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Abstract
Background. Cystic fibrosis (CF) is an inherited disease affecting over 11,000 people in the UK. People with CF require multiple long-term treatments, and a key research priority in CF is to investigate long-term effects of treatments. Such questions are unlikely to be addressed in randomised controlled trials (RCTs) due to feasibility and cost. Real-world data provide an alternative resource for studying treatment effects but come with challenges. Target trial emulation is a framework for studying treatment effects using real-world data, which applies the study design principles of RCTs to help avoid common biases. This framework is increasingly used in many disease areas, but it’s use in CF is so far limited. The UK CF Registry is a potential resource for generating real-world evidence on treatment effects in CF, but it’s unclear how best to implement target trial emulation methodology using these data. 

Aims. We aim this establish best practices for the application of target trial emulation methodology using UK CF Registry data to estimate effects of CF treatments.  

Methods and analysis. We will determine optimal methods for using different components of the UK CF Registry data, including data on prescription dates and longitudinal data on clinical variables collected at annual review visits. We will conduct emulations of four published RCTs, which will allow us to compare the different methodological approaches, and help us to establish the best ways of using the registry to define the variables needed for target trial emulation and to illustrate its applicability in CF. 

Ethics and dissemination We will seek ethical approval from the London School of Hygiene and Tropical Medicine Ethics Committee. The results of this study will be published in a peer-reviewed journal and presented at relevant scientific conferences. 
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1. Introduction 
A significant challenge faced by the cystic fibrosis (CF) community is the wide breadth of important clinical questions regarding treatment effectiveness that remain unanswered but are unlikely to be addressed in randomised controlled trials (RCTs), due to feasibility and cost. When RCTs are impractical, an alternative is to use real-world data. However, analyses based on real-world data are often criticized for their susceptibility to bias. Target trial emulation (TTE) [1], used alongside appropriate statistical analysis methods, offers a framework for using real-world data to study treatment effects, while helping to avoid common biases [2-3]. 
The TTE framework involves two steps. First, we describe the RCT we would like to conduct – the “target trial” – and secondly, we specify how each element of the target trial protocol will be emulated using real-world data. TTE is increasingly used across many disease areas [4-9] and is endorsed by the UK’s NICE Real-World Evidence Framework [10]. 
In CF, national patient registries are a key potential resource for generating evidence on treatment effects [11]. The UK CF Registry [12] collects longitudinal data on approximately 99% of all people with CF in the UK. Longitudinal data are collected at approximately annual review visits on variables including clinical measurements, health complications, treatment use, and from 2016, treatment prescription start and stop dates. The UK CF Registry has been used in recent TTEs, [13-15] demonstrating the feasibility of this approach within these data. However, these studies had some limitations, including assuming data were collected on a regular time grid and not making use of treatment prescription dates. This work aims to explore different ways in which the data can be used, including to help overcome these limitations. 
One approach to assessing the reliability of results obtained using TTE is to emulate an existing RCT and compare the results between the trial emulation and the RCT – this is often referred to as “benchmarking” [16-17]. Benchmarking against an existing trial can provide evidence on whether observational analyses can be trusted to deliver valid estimates of treatment effects [16]. Benchmarking can also be used to compare different ways of implementing TTE methodology. 
Our study aims to establish best practices for the application of TTE methodology using UK CF Registry data to estimate effects of CF treatments. Different methodological approaches will be compared in a series of trial emulations of published RCTs in CF. Our focus is on trials that study the effects of antibiotics, since these are commonly used in CF. 
This protocol describes the target trials, the trial emulations using UK CF Registry data, and the details on different methodological approaches that will be compared in the trial emulations. Section 2 describes the target trials we plan to emulate. Section 3 provides details on the UK CF Registry data and Section 4 describes how the four target trials will be emulated using these data, as well as outlining the statistical methods that will be used. Section 5 discusses some of the reasons we may see differences in the results between the target trials and trial emulations. 
2. Summary of selected trials 
2.1 Selection of target trials
We selected four published RCTs which provide evidence on the effects of antibiotics in CF [18-21]. Trials were chosen on the basis of having a treatment strategy that is still relevant to the UK CF population, so that extensions of the trials (including long term effects of treatments) would be relevant for future trial emulations. Additionally, we selected trials with a range of different treatments, comparators (i.e., placebo-controlled trials and trials with active comparators), and outcome types, to assess how well these different design choices could be emulated using the UK CF Registry data. Table 1 summarises the primary research question addressed in each of the target trials. 

	Table 1: Description of the primary research question addressed in each of the target trials  

	
	Trial 1 [18]
	Trial 2 [19]
	Trial 3 [20]
	Trial 4 [21]

	Objective:
	Compare aztreonam for inhalation solution and tobramycin nebuliser solution for CF patients with airway Pseudomonas aeruginosa (PA)
	Assess the efficacy and safety of inhaled colistimethate sodium in CF patients with chronic PA infection. 
	Determine if azithromycin treatment improves lung function in paediatric CF patients uninfected with PA
	Determine if an association between azithromycin use and pulmonary function exists in CF patients chronically infected with PA

	Population:
	CF patients, >6 years old, with PA-positive sputum culture 
	CF patients, >6 years old, with chronic PA infection 
	CF patients, 6-18 years old, with no culture positive for PA within 1 year
	CF patients, >6 years old, within chronic PA infection 

	Treatment:
	Aztreonam for inhalation solution.  
	Colobreathe dry powder for inhalation 
	Azithromycin
	Azithromycin

	Comparator:
	Tobramycin inhaled solution
	Tobramycin inhaled solution
	Placebo
	Placebo

	Primary Outcome:
	Change in FEV1%
	Change in FEV1%
	Change in FEV1%
	Change in FEV1%

	Secondary Outcomes:
	-Time to need for intravenous antibiotics
-Time to first respiratory hospitalisation
	-Time to first acute respiratory exacerbation
-Nutritional status
	-Additional pulmonary function end points
-Changes in microbiology 
	-Number of pulmonary exacerbations
-Hospitalisation rates
-Quality of life 

	Time:
	24 weeks
	24 weeks
	24 weeks 
	24 weeks

	Setting:
	Recruitment from CF centres in Europe and the US, 2008-2010.
	Recruitment from CF centres in Europe, 2003-2007. 
	Recruitment from CF centres in US and Canada, 2007-2009
	Recruitment from CF centres in US, 2000-2002



2.2 Risk of bias in target trials
Target trials 1 and 2 were included in a Cochrane review on the use of long-term inhaled anti-pseudomonal antibiotics in cystic fibrosis [22] and target trials 3 and 4 were included in a Cochrane review on the use of macrolide antibiotics in cystic fibrosis [23]. The authors of these reviews assessed the risk of bias in each of the target trials. Their findings are summarised in Figure 1

Figure 1: Risk of bias summary: Cochrane review [22,23] authors' judgements about each risk of bias item for each included study
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There was a high risk of performance bias (blinding or participants and clinicians) in target trials 1 and 2 [18-19], as they were described as open-label.
3. Data Source
The four target trials outlined in Section 2 will be emulated using data from the UK CF Registry [12], which is a national database sponsored and hosted by the Cystic Fibrosis Trust, with NHS Research Ethics Committee approval. Data are collected on time-invariant variables (e.g. sex, genotype data, diagnosis data) alongside longitudinal data at approximately annual reviews clinic visits (e.g. clinical measurements, hospital admissions, health complications, chronic medications, microbiology, transplants and death). The registry was established in 1996 and in 2007, a new web-based data collection system was introduced which helped improve data quality. In 2016, the Registry moved to a new software platform with more advanced tools for data entry and tracking and started collecting data on treatment prescription start and stop dates. In this study we restrict to data from 2007 onwards, to make use of the higher quality data obtained after the web-based collection system was introduced. Data are entered onto the UK CF Registry by staff at CF centres in the UK using a secure web portal. The annual review proforma used provides details on the data available in the Registry [24].
4. Research Methods
In this section we outline how the four target trials will be emulated using data from the UK CF Registry. In section 4.1. we describe aspects that are of relevance to all four trial emulations, including selecting the calendar time-period from which data will be used, defining “time zero”, and defining follow-up. In sections 4.2-4.5 we provide the full details of protocols for the target trials and the corresponding trial emulations. Section 4.6. provides an overview of the statistical analysis plans.

4.1 Setting
4.1.1Calendar time-periods
For each trial emulation, we consider using data from three calendar time-periods of three year’s duration. The first time-period corresponds to that used in the associated target trial. Using data from the same years as the target trial will ensure similar clinical settings between the target and emulated trials. However, performing a trial emulation using data from this time-period is not possible if: (1) the target trial was conducted prior to 2007 (as we restrict to data from 2007 onwards) or (2) the treatments under investigation in the target trial were not yet approved for use in CF in the UK (this would prevent us from finding sufficient numbers of people following the desired treatment strategies). Table 2 summarises the time-periods for the target trial and whether the original time-periods are possible to emulate.
	Table 2: Target trial time-periods and the feasibility of using these time-periods in trial emulations

	Target trial 
	Target trial time-period
	Possible to emulate?

	1 
	2008-2010
	× Aztreonam was approved for use in the UK in 2015. 

	2
	2003-2007
	× Trial was conducted prior to 2007.

	3 
	2007-2009
	 

	4 
	2000-2002
	× Trial was conducted prior to 2007.



The second time-period considered is 2016-2018. This uses more recent data but ends before disease modifying treatments called CFTR modulators became widespread in clinical practice. The third time-period uses the most recent data available from 2020-2023. This allows us to compare results from the emulated trials pre- and post- the introduction of CFTR modulators. Both time-periods (pre-modulator: 2016-2018 and post-modulator: 2020-2023) are feasible for all target trials. 
For each time-period, the first two years are used as the “recruitment-period”, defined as the period during which individuals are considered for inclusion in the emulated trial. Individuals are included in the emulated trial data if they meet the inclusion and exclusion criteria in at least one of their visits during the recruitment-period. Details on eligibility criteria are provided in Tables 3,5,7 and 9.
4.1.2 Definition of time zero (0) and the index visit
A key consideration is how to define the time of treatment initiation in the emulated trial – we refer to this as time zero (0), and it is analogous to the time of randomisation in a randomised trial. Time is denoted using  and is measured in weeks after time 0. Previous trial emulations [13-15] using these data have defined time 0 as the date of the annual review for which individuals meet the eligibility criteria. However, this does not necessarily align with the true date of treatment initiation. In the UK CF Registry, treatment use is recorded as a yes/no indicator indicating whether treatment has been prescribed any time over the past year. Therefore, we extract information on treatment use from the annual review subsequent to the review at which eligibility criteria were met. Defining time 0 as the date of the annual review for which individuals meet the eligibility criteria assumes that individuals initiated treatment on the date of that review when in reality, they may have initiated treatment at any point during the following year. This misalignment between time 0 and true treatment initiation may result in time-related biases. 
In 2016, treatment prescription dates were first captured in the registry and these data can be used to more accurately define time 0. We describe two different approaches to the definition of time 0: (1) using annual review data only and (2) using prescription dates data. Figure 2 summarises the differences between the two definitions. Approach (1) will be used to define time 0 in trial emulations using data pre-2016. Both approaches will be used, and compared, in trial emulations using data post-2016. 
When defining treatment groups, the “treatment strategy” will refer to the active treatment under study in the trial. The “control strategy” will refer to the comparator treatment strategy. Note that the control strategies include emulations of treatment strategies from placebo-controlled trials and active comparator trials. Individuals whose data are not consistent with either the treatment or control strategy will not be included in the emulated trial. The strategies are defined in sections 4.2.2, 4.3.2, 4.4.2 and 4.5.2.  
Approach 1: Using annual review data only 
Within each time-period, the index visit for a given individual is the first annual review visit at which they meet the eligibility criteria in the 2-year recruitment period. The follow-up visit is the next visit after time 0, where the date of that visit falls within 72 weeks after time 0. On average, we expect follow-up visits to be approximately 1 year after the index visit. We extend our follow-up time to 72 weeks to include data from individuals who have longer periods of time between clinical review visits.  Individuals are included in the treated group if their treatment data is consistent with the treatment strategy at the follow-up visit. Individuals whose data are consistent with the control strategy at the follow-up visit are included in the control group. For both treated and control individuals, time 0 is defined as the date of the index visit. We use treatment information at the follow-up visit because the information recorded on treatment use at the annual review refers to treatment use over the past year. 
Approach 2: Using annual review data and prescription dates data
In this approach, the index visit is defined as above. For control strategies which involve no treatment use (e.g., placebo), individuals are included in the control group if they do not have a prescription start date for the active treatment in the time between the index date and the subsequent annual review. Time 0 and the follow-up visit are then defined as above. For treatment strategies and control strategies which involve active treatments, individuals are included in the relevant groups if the prescription start dates data are consistent with the relevant treatment strategy in the time between the index visit and the subsequent annual review. For example, if a control strategy is defined as taking tobramycin but not aztreonam, the data would be consistent with this strategy if there was a start date for tobramycin and no start date for aztreonam. Time 0 is defined as the first date post-index visit at which the active treatment is prescribed (in our example, time 0 would be the prescription start date for tobramycin). The follow-up visit is defined as the next annual review visit which falls within 72 weeks after time 0.  
Figure 2: Illustration of the different ways of defining time 0. In this example, we assume the study uses data from 2016-2018 and 2016 is the first year in which the eligibility criteria are met, and time is measured in years since the index visit. 
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4.1.3 Follow-up period
The follow-up period for all target trials was 168 days (i.e., 24 weeks). The follow-up times in the emulated trials (i.e., the time between time 0 and the follow-up visit) will differ between individuals and will range from 0 to 72. 
4.2 Target and emulated trial 1: Eligibility criteria, treatment strategies and outcomes 
In this section, we provide details on how target trial 1 will be emulated using the UK CF Registry data. Section 4.2.1 provides details on the eligibility criteria; section 4.2.2 describes the treatment strategies and section 4.2.3 lists the primary and secondary outcomes. 
4.2.1 Eligibility criteria 
Table 3 details the inclusion and exclusion criteria used in target trial 1 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 3: Eligibility criteria for target trial 1 and the associated emulated trial 

	Target trial
	Emulated Trial

	Inclusion criteria:
1. Males or females aged 6 years and older
2. Subjects with diagnosed CF. 
3. Documented Pseudomonas aeruginosa in an expectorated sputum or throat swab culture within 3 months prior to screening visit.
4. Subjects must be able to provide written informed consent as necessary prior to any study related procedure. 
5. Subjects must have received previous treatment with aerosolised antibiotics without demonstration of drug intolerance.
6. FEV1%<75% predicted at screening visit
7. Ability to perform reproducible pulmonary function tests.
8. Chest radiograph at screening visit without significant acute findings.

Exclusion criteria:
1. Current use of oral corticosteroids in doses exceeding the equivalent of 10mg prednisone a day or 20mg prednisone every other day.
2. History of sputum or throat swab culture yielding Burkholderia cepacia in the previous 2 years.
3. Current requirement for daily continuous oxygen supplementation or requirement for more than 2 L/minute at night.
4. Administration of any investigational drug or device within 28 days of screening visit or within 6 half-lives of the investigational drug (whichever is longer).
5. Known local or systemic hypersensitivity to monobactam antibiotics.
6. Known allergies/intolerance to tobramycin.
7. Inability to tolerate inhalation of a short acting beta agonist.
8. Changes in or initiation of chronic azithromycin treatment within 28 days prior to screening visit. 
9. Administration of antipseudomonal antibiotics by inhalation, intravenous or oral routes within the 14 days prior to randomisation.
10. Changes in antimicrobial, bronchodilator, dornase alfa, or corticosteroid medications within 7 days prior to screening visit. 
11. Changes in physiotherapy technique or schedule within 7 days prior to screening visit. 
12. History of lung transplantation. 
13. Abnormal renal or hepatic function or serum chemistry at screening visit, defined as aspartate aminotransferase (AST), alanine aminotransferase (ALT)>5 times upper limit of normal range (ULN) or creatinine > 2times ULN.
14. Positive pregnancy test at screening visit.
15. Female of childbearing potential who is lactating or is not (in the opinion of the investigator) practicing an acceptable method of birth control.
16. Any serious or active medical psychiatric illness, which in the opinion of the investigator, would interfere with patient treatment, assessment, or compliance with the protocol.
	Inclusion criteria:
1. Males or females aged 6 years and older.
2. NA - we assume people observed in the UK CF Registry have a CF diagnosis.
3. Record of Pseudomonas aeruginosa growth at index visit. 
4. NA. Patient consent is given prior to entering the registry. 
5. No record of intolerance to inhaled antibiotics and any previous record of inhaled antibiotics use. 
6. FEV1% <75% predicted at index visit,
7. Any previous record of FEV1% (this indicates ability to perform these tests).
8. Unable to emulation this criterion. 




Exclusion criteria:
1. Current prescription of oral corticosteroids.
2. Record of Burkholderia cepacia bacterial growth at the index visit, or any annual review within 2 years prior to index visit. 
3. Currently using continuous oxygen therapy.
4. Unable to emulate this criterion.
5. Unable to emulate this criterion.
6. Intolerant to tobramycin.
7. Unable to emulate this criterion.
8. Change in or initiation of chronic azithromycin within 28 days prior to index visit. 
9. Prescription of antipseudomonal antibiotics (i.e., colistin, tobramycin, amikacin, aztreonam, IV antibiotics). 
10. Changes in nebulised antibiotics, azithromycin, bronchodilator, dornase alfa, or corticosteroid medications within 7 days prior to index visit. 
11. Unable to emulate this criterion as physiotherapy dates are not available. 
12. History of organ transplantation. 
13. Abnormal renal or hepatic function or serum chemistry, defined as AST or ALT > 5 x ULN or serum creatinine > 2 x ULN
14. Individual has record of undelivered pregnancy.
15. Unable to emulate this criterion.
16. Unable to emulate this criterion.



4.2.2 Treatment strategies
Target trial 1 compared the following treatment strategies: 
(1) Active: Aztreonam for inhalation solution (AZLI). 75mg is administered 3 times a day for 28 days for each treatment cycle via the PARI eFlow electronic nebulizer. 
(2) Comparator: Tobramycin inhalation solution (300mg) administered 2 times a day for 28 days for each treatment cycle via the PARI LC Plus nebulizer with compressor or via another nebulizer compatible with country-specified labelling.
We will emulate these using data on treatment prescription (either using prescription dates or data from annual reviews). The active group will include people who are recorded as taking aztreonam and not tobramycin and the comparator group will include people who are recorded as taking tobramycin and not aztreonam.
4.2.3 Outcomes 
Table 4 details the outcomes investigated in target trial 1 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 4: Outcomes for target trial 1 and the associated emulated trial 

	Target trial
	Emulated trial

	Primary outcomes:
1. Relative change from baseline in FEV1% at day 28 (calculated using Knudson equations)
2. Mean actual change from baseline in FEV1% across 3 treatment courses:
a. Course 1 (Week 4)
b. Course 2 (Week 12)
c. Course 3 (Week 20)

Secondary outcomes:
1. Relative change from baseline in FEV1% at day 28 in subjects who received inhaled tobramycin for >84 days in the 12 months prior to randomisation.
2. Mean actual change from baseline in FEV1% across 3 treatment courses in subjects who received inhaled tobramycin for >84 days in the 12 months prior to randomisation. 
3. Time to need for intravenous antipseudomonal antibiotics for respiratory events. 
4. Time to first respiratory hospitalisation.
	Primary outcomes: 
1. Same as target trial
2. Same as target trial







Secondary outcomes:
1. Same as target trial 
2. Same as target trial 
3. Same as target trial
4. Time to first hospitalisation. 




4.3 Target and emulated trial 2: Eligibility criteria, treatment strategies and outcomes 
In this section, we provide details on how target trial 2 will be emulated using the UK CF Registry data. Section 4.3.1 provides details on the eligibility criteria; section 4.3.2 describes the treatment strategies and section 4.3.3 lists the primary and secondary outcomes. 
4.3.1 Eligibility criteria 
Table 5 details the inclusion and exclusion criteria used in target trial 2 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 5: Eligibility criteria for target trial 2 and the associated emulated trial 

	Target trial
	Emulated trial

	Inclusion criteria:
1. Males or female aged 6 years and above.
2. Patients who are receiving Tobi in a cycle of 28 days active therapy followed by 28 days of rest from treatment.
3. Patients who, on the first day of trial medication administration (Visit 1), will have received a minimum of 2 Tobi on/off cycles immediately prior to randomisation.
4. If the patient is female and post-menarche/pre-menopausal and heterosexually active, the patient must be using adequate effective contraceptive methods.
5. Patients are required to be non-smokers or a past smoker who has not smoked within the past 12 months prior to Visit 1.
6. Each patient or parent/guardian must be capable to reading and understanding informed consent and the clinical trial information leaflet.
7. Patients must have a documented diagnosis of CF from a specialist CF unit (genotype and/or positive sweat tests).
8. Current CF condition must be clinically stable in the investigator’s opinion i.e., there must be no evidence of a current acute respiratory exacerbation at Visit 1. 
9. FEV1% must be at least 25% but no more than 75%. 
10. Patients with Pseudomonas aeruginosa (PA) infection (including colonisation), defined as either:
a. ≥ 50% samples (minimum of 3 samples: sputum samples or throat swabs) positive for PA over the previous 12 months prior to the first day of trial medication administration (Visit 1) OR
b. two samples (sputum samples or throat swabs) positive for PA over the previous 6 months prior to the first day of trial medication administration (Visit 1).
11. Patients’ lung function must be clinically stable (investigators decision) after completing IV therapy (elective or treatment for exacerbation) at Visit 1 prior to randomisation.
12. Patients who, on the first day of trial medication administration, will have had at least 28 but no more than 35 days off TOBI. 

Exclusion criteria:
1. Known sensitivity, or previous intolerance, to colistimethate sodium or beta2 agnoists. 
2. Administration of any investigational drug within 28 days prior to first trial medication administration. 
3. Patients who have received treatment which has permanently reduced Pseudomonas aeruginosa infection status will not be included (e.g., effective anti-pseudomonal vaccination and gene therapy).
4. Existence of any pre-study medical conditions which, in the judgement of the investigator, warrants exclusion from the study.
5. Patients who are pregnant or breast-feeding, or who plan to become pregnant during the study period.
6. Inability to communicate or co-operate with the investigator due to language problems, poor mental development or impaired cerebral function.
7. Objection by the patient’s usual CF caregiver to their participation in the study.
8. Inability to comply with any of the study procedures or the study regimen (including inability to use study devices).
9. Laboratory parameters failing outside the expected normal ranges for CF (investigator decision).
10. Children who in the opinion of the investigator would not be reliable in handling the devices.
11. Patients who, at Visit 1, will have had less than 28 days off inhaled colistin. 
12. Patients who, at Visit 1, are receiving anti-pseudomonal agents specifically for the treatment of an exacerbation or pre-scheduled prophylactic courses of oral antibiotics. Long-term use of antibiotics for prophylaxis or anti-inflammatories is permitted, provided the regimen has been used for at least 28 days and is planned to continue throughout the study.
13. Patients who need to receive other anti-pseudomonal agent as part of their standard care during the off-cycle of Tobi.
14. Patients who are infected/colonised with Burkholderia cepacia.
15. Patients who are complicated by symptoms related to ABPA.
16. Patients who are awaiting heart-lung or lung transplantation, where the transplant is likely to take place within 6 months of the first day of trial medication administration.
	Inclusion criteria:
1. Males or female aged 6 years and above.
2. People who are prescribed tobramycin at index visit. 
3. People who have been prescribed. tobramycin for a minimum of 2 on/off cycles (i.e., at least 4 months of tobramycin use). 
4. Unable to emulate this criterion.
5. Non-smokers. 
6. NA – consent to be in the Registry has been obtained.
7. NA – assume people in the Registry have a documented diagnosis of CF.
8. Unable to emulate this criterion. We assume clinical stability at index visit. 
9. FEV1% must be at least 25% but no more than 75%. 
10. Record of Pseudomonas aeruginosa bacterial growth at index visit. 
11. Unable to emulate this criterion
12. Individuals who have had at least 28, but no more than 35, days off tobramycin. 

































Exclusion criteria:  
1. Intolerant to colistin. 
2. Unable to emulate this criterion 
3. People who have gone from chronic/intermittent Pseudomonas aeruginosa to negative Pseudomonas aeruginosa status. 
4. Unable to emulate this criterion 
5. Individuals with an undelivered pregnancy. 
6. NA 
7. NA
8. NA
9. Unable to emulate this criterion
10. NA
11. People who have had less than 28 days off inhaled colistin. 
12. Unable to emulate this criterion. Reasons for treatment prescription are not recorded in the Registry. 
13. Unable to emulate this criterion.
14. Record of Burkholderia cepacia bacterial growth.
15. Record of ABPA.
16. Unable to emulate criterion



4.3.2 Treatment strategies
Target trial 2 compared the following treatment strategies: 
(1) Active: Colobreathe dry powder for inhalation (CDPI, one capsule containing colistimethate sodium 1 662 500 IU, twice daily)
(2) Comparator: Three 28-day cycles with twice-daily 300mg/5ml tobramycin inhaler solution (TIS) 
We will emulate these using data on treatment prescription (either using prescription dates or data from annual reviews). The active group will include people who are recorded as taking colistin and not tobramycin and the comparator group will include people who are recorded as taking tobramycin and not colistin.
4.3.3 Outcomes 
Table 6 details the outcomes investigated in target trial 2 and how we plan to emulate these criteria using the UK CF Registry data.  
	Table 6: Outcomes for target trial 2 and the associated emulated trial 

	Target trial
	Emulated trial

	Primary outcomes:
1. Change in mean FEV1% from baseline at week 24. (Knudson equations used). 

Secondary outcomes:
1. Changes in microbiological sensitivity of Pseudomonas aeruginosa in each treatment group as measured by in-vitro MIC. 
2. Quality of life.
3. Nutritional status (weight and BMI)
4. Time to first acute respiratory exacerbation.
5. Time to first use (and duration of use) of additional anti-pseudomonal intravenous or oral antibiotics administered for the management of acute respiratory exacerbation.
	Primary outcome: 
1. Same as target trial. 



Secondary outcomes:
1. Unable to emulate.
2. Unable to emulate.
3. Weight and BMI z-score.
4. Unable to emulate.
5. Time to first use of IV antibiotics home or hospital. 



4.4 Target and emulated trial 3: Eligibility criteria, treatment strategies and outcomes 
In this section, we provide details on how target trial 3 will be emulated using the UK CF Registry data. Section 4.4.1 provides details on the eligibility criteria; section 4.4.2 describes the treatment strategies and section 4.4.3 lists the primary and secondary outcomes. 
4.4.1 Eligibility criteria 
Table 7 details the inclusion and exclusion criteria used in target trial 3 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 7: Eligibility criteria for target trial 3 and the associated emulated trial 

	Target trial
	Emulated trial

	Inclusion criteria:
1. Male or female, aged 6-18 years.
2. Confirmed diagnosis of CF.
3. Written informed consent.
4. Clinically stable at enrolment as assessed by the site investigator. 
5. FEV1%>50.
6. Ability to comply with medication use, study visits, and study procedures.
7. Ability to swallow a 250mg tablet.



Exclusion criteria:
1. Weigh less than 18.0kg.
2. Respiratory culture positive for Pseudomonas aeruginosa, NTM, or Burkholderia cepacia complex within 1 year or at screening, or AFB positive at screening.
3. Allergy to macrolide antibiotics. 
4. Use of macrolide antibiotics within 60 days of screening.
5. Use of systemic corticosteroids or intravenous or oral antibiotics within 14 days of screening.
6. Initiation of high dose ibuprofen, dornase alfa, hypertonic saline or aerosolized antibiotics within 30 days of screening.
7. Chronic therapy with drugs known to have rare but serious interactions with azithromycin: amiodarone, digoxin, disopyramide, lovastatin, pimozide, rifabutin and nelfinavir.
8. Investigational drug use within 30 days of screening.
9. Laboratory abnormalities (creatinine, liver function, or neutropenia) at screening and confirmed at follow-up testing prior to randomisation.
10. History of biliary cirrhosis, portal hypertension, or splenomegaly, or splenomegaly on physical exam.
11. History of ventricular arrhythmia. 
12. Other major organ dysfunction, excluding pancreatic dysfunction.
13. History of lung transplantation or currently on lung transplant list. 
14. Relative decrease FEV1% >20 between the screening and enrolment visit.
15. Positive serum pregnancy test at screening.
16. Pregnant, breastfeeding, or if post-menarche female, unwilling to practice birth control during participation in the study. 
17. History of alcohol, illicit drug or medication abuse within 1 year of screening in the judgement of the site investigator. 
18. Presence of a condition or abnormality that in the opinion of the site investigator would compromise the safety of the subject or the quality of data.
	Inclusion criteria:
1. Males or females aged 6-18 years.
2. NA – assume confirmed diagnosis of CF if they are in the Registry.
3. NA – written consent to be in Registry has been obtained
4. NA – assume clinical stability at annual review visits.
5. FEV1%>50.
6. NA – assume ability to comply with medication use. 
7. NA – assume ability to swally tablet.

Exclusion criteria:
1. Weigh less than 18.0kg.
2. Positive growth cultures for Pseudomonas aeruginosa, NTM or Burkholderia cepacia at index visit or any annual review within 1 year prior to index visit. 
3. Intolerance to macrolides.
4. Prescription of macrolides within 14 days prior to index visit. 
5. Prescription of systemic corticosteroids or oral antibiotics, use of IV antibiotics. 
6. Prescription of high dose ibuprofen, dornase alfa, hypertonic saline or inhaled antibiotics.
7. Unable to emulate this criterion.
8. Unable to emulate this criterion.
9. Abnormal renal or hepatic function or serum chemistry, defined as AST or ALT > 5 x ULN or serum creatinine > 2 x ULN.
10. History of portal hypertension.
11. History of arrhythmia (bradycardia or tachyarrhythmia).
12. Kidney/renal complications (including hypertension).
13. History of lung transplantation.
14. Unable to emulate this criterion
15. Unable to emulate this criterion
16. Individuals with an undelivered pregnancy.
17. Unable to emulate this criterion.
18. Unable to emulate this criterion.




4.4.2 Treatment strategies
Target trial 3 compared the following treatment strategies: 
(1) Active: One azithromycin 250mg tablet three times weekly for patients who weigh 40-79 lbs. Two azithromycin 250mg tablets three times weekly for patients who weigh greater than or equal to 80 lbs. 
(2) Comparator: One placebo pill three times weekly for patients who weigh 40-79 lbs. Two placebo pills three times weekly for patients who weigh greater than or equal to 80lbs.
We will emulate these using data on treatment prescription (either using prescription dates or data from annual reviews). The active group will include people who are recorded as taking azithromycin and the comparator group will include people who are not recorded as taking azithromycin.  
4.4.3 Outcomes and follow-up period
Table 8 details the outcomes investigated in target trial 3 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 8: Outcomes for target trial 3 and the associated emulated trial 

	Target trial
	Emulated trial

	Primary outcome:
1. Change in FEV1% from baseline to end of treatment at day 168. 

Secondary outcomes:
1. Additional pulmonary function end points
2. Pulmonary exacerbations
3. Changes in weight and height
4. Use of new antibiotics
5. Hospitalisations
6. Changes in microbiology 
	Primary outcome: 
1. Same as in target trial.


Secondary outcomes:
1. FVC1%. 
2. Unable to emulate. 
3. Same as target trial. 
4. Same as target trial. 
5. Same as target trial. 
6. Same as target trial. 



4.5 Target and emulated trial 4: Eligibility criteria, treatment strategies and outcomes 
In this section, we provide details on how target trial 4 will be emulated using the UK CF Registry data. Section 4.5.1 provides details on the eligibility criteria; section 4.5.2 describes the treatment strategies and section 4.5.3 lists the primary and secondary outcomes. 

4.5.1 Eligibility criteria 
Table 9 details the inclusion and exclusion criteria used in target trial 4 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 9: Eligibility criteria for target trial 4 and the associated emulated trial 

	Target trial
	Emulated trial

	Inclusion criteria:
1. Males or female aged 6 years and above.
2. A documented diagnosis of CF.
3. Weight of 25kg or more.
4. Chronic infection with Pseudomonas aeruginosa, defined by a positive respiratory tract culture 1 year or more before screening and at screening.
5. FEV1%>30.


Exclusion criteria:
1. Burkholderia cepacia complex isolated from the respiratory tract at screening or within 2 years or screening.
2. Nontuberculous mycobacteria within 2 years of screening or acid-fast bacillus smear positive at screening.
3. History of biliary cirrhosis or portal hypertension, splenomegaly on examination, or liver function results of 2 or more times the upper limit of normal.
4. Use of intravenous antibiotics, quinolones, or other oral antibiotics within 14 days of screening.
5. Use of systemic corticosteroids within 30 days of screening.
6. Initiation of tobramycin solution for inhalation, recombinant human dornase alfa solution, or high-dose ibuprofen within 60 days of screening. Long term use of these medication was permissible. 
	Inclusion criteria:
1. Males or female aged 6 years and above.
2. NA – Assume people in the Registry have a documented diagnosis of CF.
3. Weight of 25kg or more.
4. Recorded Pseudomonas aeruginosa infection at index visit or any annual review within 1 year prior to index visit. 
5. FEV1%>30.


Exclusion criteria: 
1. Burkholderia cepacia recorded at index visit or within 2 years prior to index visit. 
2. Nontuberculous mycobacteria within 2 years prior to index visit. 
3. History of biliary cirrhosis or portal hypertension, or liver function results of 2 or more times the upper limit of normal. 
4. Use of intravenous antibiotics or other oral antibiotics within 14 days of index visit.
5. Use of oral corticosteroids within 30 days of the index visit. 
6. Initiation of tobramycin solution for inhalation, dornase alfa or high-dose ibuprofen within 60 days of index visit. 



4.5.2 Treatment strategies
Target trial 4 compared the following treatment strategies: 
(1) Active: Azithromycin as 250-mg tablets. Participants who weighed less than 40kg take 1 tablet 3 days a week and participants who weight 40kg or more take 2 tables 3 days a week.  
(2) Comparator: Placebo tablets. Participants who weighed less than 40kg take 1 tablet 3 days a week and participants who weight 40kg or more take 2 tables 3 days a week.  
We will emulate these using data on treatment prescription. The active group will include people who are recorded as taking azithromycin and the comparator group will include people who are not recorded as taking azithromycin.
4.5.3 Outcomes and follow-up period
Table 10 details the outcomes investigated in target trial 4 and how we plan to emulate these criteria using the UK CF Registry data. 
	Table 10: Outcomes for target trial 4 and the associated emulated trial 

	Target trial
	Emulated trial

	Primary outcomes:
1. Change from baseline in FEV1% at day 168 (calculated using Knudson equations)
2. Safety, as determined by adverse events including:
a. Self-reported symptoms
b. Physical findings
c. Laboratory tests
d. Audiology 
e. Microbiology

Secondary outcomes:
1. Change in FVC1%
2. Change in body weight
3. Time until first pulmonary exacerbation. 
4. Number of pulmonary exacerbations. 
5. Hospitalisation rates.
6. Use of non-quinolone oral antibiotics.
7. Changes in inflammatory markers.
8. Quality of life. 

Exacerbations were defined as the use of intravenous antipseudomonal antibiotics or oral quinolones for 7 or more days. 
	Primary outcomes: 
1. Same as target trial. 
2. Safety, as determined by hearing loss. The remaining safety outcomes in the target trial are not recorded in the UK CF Registry. 






Secondary outcomes:
1. Same as target trial. 
2. Same as target trial.
3. Time until first use of intravenous antibiotics (for 7 days or more). 
4. Unable to emulate. 
5. Unable to emulate.
6. Unable to emulate.
7. Unable to emulate.
8. Unable to emulate. 




4.6 Statistical Analysis Plan 
4.6.1 Notation
Let  denote an indicator variable for treatment strategy ( indicates active treatment and  indicates comparator). Let  denote the potential outcome under treatment  at time  where  denotes weeks after  Similarly, let  denote the potential outcome under treatment  at time  Finally,  denotes the minimally sufficient set of confounding variables. 
4.6.2 Causal estimands of interest
In all trial emulations, the primary outcome is FEV1%, which is a continuous outcome. Secondary outcomes involve variety of variable types including continuous, binary and time-to-event. Here we define the causal estimand of interest for continuous, binary and time-to-event outcomes, using the potential outcomes framework.
For continuous outcomes, the causal estimand of interest is the difference in expected means: 
	

	(1)


For FEV1%, this will be interpreted as the expected difference in FEV1% between two hypothetical worlds: one in which everyone follows the active treatment strategy and one in which everyone follows the comparison treatment strategy. 
For binary outcomes, the causal estimands of interest will include odds ratios:
	

	(2)


and risk ratios:
	
	(3)

	
	


For time-to-event outcomes, the cause specific hazard function will be of interest:
	Hazard function:  

	


where T is the event time and  denotes the event of interest (as opposed to competing events such as death or organ transplant). The estimand of interest will be the cause specific hazard ratio:
	
	(4)


Where  and  are the potential cause specific hazards at time  under treatment  and , respectively We assume this ration is constant over time. 
These estimands are average treatment effects (ATE). The expectations and probabilities refer to the population of individuals meeting the trial eligibility criteria. 
4.6.3 Main analysis
In our analyses, we assume positivity, no interference, consistency and conditional exchangeability (conditional on ) [25]. For each trial emulation, directed acyclic graphs will be developed to help inform which variables must be included in the adjustment set, We will then use augmented inverse-probability-of-treatment weighting (AIPTW) to control for potential confounding by . AIPTW involves defining a treatment model (i.e., the propensity score model) and an outcome model. The AIPTW estimator for  is then given by:
	

	(5)


The probability of treatment,  will be estimating using logistic regression with treatment indicator as the outcome and including as linear predictor terms. The conditional expectations  will be estimated using multivariable linear regression models conditional on treatment, covariates, time and an interaction between treatment and time: 
	
	(6)



Including time in the model allows different individuals to have different follow-up times relative to time 0. Estimates of  will be obtained using predictions from model (6) by plugging in  The estimator in equation 5 can be used to estimate and  and the difference between these two expectations is an estimate of the average treatment effect in the population. Standard errors can be obtained based on the efficient influence function [26]. 
The distribution of weights will be assessed using summary statistics and plots. Standardised mean differences will be used to compare the balance in the distribution of confounders between treatment and control groups in the original and weighted samples.
4.6.4 Secondary outcomes 
The secondary outcomes include continuous variables (FEV1%, FVC%, BMI z-score and weight), binary outcomes (use of new antibiotics and changes in microbiology) and time-to-event outcomes (time to first need of IV antibiotics and time to first hospitalisation). Binary outcomes will be analysed using AIPTW but with logistic regression (if the interest is in odds ratios) or Poisson regression (if the interest is in risk ratios) for the outcome model. In time-to-event analyses, combining multivariable Cox models and propensity score weighting does not form a doubly robust estimator [27]. Versions of AIPW for time-to-event outcomes have been proposed, but these target survival probabilities rather than a hazard ratio [27]. Our estimand of interest is the cause-specific hazard ratio and these will be estimated using a weighted Cox regression. Censoring will occur at 72 weeks, or prior in the event of a competing event (death or organ transplant).  
4.6.5 Subgroup analyses
In each emulated trial, the main analysis will be conducted on the entire cohort of individuals who meet the eligibility criteria. However, in the post-modulator time period (2020-2023), it will be of interest to assess whether our findings differ between modulator users and non-users. We will repeat the analysis in subgroups of the cohort, defined by modulator use. We define three subgroups: (1) non-users, (2) ivacaftor-users and (3) elexacaftor/tezacaftor/ivacaftor -users. Dual-therapy users will be excluded from the subgroup analyses. 
4.6.6 Sensitivity analyses
A key assumption in our analysis is that there are no unmeasured confounders. Unfortunately, there may exist some factors that are associated with both treatment prescription and the outcome, which are not captured in the registry. Sensitivity to unmeasured confounders will be summarised using E-values. 
4.6.7 Missing data
We will summarise the amount of missing data in each variable by treatment group. If there is missingness in variables that are usually static for long time periods, we will use a simple imputation approach. For missing visits where the value of the variable recorded at the prior visit and subsequent visit are equal, we will assume the missing value is also equal and impute accordingly. This approach will be used for variables denoting infections or treatment use which can be assumed to be chronic. Missingness patterns in the remaining missing data will be explored. If there are missing outcomes that are missing at random conditional on then a complete case analysis is appropriate. If a complete case analysis is not appropriate, more complex missing data methods such multiple imputation by chained equations may be considered.
4.6.8 Comparison of results against the target trial 
Results from the trial emulations will be compared to those from the associated trials to determine whether they are compatible. We will use the following criteria, as were used in the RCT DUPLICATE Project [28]: 
(1) do the estimated ATEs from the emulated trials replicate the direction and statistical significance of the estimated ATE in the target trial?
(2) do the estimated ATEs from the emulated trials lie within the 95% confidence intervals for the ATE estimates reported in the target trial? 
(3) is there evidence against the null hypothesis of no difference between the ATE estimates from the emulated trials and that from target trial? To assess this, we calculate the standardised mean difference between the effect estimate obtained in the target trial and that obtained in the emulated trial. Evidence against the null hypothesis at the 5% level is indicated by a standardised mean difference greater than 1.96.
5. Potential sources of biases and limitations of the UK CF Registry data 
Results from the emulated trials will be compared to the target trials, with the assumption that the target trial results represent “the truth”. Target trials 3 and 4 were rated as low risk of bias and so it can be reasonably expected that the results presented in these trials are similar to the true underlying effects that are being estimated. However, target trials 1 and 2 were rated as having high risk of performance bias. These trials were described as open-label and so participants and clinicians were not blinded to treatment allocation. When interpreting our findings, we must take into consideration the risk of bias in the results of the target trials. 
There are also several limitations of the CF Registry data which may account for any differences in the results. Such limitations may lead to bias, or to differences in the study populations between the target and emulated trials. The details of these are discussed below. 
Limitations in emulating the target trials eligibility criteria 
Some criteria are impossible to emulate as the relevant variables are not collected in the registry, for example chest radiograph results. Other criteria may be impossible to emulate as they depend on the opinion of the investigator. Some of the eligibility criteria specify a timespan that is infeasible to emulate using the Registry data. For example, target trial 1 excluded participants who had changes in physiotherapy technique within 7 days prior to screening visit. Data on physiotherapy dates are not available in the CF Registry.  
Some of the target trials specify eligibility criteria based on laboratory results. While these are collected in the registry, we believe that they contain a large amount of missingness. If there is insufficient data on laboratory results in the Registry, proxy variables could be used. For example, the criterion “exclude individuals with liver function tests more than twice the laboratory upper limit” can be approximated by excluding individuals with recorded acute liver failure. 
Clinical stability at the time of treatment initiation is a common criterion for the target trials. We assume clinical stability at annual review visits, but when time 0 is defined for a date other than an annual clinical review visit, clinical stability cannot be assumed.  
Limitations in emulating the target trials treatment strategies  
Treatment strategies in the target trials are more precisely defined with respect to dosage. The Registry does not provide reliable data on treatment doses, and it is possible that individuals in the registry will take different doses to those given in the target trials. Moreover, there is no data on adherence and our emulated trials rely on data on treatment prescription, which may differ from actual treatment use. 
Limitations in emulating the target trials outcomes of interest
The target trials calculate the primary outcome, FEV1%, using the Knudson equations [29]. We will use the Global Lung Initiative (GLI) equations [30] in the emulated trials as these are now more commonly used. Previous research suggests that results will be minimally affected by choice of reference equations [31]. 
A secondary outcome of interest is the time to first respiratory hospitalisation. Reliable data on reason for hospitalisation is not available in the Registry and we will use time to first hospitalisation as a proxy, assuming individuals are hospitalised for an exacerbation. Another secondary outcome of interest is the time to first IV antibiotics administered for respiratory exacerbation. Reasons for treatment prescription are not recorded in the Registry and so time to first prescription of IV antibiotics is used as a proxy variable with the assumption that the IV antibiotics are administered for respiratory exacerbation. 
Confounding bias
Our analyses rely on the assumption that all confounding of the treatment-outcome association is accounted for in the analysis. It is possible that there are some factors associated with both treatment and the outcome, that are not collected in the registry and may lead to residual confounding bias. We plan a sensitivity analysis to assess how sensitive our results are to unmeasured confounders. 
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This project will use anonymised data from the UK CF Registry, which has Research Ethics Approval (ref: 24/EE/0012). We will seek ethical approval from the London School of Hygiene and Tropical Medicine Ethics Committee. 
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