vacaftor for 3 years. At presentation, she was being treated with 

vacaftor 300 mg/day, i.e. 10 mg/kg/day. The girl was in a stable 

ondition, was pancreas sufficient, and had a normal FEV1 (121% 

f the predicted value) and sweat chloride concentration (SCC) was 

2 mmol/L (pre-treatment 91 mmol/L). At physical examination 

he had clearly visible breast development (Tanner stadium III-IV), 

ithout any other symptoms of pubertas praecox. Additional work- 

p showed a slightly elevated Luteinizing Hormone (LH) 2,1 U/I 

reference range prepubertal girls < 1,0 U/I) and normal Follicle 

timulating Hormone (FSH) 2,9 U/I (reference range prepubertal 
ibrosis Society. This is an open access article under the CC BY license 
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irls 3–10 U/I) and estradiol < 40 pmol/L (reference range pre- 

ubertal girls < 60 pmol/L). Bone age assessment was performed, 

hich was in accordance with her calendar age. An ultrasound of 

he breast showed symmetric development of glandular breast tis- 

ue without other abnormalities. 

As breast disorders are a known side effect of ivacaftor, the 

ose was reduced and later treatment was discontinued. Cessa- 

ion of treatment led to quick total regression of the breast de- 

elopment to Tanner stadium I. Several weeks after discontinua- 

ion, she presented with increased symptoms of dyspnea, produc- 

ive cough, and reduced physical functioning. A decline of FEV1 

112% of predicted value) was observed, SCC was not reevaluated. 

herefore, treatment with low-dose ivacaftor (25% of original dose, 

.e. 75 mg/day, 2.5 mg/kg/day) was restarted. The symptoms im- 

roved significantly within several weeks, lung function restored 

o earlier values (FEV1 120% of predicted value) and SCC at this 

ose was 6 mmol/L. As clinical symptoms improved significantly 

nd the SCC decreased to normal levels, there was no reason to 

ncrease the dose of ivacaftor, so a dose of 75 mg/day was contin- 

ed. No breast development was observed until now after being 

reated with this dose for 17 months. 

In this case the appearance of premature telarche seems to be 

elated to the dose of ivacaftor. Based on these findings we stud- 

ed the relation between the plasma concentration of ivacaftor and 

 patient’s weight and clinical effect to treatment, in a group of 

atients that was treated with ivacaftor. 

. Patients and methods 

As part of an investigator initiated clinical trial (Berkers et al. 

7] ), we studied the plasma levels of ivacaftor in samples from 16 

atients, who were treated with ivacaftor 150 mg twice daily. Af- 

er 8 weeks of treatment, change from baseline in lung function 

FEV1% predicted) and SCC were measured as well as plasma iva- 

aftor levels. All blood samples were taken 4 h after dosing. Iva- 

aftor levels were measured with high-performance liquid chro- 

atography (HPLC). Plasma levels were correlated to patient body 

eight and change in clinical parameters (FEV1 and SCC) using the 

earson correlation coefficient. 

. Results 

An overview of patient characteristics are shown in Table 1 . The 

ean age of the patients was 21 (6–44) years and mean body 

eight was 55.4 (19.8- 95,8) kilograms. Only three patients were 

ancreas sufficient. Nine patients were treated with drugs that in- 

ibit cytochrome 450 (CYP)3A4. One patient was treated with a 

trong inhibitor and 8 patients with weak inhibitors) [ 8 , 9 ]. An full

verview of co-medication prescribed during the trial can be found 

n Supplemental table 1 in the appendix. 

After 8 weeks of treatment mean FEV1 improved 12,5%, mean 

CC decreased 54,5 mmol/L. The mean post-dosing plasma level of 

vacaftor was 5,03 umol/L 

We found no significant correlation between the plasma con- 

entrations of ivacaftor and changes in FEV1 ( Fig 1 A) or SCC 

 Fig 1 B). Patients with low body weight or low body surface area

ended to have higher plasma concentrations of ivacaftor ( Fig. 1 C 

nd 1 D respectively). Especially, patients with a body weight of 

pproximately 20 kg demonstrated higher plasma concentrations 

ompared to the other patients. 

. Discussion 

We describe breast development in a young girl during treat- 

ent with ivacaftor, which disappeared after cessation of treat- 

ent and did not reappear after resuming treatment with 25% of 
e64 
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Fig. 1. Correlation between plasma concentration and change in FEV1 and SCC, body weight and BSA. 
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also be treated with a lower dose with the same effect. More- 
he recommended dose. Her clinical response was comparable to 

reatment with the full dose. 

This raises the question whether the currently advised dosage 

f ivacaftor may be too high and can thereby lead to side effects, 

uch as premature breast development. 

Accurso et al. [6] reported that the incidence of adverse events 

as lowest in patients treated with 50 mg/day. The incidence of 

dverse events was similar in patients treated with 150, 300 or 

00 mg/day. Frequently reported adverse events included cough, 

ulmonary exacerbations, erythema, diarrhea, abdominal pain and 

omiting. However, these results should be interpreted with cau- 

ion considering the small sample size within these groups and 

ost of the adverse events are inherent to the disease cystic fibro- 

is. Breast development in children under 12 years old has not yet 

een reported as a side effect of ivacaftor. However, other breast 

isorders such as breast mass, breast swelling and gynecomastia 

ave been described in both male and female patients aged 12 

ears and older [ 10 , 11 ]. 

In this case the appearance of premature breast development 

eems to be related to the dose of ivacaftor as sex hormone lev- 

ls were normal and total regression was observed after cessation 

f ivacaftor. Nevertheless, hormone levels were not measured with 

ltra-sensitive assays, which demonstrate a more reliable depiction 

f hormone levels in children. 

The mechanism by which drugs can cause gynecomastia is 

ot always clear. However, various pathophysiologic mechanisms 

ave been described. Some are directly related to increased serum 

stradiol levels or activation of estrogen or progesterone receptors 

n breast tissue, for example exogenous estradiol therapy. Other 
e65 
re related to blockage of dopamine D2 receptors, which may 

ead to hyperprolactinemia and can subsequently cause secondary 

ypogonadism by inhibiting LH and FSH. Other mechanisms in- 

lude inhibition of CYP3A4, which is catalyzer of estradiol to 2- 

ydroxyestradiol [ 12 , 13 ]. 

The exact mechanism by which ivacaftor can cause breast de- 

elopment is unknown. However, ivacaftor is a mild inhibitor of 

YP3A4. Therefore, it is plausible that ivacaftor can increase the 

erum concentration of estradiol, especially when used concomi- 

antly with other CYP 3A4 inhibitors [10] . 

In the presented clinical study all patients were treated with 

he same, recommended dose of ivacaftor [10] . As Tmax of iva- 

aftor is 3–6 h, blood samples were taken 4 h after ingestion. In 

 patients additional blood samples were taken 3 and 5 h after in- 

estion which showed similar plasma concentrations as observed 

n the samples taken 4 h after ingestion. No dose-response rela- 

ionship was found, which might suggest that the current recom- 

ended dose of ivacaftor is at the top of the dose-response curve. 

Absorption of ivacaftor is enhanced when taken with fatty 

oods, which suggests that the absorption rate might be higher in 

ancreas sufficient patients. Most dose finding studies for ivacaftor 

re performed with pancreas insufficient patients and it is likely 

hat plasma concentrations are higher when pancreas sufficient pa- 

ients are treated with the same recommended dose. Moreover, 

tudies have reported preservation or even restoration of pancreas 

unction after treatment with ivacaftor [ 14 , 15 ]. This might impli- 

ate that some patients, especially pancreas sufficient patients, can 
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[

[  
ver, concomitant use with other CYP 3A4 inhibitors could lead to 

igher plasma concentrations. 

As described by Guimbellot et al. [16] plasma concentration is 

 reliable indicator of the cellular concentration of ivacaftor. They 

escribe a positive correlation between plasma concentrations and 

he in vivo cellular concentrations of ivacaftor. The cellular concen- 

rations were considerably higher than the plasma concentrations, 

hich suggests cellular accumulation of ivacaftor. 

. Conclusion 

Findings from our case and patient cohort suggest that the cur- 

ently advised dosages of ivacaftor might be at the top of the dose- 

esponse curve and in some patients can even be too high. Besides 

ody weight, pancreas sufficiency and use of co-medication could 

ossibly play a role in the plasma concentration of ivacaftor and 

ccurrence of side effects. In patients with side effects of ivacaftor, 

 dose decrease should be considered while monitoring the clini- 

al parameters. In patients without side effects studies with lower 

osages are advocated to evaluate the added value of implement- 

ng personalized dosing regimens and to improve cost-efficacy of 

reatment. 
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ppendix. Supplementary materials 

Table name: Supplemental table S1: co-medication during 

reatment with ivacaftor. 

Medication N 

beta-mimetics 6 

inhaled steroids 8 

nasal steroids 11 

pulmozyme (dornase alfa) 11 

inhaled antibiotics (tobramycine or colistin) 12 

oral antibiotics 16 

pancreatic enzymes 13 

insulin 2 

ursochol 1 

vitamins, minerals 16 
e66 
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