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Abstract
Background Chronic rhinosinusitis (CRS) and olfactory dysfunction (OD) are prevalent disease
complications in people with cystic fibrosis. These understudied comorbidities significantly impact quality of
life. The impact of highly effective modulator therapy (HEMT) in young children with cystic fibrosis
(YCwCF) on these disease complications is unknown. This proposed study aims to characterise CRS and OD
in YCwCF and assess the efficacy of HEMT in improving sinus and olfactory health in this young age group.
Methods This six-centre, prospective, observational study will enrol 80 YCwCF aged 2–8 years. Patients
are divided into two groups: those receiving HEMT and those not on HEMT based on clinical indication.
Both groups undergo sinus magnetic resonance imaging, psychophysical olfactory tests, and complete
patient- or parent-reported quality of life surveys over 2 years. Outcomes will be compared before and after
initiation of HEMT and between groups. Ethical approval has been obtained for all sites, and this study has
been registered on ClinicalTrials.gov (NCT06191640).
Results Enrolment began in April 2023. 21 participants have been enrolled as of October 2023 with
ongoing enrolment at all sites.
Conclusion This investigation is expected to provide critical insights into the potential benefits of early
HEMT initiation in managing CRS and OD in YCwCF. It will assist in developing targeted interventions
and contribute to the understanding of HEMT’s role in altering the disease course in this demographic.
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Introduction
Cystic fibrosis (CF) is an autosomal recessive genetic disorder that causes multi-organ dysfunction due to
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) protein [1]. Downstream
effects of these mutations include impaired mucociliary clearance, and the production of thick, inspissated
mucus within the upper and lower airways and gastrointestinal tract [1]. Chronic rhinosinusitis (CRS) is a
common complication [2, 3] in people with CF (PwCF) as impaired clearance of secretions often leads to
mucosal inflammation and infection [4, 5]. Nearly all adults with CF have radiological sinus inflammation
and most report sinonasal symptoms [2, 3]. CRS is detrimental to quality of life (QoL) and may impact
pulmonary status [5–7].

Olfactory dysfunction (OD) is a defining symptom of CRS and is prevalent in PwCF, affecting up to 90%
of adults [8–11]. PwCF may be aware of the presence of OD when queried, necessitating olfaction
evaluation via objective and validated measures [8, 11, 12]. OD has negative impacts on affected
individuals including nutritional impairment, dietary alterations, impaired QoL, social isolation and
depression [13–17]. Nutritional status is particularly important due to known associations with lung
function and overall survival in children with CF [18–21].

Current studies examining olfaction and nutrition in children often focus on children older than 5 years
[20, 22]. Nutrition status may be particularly important in young children with CF (YCwCF), particularly
as sinus abnormalities in YCwCF have been shown to increase from birth to 6 years of age, a period where
the sinuses typically undergo periods of rapid development [23]. By age six, it is estimated that 71–99% of
children with CF will demonstrate sinus abnormalities on imaging studies [23–25]. This is a critically
important time to childhood development, and associated OD and CRS may prove detrimental to
childhood development in YCwCF.

Highly effective CFTR modulator therapy (HEMT) has profoundly impacted the lives of many PwCF.
HEMTs are small molecule compounds that directly restore CFTR function. ∼90% of PwCF in the USA have
CFTR variants that are responsive to HEMT [26]. For those PwCF ⩾2 years of age with eligible variants,
these medications radically increase CFTR function, pulmonary function, body mass index (BMI) and QoL;
and when started in youth, there is an expectation of markedly increased lifespan [26–28]. While HEMT
improves pulmonary and extrapulmonary disease [29–31], its impact on sinusitis remains understudied. Prior
data show HEMT substantially improves sinus opacification and QoL in adults [31, 32], but has not been
shown to improve OD or fully resolve CRS symptoms in adults [12, 31]. We theorise that chronic
inflammation in adults precludes improvement in OD and mitigates improvement in CRS even in the setting
of HEMT. However, early HEMT initiation in YCwCF may substantially improve CRS and prevent OD.

This protocol outlines a prospective, observational study (NCT06191640) that leverages collaboration with
a nationwide study termed BEGIN, a “prospective study to evaluate biological and clinical effects of
significantly corrected CFTR function in infants and young children”. It is the largest, multi-centre,
prospective, observational study investigating the impact of HEMT on YCwCF aged 2–8 years
(NCT04509050). The principal objectives of our study are to characterise CRS and OD in YCwCF and
assess the efficacy of HEMT in improving sinus health and olfactory function in this young demographic.

Methods
Study design
This is a prospective, observational study with an age-matched control group. The two groups in this study
are the HEMT group and No HEMT (Control) group. All participants are followed for 2 years. Participants
on HEMT have a pre-HEMT assessment followed by 1- and 2-year post-HEMT evaluations to track
response to treatment. The No HEMT group undergo parallel assessments at baseline, 1-year and 2-year
intervals to track the natural progression of CRS and OD without HEMT. Outcomes include sinus
magnetic resonance imaging (MRI) scans, olfactory tests and QoL surveys obtained over the 2-year period.

Eligibility
Inclusion criteria for both HEMT and No HEMT groups include aged 2–8 years old at first study visit and
documentation of a CF diagnosis. The HEMT group must have a CFTR variant consistent with Food and
Drug Administration (FDA)-labelled indication for HEMT, ivacaftor alone or elexacaftor/tezacaftor/ivacftor
(ETI), and there must be clinician intent to prescribe HEMT so that a pretreatment measure is obtained. The
treatment group has a 30-day pre-HEMT window before initiating HEMT for baseline data collection. The No
HEMT (Control) group includes YCwCF who are 2–8 years of age at the first study visit, not clinically
administered HEMT and age-matched to the HEMT group. The control group children will not have initiated
HEMT either because they are ineligible for HEMT or parent/guardian elects not to initiate HEMT.
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Exclusion criteria include: YCwCF who have already initiated HEMT within 180 days before first study
visit, underwent sinus surgery in the prior 180 days, used chronic oral corticosteroids within 28 days before
first study visit or used an investigational drug within 28 days prior to first study visit. We excluded those
who initiated HEMT within 180 days before the first study visit to better allow for determination of the
potential impact of HEMT on patient outcomes by ensuring we obtain pre-HEMT and post-HEMT
timepoint data. Investigational drug refers to not yet approved, experimental therapies currently under
investigation. Inclusion and exclusion criteria are detailed in table 1.

Recruitment strategy: collaboration with BEGIN
BEGIN is a multi-site, observational, two-part study evaluating pulmonary, microbiological, endocrine,
nutrition/growth and gastrointestinal health domains [33]. BEGIN Part A, which commenced in November
2020, is a longitudinal assessment of the natural history of CF and early clinical features in YCwCF across
multiple organ systems. BEGIN Part A is actively enrolling and prospectively observing YCwCF 2–8 years
of age at first study visit who have not initiated HEMT. BEGIN Part A will follow YCwCF who are not on
HEMT for up to 5 years. BEGIN Part B commenced upon the FDA approval of ETI for eligible YCwCF
aged 2–5 years in April 2023. BEGIN Part B (HEMT group) is a prospective, observational study
investigating the effects of HEMT in YCwCF. The HEMT group enrols children between 2 and 8 years of
age who have clinical intent to initiate HEMT. BEGIN is conducted across 34 CF centres in the USA and
will be the largest, prospective pretreatment/post-treatment investigation of HEMT in YCwCF. Beyond our
collaboration with BEGIN, children who meet eligibility criteria at participating sites who are not
participating in BEGIN are eligible to enrol in this study.

Study participants are recruited from six CF centres across the USA. These centres include: University of
Kansas Medical Center (Kansas City, KS), Cincinnati Children’s Hospital Medical Center (Cincinnati,
OH), University of Iowa (Iowa City, IA), University of Virginia (Charlottesville, VA), Children’s Hospital
Colorado (Aurora, CO), and University of Vermont (Burlington, VT). The University of California, Los
Angeles (UCLA) (Los Angeles, CA) is the primary coordinating site, and UCLA and National Jewish
Health (Denver, CO) are the data analysis sites. Screening and enrolment occur concurrently with
enrolment into BEGIN with intent for co-enrolment in both studies (figure 1). YCwCF who enrol in
BEGIN Part A at participating centres are eligible to co-enrol in the No HEMT group in this study.
YCwCF who enrol in BEGIN Part B at participating centres are eligible to co-enrol in the HEMT group in
this study. We plan to enrol 80 children (36 in the HEMT Group and 44 in the No HEMT group). Based
on data from the 2022 US CF Foundation patient registry, only 82% of those eligible for modulators are

TABLE 1 Inclusion and exclusion criteria for proposed study

Inclusion criteria

No HEMT (Control) group – parallels BEGIN Part A
Children with documentation of CF diagnosis#

Aged 2–8 years, inclusive at first study visit
Ineligible for highly effective modulator therapy (ivacaftor or ETI) based on CFTR mutation or clinical
decision not to initiate highly effective modulator therapy if eligible

HEMT group – parallels BEGIN Part B
Children with documentation of CF diagnosis#

Aged 2–8 years, inclusive, at first study visit
CFTR mutation consistent with FDA-labelled indication of highly effective modulator therapy (ivacaftor
or ETI)
Clinician intent to prescribe ivacaftor or ETI so that enrolment is before start of HEMT

Exclusion criteria

Both groups
Use of an investigational drug within 28 days prior to the first study visitUse of ivacaftor or ETI within
180 days prior to the first study visit
Chronic use of oral corticosteroids within 28 days prior to the first study visit
Sinus surgery within 180 days prior to the first study visit

HEMT: highly effective modulator therapy; CF: cystic fibrosis; ETI: elexacaftor/tezacaftor/ivacaftor; CFTR: cystic
fibrosis transmembrane receptor; FDA: US Food and Drug Administration. #: CF diagnosis determined by
presence of at least one of following criteria: sweat chloride levels of >60 mmol·L−1 or/and two
well-characterised mutations in the CRTR gene. If Newborn Screening is positive, confirmation will be
completed by genotype or sweat testing [82].
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currently on modulators [3]. We anticipate that a small number of children in the No HEMT group may be
eligible for HEMT and later initiate it. To maintain adequate numbers in the No HEMT group to ensure
robust comparative data, we will over-enrol an additional 20% of participants to offset potential crossover
into the HEMT group.

Study aims and end-points
Aims of this study include:

• Aim 1: Characterise CRS and OD in YCwCF not on HEMT over a period of 2 years. End-points to
assess CRS severity include:

• Primary outcome measure: per cent sinus opacification on sinus MRI
• Secondary outcome measures: Sinus and Nasal QoL Survey (SN-5), an age-appropriate,

disease-specific QOL instrument

End-points for olfactory status include:

• Primary outcome measure: olfactory bulb volume derived from sinus MRI
• Secondary outcome measures: olfactory cleft opacification from sinus MRI, quantitative olfactory

testing using the Pediatric Smell Wheel (PSW; Sensonics, Inc., Haddon Heights, NJ), and
olfactory-specific QoL impairment using the Brief Questionnaire of Olfactory Disorders (BQOD)

• Aim 2: Test the hypothesis that HEMT improves CRS in YCwCF. End-points include changes in sinus
opacification on MRI, Lund–Mackay Score and SN-5 scores.

• Aim 3: Test the hypothesis that HEMT improves OD in YCwCF. End-points include changes in MRI
olfactory bulb volume, PSW scores, MRI olfactory cleft opacification and BQOD scores.

Primary and secondary aims, primary and secondary end-points, and assessments are listed in table 2.

Data collection and periodicity
In the control group, participants have baseline, 1-year and 2-year visits with ±30-day ranges for follow-up
time points. In the HEMT group, participants have one pre-HEMT visit, and 1-year and 2-year ±30-day
post-HEMT visits. Overall duration of the study is two years for both groups. The following outcome
measures are collected at each time point: sinus MRI, PSW, BQOD, SN-5 and Youth 5-dimensional
EuroQoL Questionnaire (EQ-5D-Y; EuroQol Group, Rotterdam, The Netherlands). The following
sociodemographic information are obtained via data sharing with BEGIN: age, sex at birth, race, ethnicity,
genotype, therapies that may affect CRS and OD (antibiotics and corticosteroids), pulmonary function
testing, Pseudomonas aeruginosa status, antibiotic use details, concomitant medications, HEMT adherence,
prior HEMT use, pulmonary exacerbation data, CF Questionnaire Revised instrument and nutritional status
markers (weight-for-age z-score, height-for-age z-score, BMI). Compliance with HEMT and dose
alterations will be tracked and accounted for as appropriate in final analyses, exploring both
intention-to-treat and adjusted approaches. Data on prior HEMT use will be collected for those with a
history of HEMT >180 days before study enrolment. Race and ethnicity data are being collected [34].

Outcome assessments
Precise quantification of sinus opacification and olfactory measures via MRI
MRI demonstrates comparable diagnostic accuracy to computed tomography (CT) when assessing CRS,
and the established staging frameworks are applicable to both imaging techniques [35]. MRI is favourable

Current study

Chronic rhinosinusitis and olfactory

dysfunction outcomes for young children 

with cystic fibrosis
Co-enrolment

No HEMT group

HEMT group

BEGIN study

Pulmonary, nutrition, endocrine,

microbiological and gastrointestinal

outcomes

Part A: Natural history of disease

Part B: Changes with HEMT
Proposed study

parallels parts of

BEGIN

FIGURE 1 Study design: current study co-enrolling young children with cystic fibrosis with BEGIN study. HEMT:
highly effective modulator therapy.
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in paediatric evaluations because it avoids the ionising radiation exposure of CT [36, 37]. MRI has been
utilised in adults to monitor sinus opacification changes after HEMT initiation [38]. We optimised a rapid
(∼1–2 min), reproducible, non-contrast sinus MRI sequence that will be performed in this study. The
participating centres have extensive experience working with young children and conducting sinus MRIs in
young children without sedation [39–43], and prior studies have successfully demonstrated MRI
neuroimaging in children as young as 1 year of age without sedation [42, 43]. Sedation will not be used in
this study; instead, techniques like video distraction with MRI-safe goggles will be employed. Video
goggles have been employed in children as young as 1 year old and have successfully minimised motion
and predicted capturing a quality MRI in children ⩾3 years old [43–45].

Sinus opacification is calculated using two methods. The primary method involves manually segmenting
and defining the 3-dimensional sinus region using ITK-SNAP [31, 32, 42]. This task is performed by an
expert blinded to all other data and time of imaging. We then standardise MRI pixel intensity using a
statistical method based on reference anatomy (e.g., air, orbits, facial musculature and/or brain),
harmonising mean pixel intensities in reference structures across longitudinal scans in participants. The
pixel intensity midway (50%) between air and soft tissue values is determined and applied as a threshold
to calculate per cent total sinus opacification (range: 0–100%) [31, 46]. This cut-off effectively
distinguishes between air and soft tissue in the sinus and provides an objective sinus opacification score
(i.e. the per cent of the sinuses occupied by soft tissue/fluid instead of air) (figure 2). We segment each
MRI scan to determine changes in opacification over time, since sinus anatomy in children changes with
age [24]. As a secondary method, Lund–Mackay scores are applied by an expert interpreter blinded to
clinical and outcome data (figure 2) [10, 47]. There is a close correlation between Lund–Mackay scores
derived from CT and MRI scans, and both MRI and CT have been shown to be successful modalities for
radiological evaluation on sinusitis [48].

Olfactory bulb volume is an established marker of olfactory function and represents the coalescence of
sensory afferent olfactory neurons after these fibres ascend superiorly from the olfactory cleft towards the

TABLE 2 Study objectives and end-points in prospective observation study of young children with cystic fibrosis

Study objective End-point Assessments

Primary aim
Aim 1: Characterise CRS and OD
severity in YCwCF

CRS severity:
• Primary outcome measure: MRI sinus opacification
• Secondary outcome measure: SN-5 QoL impairment
OD severity:
• Primary outcome measure: olfactory bulb volume derived
from MRI

• Secondary outcome measures: quantitative olfaction from PSW,
olfactory cleft opacification from MRI, and olfactory-specific QoL
impairment from BQOD

SN-5: completed by parent to assess
sinus symptoms in children

PSW is a noninvasive odour
identification test used in young
children

BQOD assesses olfactory-specific QoL

Aim 2: Test the hypothesis that
HEMT improves chronic
rhinosinusitis in YCwCF

Primary outcome measure: Changes in sinus opacification on MRI
measured by image segmentation

Secondary outcome measures: Changes in Lund–Mackay score
and SN-5 scores

Both MRI and SN-5 scores are measured between time points
after HEMT initiation

SN-5

Aim 3: Test the hypothesis that
HEMT improves OD in YCwCF

Primary outcome measure: Changes in olfactory bulb volume on
MRI

Secondary outcome measures: quantitative olfactory function
using PSW scores, MRI olfactory cleft opacification and
olfactory QoL using BQOD

PSW, BQOD

Secondary aim
Sub-Aim 2: explore if HEMT
mitigates sinus aplasia/hypoplasia

Determine presence and development of each sinus (maxillary,
ethmoid, frontal and sphenoid) over time on MRI. Report rates
of aplasia/hypoplasia between control versus HEMT groups

NA

Sub-Aim 2: Determine changes in
health utility value over time

Calculate health utility value from EQ-5D-Y surveys and assess
changes over time in control and HEMT groups

EQ-5D-Y: assessment for health utility
value

CRS: chronic rhinosinusitis; CF: cystic fibrosis; OD: olfactory dysfunction; YCwCF: young children with cystic fibrosis; MRI: magnetic resonance
imaging; HEMT: highly effective modulator therapy; MRI: magnetic resonance imaging; SN-5: Sinus and Nasal QoL Survey; QoL: quality of life; PSW:
Pediatric Smell Wheel; BQOD: Brief Questionnaire of Olfactory Disorders; NA: not applicable; EQ-5D-Y: Youth 5-dimensional EuroQoL Questionnaire.
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cerebral olfactory cortex [49]. The olfactory bulb originates in the cranial cavity above the anterior-most
olfactory filament and ends posteriorly at the olfactory tract. The olfactory bulb is plastic, enlarging with
greater olfactory abilities and decreasing in volume with worse olfactory function [50]. Olfactory bulb
volume strongly correlates with olfactory ability in children [51], and correlates with olfactory function
independent of age in adulthood, confirming its utility to assess olfaction [50, 52]. The olfactory bulb for
each MRI is segmented on consecutive coronal slices, combined into the three-dimensional region, and
reported in cubic millimetres.

We measure olfactory cleft opacification in a similar manner to quantifying sinus opacification: segmenting
on consecutive coronal slices and then combining into the three-dimensional region [11, 12]. The olfactory
cleft, a three-dimensional region in the superior nasal cavity surrounding the olfactory neuroepithelium
(figure 3), is bounded anteriorly by the anterior extent of the middle turbinate, posteriorly by the sphenoid
face, laterally on each side by the sagittal plane of each middle turbinate, and extends from the cribriform
plate superiorly to 1 cm below the cribriform plate inferiorly [53–56]. Individuals with CRS often exhibit
inflammation in this region, which is quantified as olfactory cleft opacification can disrupt olfactory
pathways [54]. In our prior studies, we have measured olfactory cleft opacification on sinus CT scans, and
will therefore apply the same approach with MRI [11, 12]. The per cent of the olfactory cleft opacification
(range: 0–100%) is calculated by applying MRI pixel intensity thresholds.

Instruments to assess CRS, QoL and olfaction
SN-5 is a validated, parent-completed survey that assesses sinus symptoms in children. This survey
captures details on sinus infections, nasal obstruction, allergy symptoms, emotional distress, activity
limitations and overall QoL. Scores for the first five domains range from 1 to 7, and the score for the
overall QoL domain ranges from 0 to 10. This survey is reliable and treatment-responsive [57], and it has
high value in YCwCF [58, 59].

PSW is an odour identification test intended for use by young children. This standardised test utilises
microencapsulated odorants in a “Scratch-n-Sniff” format (range: 0–11), with higher scores indicating
better olfactory function [60, 61]. PSW has been validated in children as young as 4 years of age [60, 62].
This test is administered by study staff with extensive experience working with children. Odour
identification testing utilising similar methodologies to the PSW, such as the olfactory test of the National

a) b)

FIGURE 2 Example T2-weighted magnetic resonance images in a 6-year-old with chronic rhinosinusitis. a) Time
point 1 of axial image. b) Time point 2 of axial image obtained 6 months later.

a) b) c)

FIGURE 3 a) Coronal sinus MRI in a 6-year-old with sinusitis. b) Olfactory bulb (yellow) and olfactory cleft
(cyan) were segmented. c) Segmentations from consecutive MR slices were combined to define the olfactory
bulb (yellow) and olfactory cleft (cyan). MRI: magnetic resonance imaging; MR: magnetic resonance.
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Institutes of Health Toolbox and “U-Sniff” odour identification test, has been validated in children 3–
4 years old, so we anticipate this measure to be successful in this age group [61, 63]. Studies employing
odour identification testing not using these specific instruments have been performed in children as young
as 2.5 years old [64, 65], and studies have demonstrated that testing of odour identification is possible at
around age 3 years because children’s linguistic functions are sufficiently mature at this age [66]. The use
of PSW in patients <4 years of age will be considered exploratory in nature. PSW results from study
participants will be used to further validate the PSW in this CF population.

BQOD is a validated survey in adults with CRS with robust psychometric properties that efficiently
assesses olfactory-specific QoL [67, 68]. This 7-item instrument quantifies the impact that OD has on
one’s life (range: 0–21), with higher scores indicating greater olfactory QoL impairment [57, 69]. To allow
parents to respond on behalf of their children, the instrument questions were minorly altered to enable
parent completion of the survey. The modified survey has not been validated to date in this population.
Data from this study will enable validation of this instrument in paediatric populations.

Health utility value is quantified from the EQ-5D-Y. Health utility is a measure of generalised QoL and
ranges from 0.0, signifying death, to 1.0, denoting full health [70, 71]. The validated EQ-5D-Y survey is
completed by parents as recommended for this age, and responses are transformed into health utility values
based on existing algorithms [70].

Ethics and dissemination
This study was registered on ClinicalTrials.gov (NCT06191640), and conducted in accordance with Good
Clinical Practices, with Institutional Review Board (IRB) approval, and with appropriate protections [37].
Each participating site received approval from their local IRB. IRB approval for the primary coordinating
site was granted by UCLA approval number 22-000584. Written informed consent for all participants will
be obtained by Site Coordinators using documents approved by the appropriate IRB [37].

The results of this study will be disseminated during national and international scientific conferences and
published in peer-reviewed journals. Stakeholders will be informed via CF Foundation’s research newsletters.

Analysis
Statistical methods
Mixed model longitudinal methods will be used to compare trends between HEMT and No HEMT groups
and estimate within group changes. Groups will be age-matched at enrolment. To mitigate potential bias
from baseline disease severity and CFTR genotype differences between groups, we will incorporate these
factors into propensity models and explore advanced propensity scoring techniques such as inverse
probability treatment weighting with trimming or overlap weights. Two-sided 95% confidence intervals
will be included with all estimates. All tests will be two-sided with a significance threshold set at p<0.05.

For aim 1, CRS severity will be evaluated using radiological sinus opacification and SN-5 survey, analysed
with mixed effects modelling. Interobserver reliability will be assessed by Pearson’s correlation and Dice
similarity coefficient, both methods previously employed for olfactory bulb manual segmentation [72, 73].
For aim 2, mixed model for repeated measures (MMRM) and propensity weighting will be used to track
changes over time in sinus opacification and SN-5 scores. The model includes fixed effects for time, group
(HEMT versus control), group by time interaction and other relevant baseline factors. Generalised linear
mixed effects model (GLIMMX) will serve as a secondary method to assess the prevalence of aplasia/
hypoplasia between groups. We will apply MMRM methods and propensity weighting to measure changes
in health utility over time. For participants who may need to cease or adjust HEMT dose, we will
investigate two approaches: 1) include all participants in intention-to-treat analysis; and 2) develop models
that incorporate dose adjustments or cessations. For aim 3, changes in olfactory bulb volume, PSW, MRI
olfactory cleft opacification and BQOD scores will be monitored over time and compared between groups
using MMRM and propensity weighting methods. As secondary analysis, multivariate mixed effect models
will be employed to explore correlations between improvements in these olfactory status measures.

We will explore and test for additional interaction effects between covariates. The interaction between
demographic variables and treatment effects could reveal differential responses to treatments across various
groups. This segment of the analysis will utilise appropriate statistical methods to identify and interpret these
interactions, thereby offering a more nuanced understanding of the data and enhancing the validity of the
study’s conclusions. Through this process we will ensure a thorough and rigorous analysis for robust findings.
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Model diagnostics and assumptions will be checked to ensure the integrity and appropriateness of the
statistical models used. Key checks will include assessing linearity, ensuring the normal distribution of
residuals, verifying homoscedasticity (constant variance of residuals across predicted values) and examining
for multicollinearity among predictors. Through these steps we will validate the model’s assumptions and
ensure reliable and accurate results. Techniques like residual plots, variance inflation factor analysis and
normality tests will be routinely employed to detect and address any violations of these assumptions.

Statistical power and sample size
We will enrol 80 YCwCF including 36 in the HEMT Group and 44 in the No HEMT group. This
enrolment goal allows for attrition, the potential for crossover from control group to HEMT group and
provides ample power to evaluate baseline findings and assess improvements after HEMT initiation. Prior
work suggests an ∼20% attrition rate for children with chronic conditions in randomised trials [74]. We
anticipate a lower attrition rate of ∼5–10% given the observational, non-randomised nature of our study,
partnership with an established study and enthusiasm of individuals/families with CF to participate in
research. The BEGIN Part A study has experienced attrition of 7% (8 out of 115) as of July 2023. To be
conservative, we planned for 20% of the control group to later initiate HEMT (“crossing over” to the
HEMT group and thus removing them from the control group), then applied a rate of 10% attrition in both
groups, which estimates 64 participants (32 in each group) will complete the study. Using sample size of
32 participants per group, we calculated that this size would provide us with 80% power to detect effect
sizes of 0.18, as measured by Cohen’s f, where small effect size is defined as 0.14, a medium effect size
as 0.25 and a large effect size as 0.40. Calculations for aim 1 used the primary outcomes of per cent sinus
opacification and olfactory bulb volume. Calculations for aim 2 used improvements in per cent sinus
opacifications. Calculations for aim 3 used improvements in olfactory bulb volume (supplementary
table S1). While anticipated to be infrequent, any participants who crossover to the HEMT group will also
be followed, which will further increase the available study population. Those who crossover will be
included for the duration of time they reside in each group, allowing for the inclusion of all available data
while appropriately accounting for the change in treatment status over time. Existing data on olfactory bulb
volumes and results from our prior work on per cent sinus opacification were used to calculate power and
inform sample size estimates. All power calculations were performed using statistical software PASS
Version 15 and G*Power with α 0.05 unless otherwise stated. We also included the minimum detectable
effect size with sample size of 80 at 80% power.

Missing data analysis
For participants lost to follow-up, there may be a concern that they represent a different population compared
to individuals who remain in the study. For primary analyses, we will utilise a MMRM model approach to
handle missing data based on the missing at random (MAR) assumption. We will use full information
maximum likelihood estimation to estimate missing values, leveraging all available information to enhance
precision and validity of results. To strengthen the plausibility of the MAR assumption, we will incorporate
observed auxiliary variables related to missing data into the mixed model. As baseline assessments are
almost always completely observed, their inclusion will reinforce the MAR assumption. To assess the
robustness of MAR assumption, we will conduct sensitivity analyses when data appears to violate MAR. In
these analyses, we will explore alternate missing data mechanisms, including missing not at random. The
pattern mixture model will allow us to investigate different data-generating mechanisms based on distinct
patterns of missingness. Examining various missing data patterns will help us understand potential biases
introduced by different assumptions. Furthermore, we will perform subgroup analyses, considering
participants’ baseline characteristics and factors that may influence missingness. This approach will help us
identify whether missing data patterns differ across subgroups and assess their potential impact on results.

For participants with incomplete or missing outcome measures, we plan to develop separate models for each
outcome measure. Participants will still be included in portions of the analysis in which we have their data.

Data management
Study data will be managed using REDCap, a secure application offering user-friendly forms, real-time
data entry validation and de-identified data export features. The database is hosted at UCLA Health for
centralised data handling.

Results
Current status
Using our approach of co-enrolling participants with BEGIN, we enrolled 21 treatment group patients as of
October 2023. We initially focused on recruitment for the HEMT group given the timing of FDA approval
of ETI in children aged 2–5 years in April 2023 [28].
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We will continue enrolment until we achieve our target sample size of 80 YCwCF.

Discussion
This multi-centre, prospective observational study will investigate CRS and OD in YCwCF and determine
the impact of HEMT therapy on these symptoms. Collaboration with the BEGIN study provides robust
infrastructure and will maximise recruitment for this study.

Our prior research includes partnering with the CF Foundation’s Community Voice team to develop and
distribute a survey to understand the CF community’s perceptions on olfactory loss in Spring 2023 [75].
The majority of respondents reported olfactory problems and substantial olfactory QoL impairment.
Additionally, most participants reported that research on olfactory loss was worthwhile and were willing to
participate in research on this topic. OD is a concern for a large proportion of people with CF, and a
literature gap exists regarding the severity of CRS and olfactory loss in YCwCF.

In adults with CF, the absence of olfactory improvement with HEMT is distinct from improvements in lung
function and CRS that occur following treatment. In contrast, in individuals without CF who develop CRS
and OD as adults, treatments that improve CRS (corticosteroids, sinus surgery, monoclonal antibody
treatment for nasal polyps) often also improve olfaction [76–78]. The lack of olfactory improvement in adults
with CF after HEMT suggests that chronic OD may be irreversible. Early HEMT initiation may preserve
olfaction and/or lead to greater improvement in CRS than occurs with HEMT in adults. Other CF disease
manifestations have shown differential responses to modulator therapy with age, including pancreatic
dysfunction [79]. Treatment in YCwCF may be critical and underscores the importance of this study.

We anticipate that our findings will demonstrate a need for CRS and OD screening in YCwCF and lay the
groundwork for development of screening protocols. Early treatment may prevent CRS and OD, which has
proven refractory to improvement later in life [12]. Results from this study will enhance prognostication
and underscore the importance of treating CRS and OD early in life either with HEMT or with other
available interventions. Results may predict the effects of future treatments, such as gene therapy, and may
encourage certain children toward therapy initiation. Findings from this study will lay the foundation for
studying long-term effects of modulators and explore pathways to decreasing treatment burden for CRS
and OD, especially if these issues are prevented with HEMT started in youth [80, 81].

This study does possess inherent potential limitations due to its non-randomised design. To address
differences in disease severity or other factors that may exist between the HEMT and control groups, we
will incorporate age-matching and propensity weighting, and sensitivity and subgroup analyses. These
techniques will minimise potential biases. HEMT eligibility which is related to CFTR genotype may be
associated with race/ethnicity and could contribute to differences between the control and HEMT group.
The PSW has not been validated in children between 2 and 4 years of age, and BQOD scores have only
been validated in adults. Therefore, data from these secondary outcome measures in this young age group
will be novel and exploratory, and these data will enable us to pursue validation of these instruments in the
CF population. MRI-safe video distraction goggles have been employed in children ⩾1 year of age, with
the greatest success in reducing motion in children ⩾3 years of age [43–45]. Consequently, collecting
quality MRI scans from children aged 2–3 years in our cohort may present challenges.

OD and CRS are under-researched but important complications in YCwCF. Evidence suggests that these
comorbidities could be potentially preventable or improved with HEMT. This prospective, observational
study in collaboration with BEGIN aims to explore these outcomes in YCwCF and may set the stage for
early intervention strategies and lay the groundwork for developing screening protocols.
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