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Abstract

Objectives: Cystic fibrosis hepato-biliary involvement (CFHBI) is a common
comorbidity in patients with CF and is associated with increased morbidity and
mortality. The effect of the new and highly potent CF transmembrane con-
ductance regulator modulator therapy, elexacaftor-tezacaftor—ivacaftor (ETI),
on CFHBI, is still unclear. This study aimed to investigate the impact of ETI on
liver stiffness in children with CF, as measured using two-dimensional (2D)
shear wave elastography (SWE).

Methods: Twenty-one children with CF were included in this retrospective
study at the CF centre, Skdne University Hospital, Lund, Sweden. Twelve
children of our cohort had CFHBI; none had advanced CF liver disease. 2D
SWE data from annual assessments, clinical data and liver enzymes were
analysed.

Results: We found a significant reduction in liver stiffness after starting treat-
ment with ETI in the total cohort. This reduction in liver stiffness could even be
seen in children with CFHBI. Liver enzymes were within the normal range in
both pre- and post-ETI therapy in the total cohort. In children with CFHBI, a
decline in aspartate aminotransferase activity was observed after ETI was
initiated. Lung function and lung clearance index improved significantly after
ETI treatment commenced.

Conclusion: ETI treatment could positively affect CFHBI in children with CF,
as demonstrated by reduced liver stiffness during treatment.
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1 | INTRODUCTION

Cystic fibrosis (CF) is the most common inherited dis-
ease in the white population and is mainly known as a
life-threatening lung disease. CF is caused by biallelic
pathogenic variants in the CF transmembrane con-
ductance regulator (CFTR) gene encoding the CFTR
ion channel." This channel is located at the apical
membrane of epithelial cells in many different exocrine
glands—mainly the respiratory system, the digestive
system, the proximal tubules of the kidney and the
salivary glands, leading to widespread symptoms
whence deficient. While a vicious cycle of mucus
obstruction and chronic infections/inflammation leads to
CF lung disease, early dysfunction of the biliary ducts can
lead to CF hepato-biliary involvement (CFHBI).2

CFHBI develops sequentially from biliary obstruc-
tion to periportal fibrosis, focal biliary cirrhosis and
finally to advanced CF liver disease (aCFLD).>* CFHBI
can presented by a broad spectrum of findings like
hepatomegaly, steatosis, elevated liver enzymes, focal
biliary cirrhosis or abnormalities in abdominal ultra-
sound and even already in the neonates as cholesta-
sis.” aCFLD is characterised by having one or more of
the following findings: nodular liver, advanced fibrosis
(F4), multilobular cirrhosis with or without portal
hypertension, or noncirrhotic portal hypertension.® This
recent nomenclature, CFHBI and aCFLD, published in
2024, aims to simplify the classification of the broad
spectrum of liver disease in CF.”

According to the CF Foundation, CFHBI and aCFLD
were the cause of death in 4.5% of the people with CF
(pwCF) who succumbed in the United States in 2023.
They are associated with minimal function variant geno-
types, a history of meconium ileus, CF-related diabetes,
malnutrition, and male sex.®'° CFHBI plays an important
role in both children and adults, with an increasing
incidence during childhood.>*!" Therefore, early childhood
screening is important, and in the new consensus rec-
ommendation of annual screening starting at the year of
CF diagnosis is suggested, including physical examination
and liver lab tests; abdominal ultrasound should be
performed every second year from the age of 3.°

Recently, shear wave elastography (SWE) has
been described as a noninvasive and rapid method for
assessing CFHBI.'? It measures liver stiffness, which is
closely related to liver fibrosis and is a validated
instrument for staging fibrosis in other patient groups
with chronic liver disease.’® SWE has proved to be
an effective assessment tool for regular follow-ups
and early-stage CFHBI diagnosis in adults and
children.'*1®

CFTR modulator, cystic fibrosis hepato-biliary involvement, cystic fibrosis liver disease,

What is Known

e Cystic fibrosis hepato-biliary involvement
(CFHBI) is a common and severe comorbidity
in people with CF (pwCF).

CFHBI should be screened for already in
early childhood.

The effect of the highly potent CF trans-
membrane conductance regulator modulator
therapy, elexacaftor—tezacaftor—ivacaftor
(ETI), on CFHBI, is unclear.

What is New

* In this retrospective study of children with CF,

a significant decrease in liver stiffness after
the initiation of ETI treatment was observed.
Even in children with CFHBI, a decline in liver
stiffness after ETI initiation was seen.
In a sub-analysis, a transient increase in liver
stiffness in children with CF who started lu-
macaftor/ivacaftor treatment in 2018/2019
was found.

In the era of CFTR modulator therapy, improved
lung function, decreased sweat chloride, improved
nutritional status and reduced morbidity and mortality
have been reported.”” However, one of the most
common side effects of CFTR modulators is the ele-
vation of liver enzymes. The effect of CFTR modulator
therapy on liver stiffness and CFHBI remains
unclear.'®2° In Sweden, CFTR modulator therapy with
lumacaftor—ivacaftor was approved in late 2018. The
triple modulator elexacaftor—tezacaftor—ivacaftor (ETI)
treatment was approved in November 2022.

This study aimed to examine the effects of ETI on
liver stiffness measured using two-dimensional
(2D) SWE.

2 | METHODS

2.1 | Study population

This study was performed retrospectively at the pae-
diatric CF centre at Skane University Hospital. Children
with CF (CwCF) with a typical clinical presentation of
CF and biallelic disease-causing variants in the CFTR
gene, who started ETI treatment during 2022/2023 and
had been subjected to screening for CFHBI using 2D

85UB017 SUOWIWOD BA B edl|dde ayy Aq pausenob afe sajolfe YO ‘88N JO 3| 10} Areiq) 8UIUO AB]IA UO (SUOBIPLIOD-PUE-SLLLBY/W0D A8 | 1M ARe.d 1 /Bu 1 [UO//:SANY) SUORIPUOD pUe SWid | 84} 885 *[G202/90/60] U0 Afeiq1Tauljuo A8 |im ‘saded Ag 0500£ €ud /00T 0T/10p/wod A8 im Arelq1jeuluo//sdny woiy pepeojumod ‘0 ‘T08Y9EST



DIEMER ET AL.

42 children with CF were eligible to be
included in the screening for CFHBI at
pre ETI 3

Excluded due to missing screening/data
n=12

Excluded due to transfer to adult CF centre
n=9

Included children with CF n=21

FIGURE 1 Flowchart patient inclusion. CF, cystic fibrosis;
CFHBI, cystic fibrosis hepato-biliary involvement; ETI, elexacaftor—
tezacaftor—ivacaftor.

SWE at least every 24 months since 2018 were
included in our study. Exclusion criteria were missing
screening examinations and organ transplantation
(Figure 1).

Four 2D SWE measurements were included in our
study; measurement points were defined as pre-ETI 3
(minus 4 years before ETI treatment, year 2018), pre-ETI
2 (minus 2 years before ETI, year 2020), pre-ETI 1
(measurements in the months before ETI treatment, year
2022) and post-ETI (measurements at least 3 months
after the ETI treatment was initiated, year 2023). The
pre-ETI 1 and post-ETI 2D SWE measurements were
performed within 24 months (median 17 months), and
the participants had been on ETI treatment for at
least 3 months when the post-ETI measurement was
performed (median 10 months).

Trained radiologists performed all 2D SWE mea-
surements at the medical imaging department at Skane
University Hospital, Lund, Sweden.

2.2 | Data collection
Clinical data were collected from the annual review results
registered in the Swedish CF registry and from the parti-
cipants' medical records (ultrasound, 2D SWE and liver
biopsy data). Data from the examination day of the annual
review included demographic data, CFTR gene variants,
standard deviation (SD) of body mass index, bacterial
colonisation and lung function test results.

Clinical data regarding the subgroup analysis with
CwCF on lumacaftor—ivacaftor were taken at the time
point pre-ETI 3, pre-ETIl 2 and pre-ETI 1.

TECN I,

Clinical data regarding the subgroup CFHBI were
taken at time points pre-ETlI 1 and post-ETI. The
recently published definition of CFHBI was used to
define the patients with CFHBI.”

Leeds criteria were used to define chronic coloni-
sation with Pseudomonas aeruginosa.?’

Lung function tests were performed at the time of
the annual review. Forced expiratory volume in 1s per
cent of predicted (FEV1pp) was measured using the
Global Lung Function Initiative equation.??

The lung clearance index (LCl) was calculated
using multiple breath washouts with Exhalyzer®D
(Ecomedics, version 3.3.1) with three consecutive
measurements in nitrogen washout mode, representing
inhomogeneous ventilation.?

Annual laboratory screening for CFHBI comprises
alanine aminotransferase (ALT), aspartate amino-
transferase (AST) and y-glutamyl transferase (GGT).
Normal range was defined according to Skane Uni-
versity Hospital, Lund, Sweden, laboratory reference
values ALT (female 8.92-44.91 U/L, male 8.92—65.87
U/L), AST (female 2—-18 years 13.17-35.93 U/L, male
2—-18 years 15.57-40.72 U/L), GGT (female 6 months
to 40 years 8.98-44.91 U/L and male 6 months to
40 years 8.98-65.87 U/L).2* Liver ultrasound with
measurements of liver stiffness by using 2D SWE
(Canon/Toshiba Aplio i70) was also performed as part
of the annual CFHBI screening. The liver enzymes
were measured at the pre-ETI time points at the annual
review; the SWE was usually performed at the half-year
checkup due to many other clinical examinations at the
annual review. At the post-ETI time point, the liver en-
zyme tests were taken in nine children on the same day
as the liver stiffness measurements with 2D SWE; in 12
patients, the samples were taken 2.5 months (median)
from the 2D SWE. The children were on ETI at least
3 months before the post-ETI blood samples were drawn.

2.3 | Statistical analysis

Statistical analyses were performed using the Graph-
Pad Prism 10.0.2 software (GraphPad Software).
Descriptive statistics and the Wilcoxon matched-pairs
signed rank test were used for pre-ETl and post-ETI
analyses and are presented as non-parametric median
and interquartile range (IQR) values. The level of sig-
nificance was set at <0.05.

3 | RESULTS

3.1 | Cohort characteristics

Twenty-one children and adolescents were eligible for
inclusion in the study (Figure 1). Patient characteristics
pre-ETI 1 and post-ETI are shown in Table 1.
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TABLE 1 Patient characteristics at pre-ETIl 1 and post-ETI.

Pre-ETI 1 total Pre-ETI 1 lumacaftor— Pre-ETI 1 Post-ETI total
Demographic and clinical data cohort (n=21) ivacaftor (n=12) CFHBI (n=12) cohort (n=21)
Age in years median (IQR) 14 (13-16) 14.5 (12.5-16) 14 (12.3-15.8) 16 (14-18)
BMI SD (kg/m?) median (IQR) 0.2 (0.6 to 0.6) -0.6t0 1.2) 0.3 (-1.210 0.5) 0.3 (-0.8to 1.1)
FEV1pp median (IQR) 85.6 (73.8-97.9) 89.7 (68.8—-106) 85.4 (72.9-98) 94.9 (85.1-105.1)
Lung clearance index median (IQR) 7.4 (6.7-9.2) 6.4-9.1) 7.4 (6.8-9.1) 6.6 (6.4-7.0)
Chronic colonisation of Pseudomonas 3 (14%) 0%) 1 (8%) 0 (0%)

aeruginosa, n (%)

Pancreatic insufficiency, n (%) 21 (100%)

Treatment with ursodeoxycholic acid, 7 (33%)
n (o/o)
Treatment with lumacaftor—ivacaftor, 12 (57%)

n (%)

12 (100%)
4 (33%)

12 (100%)

12 (100%) 21 (100%)

7 (58%) 6 (29%)

7 (58%) 0 (0%)

Abbreviation: BMI, body mass index; ETI, elexacaftor—tezacaftor—ivacaftor; FEV1pp, forced expiratory volume in 1's per cent of predicted; IQR, interquartile range;

SD, standard deviation.

The study group consisted of 11 females (52%); 14
(66%) were homozygous for the F508del variant, and
all had pancreatic insufficiency. At pre-ETI 1, 12 pa-
tients (57%) were classified as having CFHBI either by
signs of CFHBI in the abdominal ultrasound, persisting
elevation of liver enzymes, elevated liver stiffness or
signs of CFHBI in liver biopsy. None of the patients
fulfilled the criteria of aCFLD. Seven children (33%)
had ongoing treatment with ursodeoxycholic acid
(Table 1) with a median treatment duration of 5.5 years
(IQR: 3.9-14.6 years). Ursodeoxycholic acid treatment
was initiated in case of persistently abnormal liver function
tests and pathological ultrasonography. In two cases, the
treatment was started due to neonatal cholestasis.

Treatment with lumacaftor—ivacaftor was approved
in late 2018. At the time point pre-ETI 1, 12 patients
(57%) were on lumacaftor—ivacaftor treatment.

As described previously,'” ETI resulted in a clear
improvement in lung function of the total cohort, dem-
onstrated by a significant increase in FEV1pp and a
significant reduction in LCI (Table 1).

In pre-ETI 3, only 20 CwCF participated in the SWE
screening; therefore, we analysed only the data from
20 CwCF in the longitudinal analysis during pre-ETI 3,
pre-ETI 2 and pre-ETI 1.

3.2 | Liver enzymes and ETI

We found a significant reduction in AST with a median
of 25.8 IUL (22.2-34.2) pre-ETI 1 compared to AST of
21.6 IU/L (18-28.2) post-ETI (W=-158, n=21,
p=0.0019) (Figure 2A). However, we found a slight
increase in GGT levels after the treatment with ETI
(Figure 2C). Pre-ETlI 1 GGT median value was 13.8
IU/L (10.8-18), and post-ETI GGT median value was

15 IU/L (13.2-21.6) (W=114, n=21, p=0.0317)
(Figure 2C). However, AST and GGT levels were within
the normal range pre-ETI 1 and post-ETI.%*

CwCF with CFHBI showed a significantly elevated
AST with a median of 29.64 U/L compared to CwCF
without CFHBI, with a median of 23.95 U/L at the time
point pre-ETI 1 (p =0.0239). The former group signifi-
cantly improved in AST post-ETI with a reduction to
21.86 U/L (W=-54, n=12, p=0.033) (Figure 2D).
There were no significant changes in CwCF with
CFHBI in ALT or GGT levels pre-ETI 1 and post-ETI,
nor were there significant differences in ALT or GGT
levels between CwCF with CFHBI and CwCF without
CFHBI at pre-ETI 1 (Figure 2D—F).

3.3 | The effect of ETI on liver stiffness
Comparison of liver stiffness measured by 2D SWE
pre-ETI 1 (median: 5.6; IQR: 4.6-8.3) and post-ETI
(median: 5.1; IQR: 4.2-5.9) showed that there was a
significant reduction in liver stiffness post-ETI in the
total cohort (W=-125, n=21, p=0.0283) (Figure 3A).
When investigating the long-term development of liver
stiffness, we observed a significant increase in liver stiff-
ness between pre-ETl 3 (year 2018) (median: 5.2 kPa;
IQR: 4.3-6.1) and pre-ETI 2 (year 2020) (median: 5.6 kPa;
IQR: 4.7-8.9) (W=139, n=20, p =0.0038) but there was
no significant difference between liver stiffness pre-ETI 3
and pre-ETI 1 or pre-ETI 2 and pre-ETI 1 (Figure 3A).
CwCF with CFHBI presented with an elevated liver
stiffness at pre-ETl 1 of 6.8 kPa median (IQR: 4.9-9.2)
compared to CwCF without CFHBI 4.9 kPa median (IQR:
3.9-6.3), but this was not a significant difference
(o =0.0566). Analysing liver stiffness in CwCF with CFHBI
showed a decline to 5.7 kPa median (IQR: 3.9-7.1) during
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FIGURE 2 Liver enzymes (A—C) Liver enzymes AST, ALT and GGT over time in the total cohort. (D—F) Liver enzymes in patients with
CFHBI. (G-I) Liver enzymes in the ivacaftor-lumacaftor treated group. *p < 0.05, **p <0.01. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CFHBI, cystic fibrosis hepato-biliary involvement; ETI, elexacaftor—tezacaftor-ivacaftor; GGT, y-glutamyl transferase.

ETI treatment, and this decline was statistically significant since late 2018. In a sub-analysis, we wanted to investi-
(W=-60,n=12, p =0.0161) (Figure 3B). In CwCF without gate if the treatment with this CFTR modulator influenced
CFHBI, liver stiffness only showed a minor decrease from liver stiffness, as we observed with the triple CFTR mod-
49kPa median (IQR: 3.9-6.3) pre-ETI 1 to 4.6kPa ulator ETI. Liver stiffness before treatment starts
median (IQR: 4.3-5.5) post-ETI. with lumacaftor—ivacaftor pre-ETI 3 (measurements during

2018) was 6 kPa median (IQR: 4.4-7.8) and increased

during lumacaftor—ivacaftor treatment to pre-ETI 2
3.4 | The effect of lumacaftor—ivacaftor (measurements during 2020) 8 kPa median (IQR: 5.1-9.7)

in this group (W=70, n=12, p=0.0034) (Figure 3C).
At the time point pre-ETI 1, 12 CwCF (57%) were already However, we could not observe other significant changes
treated with the CFTR modulator lumacaftor—ivacaftor in liver stiffness between the other time points (Figure 3C).
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FIGURE 3 Liver stiffness measured by 2D Shear wave elastography. (A) Liver stiffness over time in the total cohort. (B) Liver stiffness over
time in patients with CFHBI. (C) Liver stiffness over time in the ivacaftor—lumacaftor-treated group. *p < 0.05, **p <0.01. 2D, two-dimensional;
CFHBI, cystic fibrosis hepato-biliary involvement; ETI, elexacaftor-tezacaftor—ivacaftor.

Liver enzymes in the subgroup that started
ivacaftor—lumacaftor between pre-ETI 3 and post-ETI
are shown in Figure 3G-Il. There were no significant
changes in liver enzymes pre- or post-ivacaftor—
lumacaftor treatment (pre-ETI 3 to pre-ETI 2). In this
subgroup, we could still see a significant reduction in
AST pre-ETl 1 compared to AST post-ETI (W=-51,
n=12, p=0.0444) as well as a significant reduction in
ALT (W=52,n=12, p =0.0405) pre-ETI 1 compared to
post-ETlI (Figure 2G,H). GGT was significantly
increased (W=74, n=12, p=0.002) pre-ETlI 1 com-
pared to post-ETI (Figure 2I).

Treatment with lumacaftor—ivacaftor did not show
the same beneficial effect on liver stiffness as did ETI
treatment.

4 | DISCUSSION

Screening for CFHBI is important because it is a
common and serious complication of CF associated
with increased morbidity and mortality.® In the newly
updated screening, evaluation and management
guidelines of CFHBI, the measurement of liver stiffness
is one of the investigations included for monitoring.”
Liver stiffness is measured by elastography, and 2D
SWE is an easy and non-invasive screening tool for
CFHBI. 2D SWE has been proposed as a follow-up tool
for ETI treatment.?® The lack of standardised reference
values for 2D SWE in pwCF complicates the use of
single elastography measurements, and this method is
probably more valuable for assessments over time.”%°
In our cohort, we found an overall significant reduction
of liver stiffness after at least 3 months of ETI treat-
ment. This reduction of liver stiffness was clearly seen

in our 12 CwCF with CFHBI during ETI treatment.
CwCF without CFHBI had only small changes in liver
stiffness during ETI, but importantly did not lead to an
increase in liver stiffness, as was observed during
lumacaftor-ivacaftor treatment. This observation that
CwCF with CFHBI could improve liver stiffness after
ETI treatment is an important beneficial factor. More
studies are needed in adult and paediatric CF patients
with CFHBI and aCFLD.

In the years before ETI treatment, we found a sig-
nificant increase in liver stiffness between 2018 and
2020 in the entire cohort. After introducing lumacaftor—
ivacaftor treatment in Sweden in 2018, the subgroup of
CwCF with lumacaftor—ivacaftor treatment was studied
further, and we found that liver stiffness was mostly
increased in this group between pre-ETI 3 and pre-ETI
2. A significant increase in liver stiffness after 6 months
of lumacaftor—ivacaftor in 31 CwCF aged 6-11 years has
been previously reported.?” Interestingly, we did not find
further changes in liver stiffness between the measure-
ment points in pre-ETI 2 and pre-ETI 1 nor between
pre-ETI 3 and pre-ETI 1; therefore, this increase between
pre- and postlumacaftor—ivacaftor may be a transient
negative effect of lumacaftor—ivacaftor. When analysing
liver enzymes in this subgroup, we could not find a
negative impact of lumacaftor—ivacaftor on liver function.

Our findings of a clear improvement of liver stiffness
in CwCF and CFHBI during ETI treatment is in line with
the recently published study by Terlizzi et al.?® Few
studies have focused on the effects of ETI on liver
stiffness and CFHBI. Calvo et al. prospectively inves-
tigated liver stiffness and liver enzyme development in
a single-centre cohort with a starting point before ETI
and a follow-up at 1, 3 and 6 months on ETI. Fifty-five
individuals with a mean age of 17.7 years (SD 4.9)
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were included. A significant overall reduction in mean
liver stiffness was found at 6 months, and already after
1 month of ETI, a decline in liver stiffness was observed
in those with values =5 kPa.?® Another study in adults
showed a significant reduction in liver stiffness during
ETI treatment in 14 participants with an elevated liver
stiffness >6.8 kPa before ETI, but no change was found
in liver enzymes or noninvasive fibrosis indices.?°
Controversially, Schnell et al. reported increased liver
stiffness in a prospective study of 20 pwCF (10 aged < 20
and 10 aged >20) after 6 months of ETI.'® These studies
consisted of small cohorts, and more research in larger
cohorts is needed.

Liver enzymes have been reported to lack sensi-
tivity and specificity for CFHBI. However, elevated GGT
levels have been associated with CFHBI and are sug-
gested as a good marker, together with liver stiffness
measurements.'*®% Elevation of transaminases and
bilirubin levels has also been reported as a side effect
of ETI®" In our study, we found an increase in GGT
levels during ETI treatment, but a decrease in AST
levels. Interestingly, even in CwCF with CFHBI, we
could see a decreased AST level after ETI treatment.

Taking together these findings, we could not see a
clear association between the effect of ETI on liver
stiffness and liver enzymes. Liver stiffness is probably
more a long-term parameter of chronic inflammation,
whereas liver enzymes reflect more temporary chan-
ges in liver inflammation or obstruction.

ETl is a life-changing treatment for pwCF, and several
studies have shown clear improvements in lung function
and quality of life.’ In our single-centre paediatric cohort,
we confirmed that lung function and ventilation in the
peripheral airways improved significantly with an increase
in FEV1pp and a reduction in LCI.

The strength of our study is the paediatric study cohort
in the age group where CFLD usually develops. All parti-
cipants were of school age, showed pancreatic insuffi-
ciency, and there was an equal distribution regarding sex.
Another strength of the study is that we have already used
2D SWE for some years, the investigators are well-trained
in this method, and we have measured points for more
than 5 years. The main weakness of our study is its ret-
rospective design and small cohort, mainly due to missing
investigations and transitions to the adult CF unit where
the 2D SWE surveillance was discontinued. Larger longi-
tudinal studies are needed to define reference values for
liver stiffness and the natural course of liver stiffness
development in pwCF.

5 | CONCLUSION

This study shows a positive effect on liver stiffness and
improvements in lung function in school-aged CwCF
after at least 3 months of ETI treatment. Further

W
longitudinal studies on CFHBI during ETI treatment are
needed to investigate its long-term effects.
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