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Abstract
Background: The lung clearance index (LCI), derived from the Multiple Breath Washout (MBW) test, is sensitive to treatment effects and compared with spirometry has higher feasibility in younger children and requires smaller sample sizes. As a result, the LCI has been endorsed by the European CF Society Clinical Trials Network for use as a primary outcome measure in CF clinical trials.
Methods: Here we describe the implementation of standardised protocols for MBW test performance, data collection and quality control to successfully incorporate LCI as a novel outcome measure in a large multicentre phase III clinical trial.
Results:  Three regional (North America (NA), Europe (EU), Australia (AUS)) central over-reading centres (CORC) were established to provide a collaborative platform for MBW training, certification and quality control of data. 
One hundred and thirty-two naïve operators from 53 sites across NA, EU and AUS were successfully trained and certified to perform MBW testing.  Incorporation of a re-screening opportunity in the study protocol resulted a final screening feasibility rate of 93%, success remained high throughout the study resulting in an overall feasibility of MBW study data of 88.1% (1107/1257). MBW test acceptability was similar between geographical regions: NA (88%), EU (89%) and AUS (89%).
Conclusion:   With this approach we achieved high MBW test feasibility and sustained collection of good quality data, demonstrating the utility of LCI as an effective primary endpoint in the first international phase III clinical trial to report LCI as the primary outcome. 
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Abbreviations:
LCI – lung clearance index
MBW – multiple breath washout
CORC - central over reading centre
FEV1- forced expiratory volume in 1 second 
CF – cystic fibrosis
CFTR - cystic fibrosis transmembrane conductance regulator
CTN – clinical trials network
QC –quality control
ERS – European respiratory society
ATS – American thoracic society
TDN- therapeutics development network 
SOP – standard operating procedure
EELV- end-expiratory lung volume
N2 – nitrogen
[N2]- concentration of nitrogen
NRQ – not research quality
REDCap – research electronic data capture


1. Overview
[bookmark: _Toc529951272]Forced expiratory volume in 1 second (FEV1), measured by spirometry, has been a primary endpoint in cystic fibrosis (CF) clinical trials for many decades. However, as lung function improves for patients with CF, FEV1 now remains in the normal range for the majority of paediatric patients and a significant proportion of adults 1,2. The insensitivity of FEV1 to detect early lung disease and the beneficial effect of interventions has been highlighted by studies comparing spirometry with more sensitive lung function tests and imaging-based assessments of structural disease 2–5. In the era of highly effective cystic fibrosis transmembrane conductance regulator (CFTR) modulator therapies, more sensitive measures are needed both to evaluate new therapies and monitor patients clinically. Compared to FEV1, the Lung Clearance Index (LCI) measured by the Multiple Breath Washout (MBW) test offers greater sensitivity to detect the effects of intervention but also the ability to do so in smaller study subject numbers and with higher feasibility in younger children 3,4,6. LCI has also been endorsed by the European CF Society Clinical Trials Network (CTN) for use as a primary outcome measure in CF clinical trials 7. Within this report, we describe a standard MBW training, certification and quality control platform and the challenges faced to incorporate a novel outcome measure in a large clinical trial with 200 subjects and 50 sites around the world. Our approach resulted in high feasibility rates and data quality, and demonstrated the utility of LCI as an effective primary endpoint in a large phase III multicentre clinical trial 8. Other studies are ongoing or have since been completed using this approach (ClinicalTrials.gov Identifier: NCT02950883, NCT02797132, NCT03125395, NCT02742519, NCT02170025, NCT03068312, NCT03559062). A detailed discussion of the quality control criteria used is beyond the scope of this manuscript, but the interested reader is referred to a publication on that subject by this CORC network 9.
1.1 Rationale for a Standard Operating Procedure and a Central Over-Reading Centre Network
Successful incorporation of any lung function test into multicentre clinical trials requires standardised protocols outlining correct test performance and quality control (QC). Recent European Respiratory Society (ERS)/American Thoracic Society (ATS) MBW consensus work provided the basis for MBW standardisation and highlighted the additional complexity required for calibration, testing and data analysis, compared to conventional lung function tests such as spirometry 10. To facilitate successful implementation of MBW into multicentre clinical trials, a mechanism to establish the skills required to ensure high quality data collection through the course of the study was required. The Central Over-Reading Centre (CORC) network was formed in partnership with the North American CF Foundation Therapeutics Development Network (TDN) and the European CF Society Clinical Trials Network (CTN) for this purpose. This network is now comprised of three regional centres, located in Europe, North America and Australia. The CORC network provides a collaborative platform for MBW training, certification and quality control of data with the aim of high feasibility and good data quality throughout the course of an international phase III multicentre clinical trial. 
2. [bookmark: _Toc529951275][bookmark: _Toc357837601]Establishment of a CORC Network
Despite being first described over 70 years ago, MBW has yet to become a standard pulmonary function testing technique 11. When we began the process to establish the CORC network, expertise was concentrated in a small number of specialist centres. The choice of commercial device for the first international phase III multicentre clinical trial to use LCI as the primary outcome was based on several factors: existing validation, as specified by the ERS/ATS consensus statement, for the age range being studied 12; sufficient transparency to ensure adequate quality control during testing and post data processing; availability of the device in multiple centres in Europe and the availability of a sufficiently detailed step-by-step standard operating procedure (SOP) manual specific to the equipment. This does not imply that other devices cannot be used for this purpose, as shown in earlier phase II studies13,14, nor does it preclude implementation of other devices through the process in the future.
2.1 [bookmark: _Toc529951276]Standard Equipment and Operating Procedures
The ERS/ATS inert gas washout consensus statement represented the combined experience of a large number of MBW experts, and provided guidance to both manufacturers and operators in device development, operation and test performance 10.   Supporting documents, such as detailed SOP manuals, were subsequently produced to extend and supplement manufacturer produced instructions and to enable the end-user to adhere to the recommendations contained within the consensus statement 10. Manufacturers play a key role in this process by not only providing the necessary hardware and software to achieve validation criteria, but also by being flexible and transparent with software development to facilitate QC implementation. The CORC network participated in all aspects of this process. The SOP is available at https://lab.research.sickkids.ca/ratjen/mbw-centre/
3. [bookmark: _Toc529951277]Standardised MBW Training and Certification Program
1 [bookmark: _Toc529951278]
2 
3 
MBW Operator Training
The standardised MBW training curriculum was developed recognizing a wide range of potential experience, from naïve operators to individuals with significant past MBW experience. Since MBW is described as a tidal breathing test, many have the false impression of simplicity for test performance and equipment maintenance. To standardise and align training delivery, train-the-trainer sessions were held for members of the CORC network. 
The didactic portion of training aimed to provide background physiology and theory of MBW in order to align all attendees to the same knowledge base. The centralised training program was delivered face-to-face over two days and incorporated lecture-based theory, written material and hands-on practical teaching device set up, calibration and operation and an introduction to test acceptability criteria. To reflect the successful implementation approaches of many programs in the past, training was intentionally designed to build experience in testing older age groups, then, given the additional challenges with decreasing age, progress to the younger age ranges. Operators were taught key approaches for successful test outcomes, which centred on factors such as adequate time allocation, appropriate environment for testing and real time QC assessment. Each regional CORC continued to provide training sessions through the duration of the study.  
[bookmark: _Toc529951279]MBW Operator Qualification
Upon completion of training, and prior to collection of study data, each trainee was required to successfully collect qualification MBW tests to demonstrate independent consolidation of skills. Operators were asked to submit MBW tests for five self-selected subjects to their regional CORC for formal evaluation. The submitted tests had to include both healthy subjects and subjects with cystic fibrosis (or disease group specific for the intended study) within the age range being studied in the intended clinical trial. Qualification data was reviewed for acceptability based on formal QC criteria 9, developed from the recommendations in the MBW consensus guidelines. These test acceptability criteria, supported by objective thresholds where possible, were critical for consistency in reporting and feedback to operators. Acceptability criteria were derived from key QC features listed in the consensus document (Table 1). 
Table 1. Quality Control Protocol
	Grade
	Assessment of Washout
	Final Data Set 

	A
	· Exhaled volumes are appropriate for size for last 5 breaths of the pre-phase (before washout begins) and throughout washout phase of testing.
· Last breath of pre-phase and first breath of washout are tidal breaths. 
· End-expiratory lung volume (EELV) is stable during pre-phase and washout. 
· Flow is stable with passive expiratory phase (no forced exhalation) throughout testing.
· No evidence of cough, sigh, breath hold or leak. 
· End of test criteria met (three tidal breaths under the target concentration).
· Adequate time between trials for gas concentrations to re-equilibrate. 
	Yes

	B
	· EELV may be somewhat unstable.
· Flow is minimally to moderately variable +/- minor deviations from tidal breathing (swallow, short breath holds, etc.). 
· No evidence of increase in end-tidal N2 signal with sigh or larger breaths.  
	Yes

	C
	· Last breath of pre-phase and first breath of washout may be irregular. 
· Flow is moderately variable +/- evidence of irregular breaths.
· No clear evidence of leak. 
· Cough with no evidence of leak. 
· No evidence of increase in end-tidal [N2] with sigh or larger breaths during the last 5 breaths of the washout. 
	Yes

	D
	· Volumes are inappropriate for size (consistently <10 or >15 ml/Kg ideal body weight) for last 5 breaths of the pre-phase and throughout washout phase of testing.
· Washout has begun on a sigh or a very small breath.
· Significant instability of the volume/time trace (EELV).
· There is evidence of increase in end-tidal [N2] with sigh or larger breaths.
· Flow signal is significantly variable and/or not representative of relaxed tidal breathing (forced inspiration/exhalation).
	No

	F
	· Leak
· Inadequate time between trials
· End of test not met
	No


Table 1 Legend EELV: end expiratory lung volume; N2: nitrogen; [N2]: concentration of nitrogen
Criteria for a successful MBW test during qualification mirrored the study protocol which specified a minimum of two acceptable trials. Existing literature has shown that two trials provide an equivalent LCI estimate to three trials 15–18. The CORCs specified a minimum pass rate of 80% across the five qualification subjects for an operator to become qualified for MBW testing, which was in line with historical feasibility for MBW testing in research publications 10,19. Unsuccessful candidates received detailed written feedback within 10 business days on the areas where test criteria had not been met in addition to one-on-one discussion of specific areas of improvement, and were subsequently requested to resubmit further qualification tests for repeat evaluation.
[bookmark: _Toc529951281]Implementation of Standardized Quality Control 
Several mechanisms were put in place to maintain QC consistency throughout the study period. All CORC facility staff were initially aligned by scoring a centrally compiled set of example tests containing representative errors and test artefact seen during paediatric testing (Figure 1). Staff were required to demonstrate a minimum inter-reviewer agreement of 80% to become qualified reviewers. To ensure alignment throughout the study:
1) Monthly teleconferences provided a framework for discussion of any subjective areas of QC implementation. 
2) All MBW study data (each trial within each test occasion) was independently scored by two different CORCs. 
3) Third party reconciliation was employed for any data where two CORCs disagreed on test acceptability. 





Figure 1. Representative paediatric MBW tests
[image: C:\Users\Renee Jensen\AppData\Local\Microsoft\Windows\INetCache\Content.Word\New way Figure 1.tif]
Figure 1 Legend. Panel 1A: Acceptable test, Grade A; Panel 1B: Unstable baseline prior to initiation of washout, Grade D; Panel 1C: Leak, Grade F; Panel 1D: High degree of flow and volume variability, Grade D.

The CORCs provided ongoing site training and site support throughout the study. In addition, following formal QC assessment of data from each study visit, sites were issued MBW test acceptability reports (Figure 2) with detailed feedback on aspects to address and maintain.  Timely feedback to operators/sites was targeted to mitigate the risk of persistent errors and to improve future test quality. Sites were instructed to submit data as soon as possible after data collection and MBW quality reports were typically sent to the site within 10 business days of successful data submission. 
Figure 2: Sample MBW Quality Report
	Date of Test
	Study ID
	SPX Filename
	Test Occasion
	Trial
	Accepted/ Not Research Quality
	Reason not research quality
	Accepted Test Occasion

	2016-05-20
	Study1_001_1
	001_001_100
	Visit 1: Day 1
	1
	Accepted
	-
	Yes

	
	
	
	
	2
	Accepted
	-
	

	
	
	
	
	3
	Accepted
	-
	

	
	
	
	
	4
	NRQ
	Leak 
	

	Prominent Issue in Test
	LEAK: A leak was detected during the washout.  Trials with leak will not be considered usable for the final dataset.

	Advice for future testing
	Most leaks occur around the subject interface (mouthpiece/nose clip) - check for problems here first and adjust as necessary.  

	Summary Comments
	This was a successful test occasion (Trials 1-3 acceptable); good effort!
Trial 4: Leak breath #32


Figure 2 Legend NRQ: not research quality
4. [bookmark: _Toc529951282]Infrastructure to Support a CORC 
Administrative and information technology (IT) infrastructure were essential to facilitate both data management and secure flow of data throughout the study. All study data were stored centrally in a MBW device-specific database hosted on a secure server. Direct access to servers was restricted to authorized internet provider (IP) addresses provided only to over-readers within the CORC network. Study data were securely transferred between sites and regional CORCs via an encrypted online data transfer system.  Progress of submitted data throughout the over-reading process was tracked by the CORCs, in conjunction with study sponsors, to ensure that study data was submitted, fully reported and finalized in preparation for scheduled data transfers. Progress through each stage was logged in REDCap (Research Electronic Data Capture), an electronic data capture tool 20. MBW data were reconciled by the CORC network on a monthly basis, allowing the timely provision of accurate and regular data reports to the study sponsor. Staffing resources between the three CORCs included a data manager and administrative assistant as well as staff trained in respiratory physiology at each site to conduct the over-reading. The specific staffing needs fluctuated over the course of the trial according to study activity and timelines. Each CORC maintained at least 1 full-time equivalent staff for the duration of the study to carry out CORC related activities. 
5. [bookmark: _Toc529951287]Effectiveness of the CORC Network
1 [bookmark: _Toc529951288]
2 
3 
4 
5 
5.1 Standardised Training Program 
[bookmark: _Toc529951289]The following section summarises the results of our training and certification experience, and outlines the challenges encountered during the process. Nine over-readers across the three CORCs completed over-reader assessment and were certified to evaluate study data. The median (IQR) agreement of test occasions between over-readers was 95% (90, 95%). 
Over the study period, 132 operators from 53 sites attended training at one of the three CORCs (Table 2). Operators had a wide range of baseline MBW competency and came from a range of professional backgrounds, including those with, and without, formal lung function test training. Upon initial submission, 11 (8.3%) were unsuccessful, but following supportive feedback given within 10 business days, all were subsequently certified on repeat submission. Optimal translation of teaching through to certification requires not only effective teaching and access to the relevant equipment at local site, but also local infrastructural support for certification-specific testing and access to appropriate test subjects.
Table 2. Summary of MBW Certification outcomes
	CORC
	Operators
	Sites
	Operators requiring Resubmission
	Overall Success Rate

	North American
	88
	36
	8 (9%)
	88 (100%)

	European
	24
	12
	1 (4.2%)
	24 (100%)

	Australian
	20
	5
	2 (10%)
	20 (100%)

	TOTAL
	132
	53
	11 (8.3%)
	132 (100%)



An internal mechanism was used via questionnaires distributed to operators at the end of the two-day training program to confirm that operators felt adequately prepared for the certification stage of training. 
1 [bookmark: _Toc529951294]
2 
3 
4 
5 
5.1 
5.2 Evaluation of Study Data
Overall MBW feasibility from the first phase III multicentre clinical trial to report LCI as the primary outcome  was 88.1% (1107/1257) 8. Success rates at screening were slightly lower; 70% of tests submitted at initial visit were successful.  Incorporating a re-screening opportunity improved test feasibility and enabled a further 23% of study participants to achieve an acceptable test occasion, bringing the final feasibility rate at screening to 93%. Success rates remained high for the duration of the study, ranging from 83-87% across the five subsequent MBW test visits. Operators received supportive feedback after each test occasions (typically within 10 business days) similar to that given during the certification process. Overall acceptability was similar between the three geographical regions of testing sites: North America (88%), Europe (89%) and Australia (89%).
[bookmark: _Toc529951297]All trials for each study test occasion were independently over-read by a second CORC and demonstrated consistent results, with similar feasibility, regardless of which CORC was responsible for scoring. The acceptance rate was slightly higher by the North American CORC (87%) than for the European CORC (80%). Agreement between the two CORCs was 860/986 (87%). The LCI of each test was similar no matter which centre scored the test; mean (95% CI) difference in LCI between North American CORC and European CORC was -0.007 (95% CI -0.027, 0.012; p=0.47). The observed agreement between CORCs was similar to previously published inter-reviewer agreement during the development of the standardised QC approach9. 
1. 
2. 
3. 
4. 
5. 
5.1. 
5.2. 
4 
5 
5.1 
5.2 
Challenges arising during multicentre studies
In order to maintain high rates of acceptable study data throughout the study period, it is important to offer periodic, regional, study-specific webinars to review and reinforce key concepts and practical aspects of MBW testing. Highlighting problems encountered by sites and including the option for ad-hoc one-on-one webinars, or video-conferencing, with sites provides an additional opportunity to support effective operator performance. Additionally, allowing a mechanism for operators to report queries regarding quality control decisions is also important for operator learning and engagement. Operator queries were discussed at the monthly CORC teleconference and consensus decision across the three CORCs communicated back to the site as the final decision. 
The implementation of new MBW technology into multicentre clinical trials raised several administrative challenges.  Software updates released by the manufacturer over the course of the study may significantly impact study results 21,22. Ideally, all study data should be collected on the same software version throughout a study.  The unpredictable frequency of data submission required flexibility in staffing levels at CORC facilities. Prompt transfer of study data helped to regulate workload and anticipate staffing requirements. Close communication between the study sponsor, sites and the CORCs was crucial to maintain smooth data submission, reporting and site feedback.
6. [bookmark: _Toc529951299]Future Steps
[bookmark: _GoBack]As academic centres, the aim of the CORC facilities was not only to aid the implementation of a promising novel technique but also gain scientific knowledge and output from the process in order to facilitate and optimize the utilization of MBW and LCI in future research. Within busy clinical trial protocols, it is important to advocate for adequate trial design to maximise that chance of MBW fulfilling its potential. This is particularly relevant, given recent publications highlighting the detrimental effect of inappropriate time constraints on MBW testing 15,17,23. Double over-reading is an important component of quality control, but the optimal proportion of tests needed to be over-read in duplicate in order to maintain uniform application of QC criteria between CORCs remains to be confirmed. The strong feasibility and high quality data achieved over a 3-year period in this study has created a pool of MBW data which can be mined to further standardise MBW QC and develop evidence for objective thresholds of test acceptance/rejection. This has exciting potential to lead to automated approaches for QC implementation further aiding integration of MBW and LCI into future interventional studies and clinical care. Our experience has highlighted the need to develop more flexible approaches to operator training (e.g. online training modules, supervised remote training by other certified operators) to further improve training efficiency, but effectiveness needs to be formally assessed along the way to ensure high success rates achieved are maintained. Offering abbreviated ‘refresher’ training for previously certified operators may help compensate for long gaps between testing and/or studies. 
Our experience using MBW in the context of a large phase III multicentre clinical trial also provides a unique opportunity to provide feedback to manufacturers around software features that aid data collection. Recommended features include (1) transparency of software to adequately evaluate data quality, similar to established standardization of other pulmonary function tests 24, and (2) improving data management to allow collation of data from multiple sites for central over-reading, maximising data acquisition and subsequent output of final data to sponsor without the need for supplemental software. 
7. [bookmark: _Toc357837610][bookmark: _Toc529951300]Conclusion 
The CORC Network successfully supported a novel primary outcome measure in a large scale phase III multicentre clinical trial. High feasibility and good data quality was achieved throughout the study. Features which aided successful implementation of this novel technique are summarized in Table 3.  Future work will focus on making processes more efficient and using these datasets to further define objective thresholds for test acceptability. This experience provides insight into challenges that remain for future integration into clinical care. 
	Table 3. Summary of features which aided successful implementation of a novel technique into the multicentre clinical trial setting
· Consensus statement/Technical standard outlining components of equipment specifications and QC criteria
· Existing collaboration between researchers and manufacturers on device development leading to device validation
· Sufficiently detailed SOP outlining correct test performance and quality control in line with consensus recommendations
· Objective thresholds developed to support test acceptability criteria 
· Framework for training and certification targeted at the age group and disease being studied
· Administrative and IT infrastructure to direct and support data management
· Secure file transfer system to provide a centralized data storage facility with the ability to facilitate the safe transmission of data between sites, sponsor and CORCs
· Process to evaluate device hardware/software updates to decide about whether it is incorporated part way through trials
· Framework for timely site support through the study period
· Mechanism, in collaboration with the study sponsor/CRO to maintain prompt submission of study data by site personnel
· Screening visit to allow subject and operator to become familiar with the test, ensuring strong feasibility at study entry
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