N I H R National Institute for Journals Library
Health and Care Research

‘ '.) Check for updates

Efficacy and Mechanism Evaluation

Volume 10 e Issue 3 o August 2023
ISSN 2050-4365

Subacromial spacers for adults with

symptomatic, irreparable rotator cuff tears:
the START:REACTS novel group sequential
adaptive RCT

Andrew Metcalfe, Susanne Arnold, Helen Parsons, Nicholas Parsons, Gev Bhabra,
Jaclyn Brown, Howard Bush, Michael Diokno, Mark Elliott, Josephine Fox,

Simon Gates, Elke Gemperlé Mannion, Aminul Haque, Charles Hutchinson,
Rebecca Kearney, Iftekhar Khan, Tom Lawrence, James Mason, Usama Rahman,
Nigel Stallard, Sumayyah Ul-Rahman, Aparna Viswanath, Sarah Wayte,

Stephen Drew and Martin Underwood on behalf of the START:REACTS team

DOI 10.3310/TKJY2101



https://crossmark.crossref.org/dialog/?doi=10.3310/TKJY2101&domain=pdf




Subacromial spacers for adults with symptomatic,
irreparable rotator cuff tears: the START:REACTS
novel group sequential adaptive RCT

Andrew Metcalfee,>?” Susanne Arnolde,! Helen Parsonse,?
Nicholas Parsonse,! Gev Bhabrae,? Jaclyn Browne,!
Howard Bushe,? Michael Dioknoe,? Mark Elliotte,3
Josephine Foxe,* Simon Gatese,'> Elke Gemperlé Mannione,!
Aminul Haquee,! Charles Hutchinsone,?

Rebecca Kearneye,? Iftekhar Khane,! Tom Lawrences,?
James Masone,! Usama Rahmane,? Nigel Stallarde,!
Sumayyah Ul-Rahmane,! Aparna Viswanathe,’

Sarah Waytee,? Stephen Drewe? and Martin Underwoode??
on behalf of the START:REACTS team

"Warwick Medical School, University of Warwick, Coventry, UK

2University Hospitals Coventry and Warwickshire NHS Trust, Coventry, UK

SWMG, University of Warwick, Coventry, UK

4Patient Representative, Durham, UK

>Cancer Research UK Clinical Trials Unit, University of Birmingham, Birmingham, UK
*Bristol Medical School, University of Bristol, Bristol, UK

’South Tees Hospitals NHS Foundation Trust, Middlesbrough, UK

"Corresponding author

Disclosure of interests of authors

Full disclosure of interests: Completed ICMJE forms for all authors, including all related interests, are
available in the toolkit on the NIHR Journals Library report publication page at https:/doi.org/10.3310/
TKJY2101.

Primary conflicts of interest: Andrew Metcalfe, Helen Parsons, Elke Gemperlé Mannion, Charles
Hutchinson, James Mason, and Martin Underwood are co-investigators on two other NIHR-funded
trials: Robotic Arthroplasty: A Clinical and cost Effectiveness Randomised controlled trial (RACER)-Knee
and RACER-Hip (Andrew Metcalfe leads RACER-Knee), for which Stryker also fund treatment costs and
some imaging costs. As with the presented study, the full independence of the study team is protected
by legal agreements.

Andrew Metcalfe, Susanne Arnold, Helen Parsons, Nicholas Parsons, Elke Gemperlé Mannion, Aminul
Haque, Charles Hutchinson, Rebecca Kearney, Iftekhar Khan, James Mason, Nigel Stallard and Martin
Underwood all work on other NIHR-funded studies. Charles Hutchinson, Rebecca Kearney, James


https://orcid.org/0000-0002-4515-8202
https://orcid.org/0000-0001-8152-7610
https://orcid.org/0000-0002-2765-3728
https://orcid.org/0000-0001-9975-888X
https://orcid.org/0000-0002-3352-1852
https://orcid.org/0000-0003-3110-8594
https://orcid.org/0000-0001-9360-0504
https://orcid.org/0000-0002-6282-4270
https://orcid.org/0000-0003-4000-0198
https://orcid.org/0000-0003-0740-1096
https://orcid.org/0000-0003-3193-0975
https://orcid.org/0000-0002-6116-2420
https://orcid.org/0000-0003-3589-6751
https://orcid.org/0000-0003-3387-9229
https://orcid.org/0000-0002-8010-164X
https://orcid.org/0000-0001-6041-8837
https://orcid.org/0000-0002-1296-1891
https://orcid.org/0000-0001-9210-4082
https://orcid.org/0000-0002-7558-689X
https://orcid.org/0000-0001-7781-1512
https://orcid.org/0000-0002-1188-0264
https://orcid.org/0000-0001-5018-6761
https://orcid.org/0000-0002-1565-6171
https://orcid.org/0000-0002-9523-682X
https://orcid.org/0000-0002-0309-1708
https://doi.org/10.3310/TKJY2101
https://doi.org/10.3310/TKJY2101




Mason and Martin Underwood are or have been members of funding panels in NIHR, although not on
the EME programme. Rebecca Kearney is chair of the NIHR Programme Grants for Applied Research
(PGFfAR) committee, a paid position in NIHR but unrelated to the trial. She is also a previous chair of the
NIHR Research for Patient Benefit (RfPB) committee and previous member of the Health Technology
Assessment (HTA) Clinical Evaluation and Trials Committee and NIHR Integrated Clinical Academic (ICA)
doctoral committee. Martin Underwood was a member of the NIHR Journals Library Editors Group and
HTA Commissioning Committee. Until March 2021 he was an NIHR Senior Investigator. Until March
2020 he was an editor of the NIHR journal series, and a member of the NIHR Journal Editors Group, for
which he received a fee. Simon Gates was a member of the NIHR Clinical Trials Unit Standing Advisory
Committee and EME - Funding Committee Members and currently part of the HTA General Committee.
Stephen Drew held an educational consultancy with Wright from 1 April 2016 until it was acquired by
Stryker in 2021, when it migrated to an educational consultancy with Stryker from 1 April 2022.

Outside of this study, the authors report no personal financial conflict of interest with Stryker or any
other related commercial organisation.

Published August 2023
DOI: 10.3310/TKJY2101

This report should be referenced as follows:

Metcalfe A, Arnold S, Parsons H, Parsons N, Bhabra G, Brown J, et al. Subacromial spacers
for adults with symptomatic, irreparable rotator cuff tears: the START:REACTS novel group
sequential adaptive RCT. Efficacy Mech Eval 2023;10(3). https:/doi.org/10.3310/TKJY2101


https://doi.org/10.3310/TKJY2101




Efficacy and Mechanism Evaluation

ISSN 2050-4365 (Print)
ISSN 2050-4373 (Online)

Efficacy and Mechanism Evaluation (EME) was launched in 2014 and is indexed by Europe PMC, DOAJ, Ulrichsweb™ (ProQuest
LLC, Ann Arbor, MI, USA) and NCBI Bookshelf.

This journal is a member of and subscribes to the principles of the Committee on Publication Ethics (COPE)
(www.publicationethics.org/).

Editorial contact: journals.library@nihr.ac.uk

The full EME archive is freely available to view online at www.journalslibrary.nihr.ac.uk/eme.

Criteria for inclusion in the Efficacy and Mechanism Evaluation journal

Reports are published in Efficacy and Mechanism Evaluation (EME) if (1) they have resulted from work for the EME
programme, and (2) they are of a sufficiently high scientific quality as assessed by the reviewers and editors.

EME programme

The Efficacy and Mechanism Evaluation (EME) programme funds ambitious studies evaluating interventions that have the
potential to make a step-change in the promotion of health, treatment of disease and improvement of rehabilitation or long-
term care. Within these studies, EME supports research to improve the understanding of the mechanisms of both diseases
and treatments.

The programme supports translational research into a wide range of new or repurposed interventions. These may include
diagnostic or prognostic tests and decision-making tools, therapeutics or psychological treatments, medical devices, and public
health initiatives delivered in the NHS.

The EME programme supports clinical trials and studies with other robust designs, which test the efficacy of interventions, and
which may use clinical or well-validated surrogate outcomes. It only supports studies in man and where there is adequate proof of
concept. The programme encourages hypothesis-driven mechanistic studies, integrated within the efficacy study, that explore the
mechanisms of action of the intervention or the disease, the cause of differing responses, or improve the understanding of adverse
effects. It funds similar mechanistic studies linked to studies funded by any NIHR programme.

The EME programme is funded by the Medical Research Council (MRC) and the National Institute for Health and Care Research (NIHR),
with contributions from the Chief Scientist Office (CSO) in Scotland and National Institute for Social Care and Health Research (NISCHR)
in Wales and the Health and Social Care Research and Development (HSC R&D), Public Health Agency in Northern Ireland.

This report

The research reported in this issue of the journal was funded by the EME programme as project number 16/61/18. The
contractual start date was in February 2018. The final report began editorial review in April 2022 and was accepted for publication
in August 2022. The authors have been wholly responsible for all data collection, analysis and interpretation, and for writing up
their work. The EME editors and production house have tried to ensure the accuracy of the authors’ report and would like to thank
the reviewers for their constructive comments on the final report document. However, they do not accept liability for damages or
losses arising from material published in this report.

This report presents independent research. The views and opinions expressed by authors in this publication are those of the
authors and do not necessarily reflect those of the NHS, the NIHR, the MRC, the EME programme or the Department of Health
and Social Care. If there are verbatim quotations included in this publication the views and opinions expressed by the interviewees
are those of the interviewees and do not necessarily reflect those of the authors, those of the NHS, the NIHR, the EME
programme or the Department of Health and Social Care.

Copyright © 2023 Metcalfe et al. This work was produced by Metcalfe et al. under the terms of acommissioning contractissued by the
Secretary of State for Health and Social Care. This is an Open Access publication distributed under the terms of the Creative
Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any
medium and for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For
attribution the title, original author(s), the publication source - NIHR Journals Library, and the DOI of the publication must

be cited.

Published by the NIHR Journals Library (www.journalslibrary.nihr.ac.uk), produced by Newgen Digitalworks Pvt Ltd, Chennai, India
(www.newgen.co).



NIHR Journals Library Editor-in-Chief

Dr Cat Chatfield Director of Health Services Research UK

NIHR Journals Library Editors

Professor Andrée Le May Chair of NIHR Journals Library Editorial Group (HSDR, PGfAR, PHR journals) and Editor-
in-Chief of HSDR, PGfAR, PHR journals

Dr Peter Davidson Interim Chair of HTA and EME Editorial Board. Consultant Advisor, School of Healthcare
Enterprise and Innovation, University of Southampton, UK

Professor Matthias Beck Professor of Management, Cork University Business School, Department of Management
and Marketing, University College Cork, Ireland

Dr Tessa Crilly Director, Crystal Blue Consulting Ltd, UK

Dr Eugenia Cronin Consultant in Public Health, Delta Public Health Consulting Ltd, UK

Ms Tara Lamont Senior Adviser, School of Healthcare Enterprise and Innovation, University of Southampton, UK
Dr Catriona McDaid Reader in Trials, Department of Health Sciences, University of York, UK

Professor William McGuire Professor of Child Health, Hull York Medical School, University of York, UK
Professor Geoffrey Meads Emeritus Professor of Wellbeing Research, University of Winchester, UK

Professor James Raftery Professor of Health Technology Assessment, School of Healthcare Enterprise and
Innovation, University of Southampton, UK

Dr Rob Riemsma Consultant Advisor, School of Healthcare Enterprise and Innovation, University of
Southampton, UK

Professor Helen Roberts Professor of Child Health Research, Child and Adolescent Mental Health, Palliative Care
and Paediatrics Unit, Population Policy and Practice Programme, UCL Great Ormond Street Institute of Child Health,
London, UK

Professor Jonathan Ross Professor of Sexual Health and HIV, University Hospital Birmingham, UK

Professor Helen Snooks Professor of Health Services Research, Institute of Life Science, College of Medicine,
Swansea University, UK

Please visit the website for a list of editors: www.journalslibrary.nihr.ac.uk/about/editors

Editorial contact: journals.library@nihr.ac.uk

NIHR Journals Library www.journalslibrary.nihr.ac.uk



DOI: 10.3310/TKJY2101 Efficacy and Mechanism Evaluation 2023 Vol. 10 No. 3

Abstract

Subacromial spacers for adults with symptomatic, irreparable
rotator cuff tears: the START:REACTS novel group sequential
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Background: A balloon spacer is a relatively simple addition to an arthroscopic debridement procedure
for irreparable rotator cuff tears.

Objective: To evaluate the clinical and cost-effectiveness of a subacromial balloon spacer for individuals
undergoing arthroscopic debridement for irreparable rotator cuff tears.

Design: A multicentre participant-and assessor-blinded randomised controlled trial comparing
arthroscopic debridement with the InSpace® (Stryker, Kalamazoo, MI, USA) balloon to arthroscopic
debridement alone, using a novel adaptive design. Pretrial simulations informed stopping boundaries for
two interim analyses, using outcome data from early and late time points.

Setting: A total of 24 NHS centres.

Participants: Adults with a symptomatic, irreparable rotator cuff tear for whom conservative
management had been unsuccessful.

Interventions: Arthroscopic debridement of the subacromial space plus insertion of the InSpace balloon
compared with arthroscopic debridement alone.

Main outcome measures: Oxford Shoulder Score at 12 months.

Results: A predefined stopping boundary was met at the first interim analysis. Recruitment stopped
with 117 participants randomised. We obtained primary outcome data on 114 participants (97%). The
mean Oxford Shoulder Score at 12 months was 34.3 in the debridement-only group (59 participants of
61 randomised) and 30.3 in the debridement with balloon group (55 participants of 56 randomised;
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ABSTRACT

mean difference: -4.2; 95% confidence interval -8.2 to -0.26; p = 0.037). There was no difference in
safety events. In the cost-effectiveness analysis, debridement-only dominated with a probability of <1%
that the device is cost-effective.

Magnetic resonance imaging substudy: To evaluate the function of the balloon, we developed a
dynamic magnetic resonance imaging protocol to induce humeral movement by activating the deltoid.
The pandemic restricted recruitment, so the sample size was small (n = 17).

Statistical methodology study: We applied the novel adaptive design approach to data from seven
previous randomised controlled trials. The method would have been applicable to five of these trials and
would have made substantial savings in time to recruitment, without compromising the main findings of
the included trials.

Interim analysis interpretation study: We asked potential data monitoring committee members to
review interim analysis reports presented using Bayesian and frequentist frameworks. They did not
always follow the stopping rules and would benefit from additional information to support decision-
making.

Limitations: The InSpace balloon could be beneficial in a different population although we are not
aware of it being widely used for other purposes. As a result of the pandemic, we were not able to
complete data collection for objective measures.

Conclusions: In this efficient adaptive trial, clinical and cost-effectiveness favoured the control
treatment without the InSpace balloon. Therefore, we do not recommend this device for the treatment
of irreparable rotator cuff tears.

Future work: There is an urgent need for high-quality research into interventions for people with
irreparable rotator cuff tears as there is a lack of good evidence for all available treatment options at
present.

Trial registration: This trial is registered as ISRCTN17825590.

Funding: This project (project reference 16/61/18) was funded by the Efficacy and Mechanism
Evaluation (EME) Programme, a Medical Research Council and National Institute for Health and Care
Research (NIHR) partnership. The trial is co-sponsored by the University of Warwick and University
Hospitals Coventry and Warwickshire NHS Trust. This study will be published in full in Efficacy and
Mechanism Evaluation; Vol. 10, No 3. See the NIHR Journals Library website for further project
information.
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Plain language summary

Tears of the rotator cuff tendons of the shoulder are very common. Some people with a rotator
cuff tear have pain and loss of function that is not improved by simple treatments, and they may
undergo surgery.

Many people have the tear repaired. if this cannot be done, keyhole surgery can be used to clear space
around the tendons and allow the shoulder to move better. This procedure is called an arthroscopic
debridement.

The InSpace® (Stryker, Kalamazoo, MI, USA) balloon is a dissolvable device that is placed by the surgeon
above the shoulder joint, after an arthroscopic debridement. We wanted to know if it improved results
for patients and was good value.

We compared the standard operation, arthroscopic debridement, with the same procedure with the
InSpace balloon inserted. We collected data from 117 people with rotator cuff tears from 24 NHS
hospitals. Because of the COVID-19 pandemic, we could not directly measure strength or movement
and used well-established questionnaires instead.

Twelve months after their operation, most people had improved. People who had the standard operation
alone, without the balloon, had less pain and could use their shoulder more.

We calculated the costs of each treatment, including lost earnings. The InSpace balloon was more
expensive and was poor value for money for the NHS.

We developed a new method for doing an early statistical analysis to decide whether we could stop the
study early. Because of this, around half the number of people were needed in the study, compared with
the number we would normally need to do this work. We did additional research and found that this
new method would work for some other studies and would give much quicker results about which
treatments work best.

We developed a new method for doing magnetic resonance imaging scans of the shoulder, although
data collection was limited by the COVID-19 pandemic.
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Scientific summary

Background

Tears of the rotator cuff tendons of the shoulder are a common cause of shoulder pain and disability.
Individuals often present with pain and restricted movement, as well as loss of strength and function
affecting even simple activities of daily living, such as hair brushing.

Of those presenting with a rotator cuff tear, around half are treated surgically but roughly one-third of
tears cannot be repaired. Compared with those who have a repair, people with irreparable tears have
more severe pain, worse outcomes from treatment and more limited management options. New surgical
techniques have been introduced to improve care, including the InSpace® (Stryker, Kalamazoo, MI, USA)
subacromial balloon spacer.

The InSpace balloon is a saline-filled biodegradable balloon that is inserted surgically in the space
between the humerus and acromion at the end of an arthroscopic debridement for people with an
irreparable rotator cuff tear. By acting as a cushion between the acromion and the humerus, and
potentially reducing friction, the device aims to improve the mechanics of the affected shoulder and aid
rehabilitation. It deflates between 3 and 6 months after insertion, by which time it is hoped that the
mechanics of the shoulder have improved.

The National Institute for Health and Care Excellence called for a randomised trial, recommending that
the device should be used in research only. It received Food and Drug Administration (FDA) clearance in
the United States in July 2021. Approximately 29,000 devices had been implanted outside the United
States prior to FDA approval. Encouraging clinical results were observed from small early case series but
some studies have reported poor results or cases of inflammation and pain.

Novel surgical procedures can expose patients to harm and should be carefully evaluated before
widespread use, ideally with clinical trials. Surgical trials can provide high levels of evidence but can take
a long time to complete. Adaptive designs can reduce the time needed to perform trials, potentially
exposing fewer people to risk than with traditional fixed sample designs. Surgical trials typically use
outcomes of 12 months or more, but by using the correlation between early and late outcomes, the
advantages of adaptive designs could be extended to trials of new surgical techniques.

Objective

The primary objective was to assess the clinical effectiveness of arthroscopic debridement with the
InSpace subacromial spacer balloon compared with arthroscopic debridement alone for people with
symptomatic irreparable tears of the rotator cuff, based on the Oxford Shoulder Score (OSS) at 12
months.

Our secondary clinical objectives were:

e to compare the two interventions using both patient-reported and objective outcome scores at 3, 6
and 12 months

e to perform an economic analysis to assess the comparative cost-effectiveness of the
two interventions

e to perform a magnetic resonance imaging (MRI) substudy to evaluate the proposed mechanism of the
balloon, with scans taken at 8 weeks and at least 6 months after treatment.
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SCIENTIFIC SUMMARY

The methodological objectives of the study were:

e to implement an efficient adaptive clinical trial design with the potential to stop early either for
futility or efficacy, using outcome data available at 3, 6 and 12 months

e to evaluate the novel adaptive trial design using real trial data from a number of previous high-impact
orthopaedic trials

e to explore the challenges of supporting adaptive design decision-making health economic analyses

e to compare the use of frequentist and Bayesian design and analysis on the conduct and
interpretation of an adaptive surgical clinical trial with reference to decision-making by data
monitoring committees (DMCs) during the study.

Trial methods

Design

We performed a participant- and assessor-blinded multicentre superiority randomised controlled trial
(RCT; IDEAL stage 3) across 24 centres in the UK using a group sequential adaptive design with two
preplanned interim analyses.

Participants

Adults with a rotator cuff tear with intrusive symptoms (pain and loss of function) deemed by the
treating clinician to be technically irreparable, for whom conservative management had been
unsuccessful.

People were ineligible if any of the following conditions were met:

e advanced shoulder osteoarthritis on preoperative imaging; subscapularis deficiency or
pseudoparalysis (these three criteria are contraindications for the InSpace balloon)

e the clinician had determined that interposition grafting or tendon transfers were indicated

e an unrelated ipsilateral shoulder disorder

¢ neurological or muscular conditions that would interfere with strength measurement or rehabilitation

e previous proximal humeral fracture

e previous entry into the trial (i.e. for the other shoulder)

e those unable to complete trial procedures and those unfit for surgery.

All participants gave prior written consent. Eligibility was assessed prior to consent on the morning of
surgery and intraoperatively (after assessment of the tear and surrounding structures in the shoulder)
immediately prior to randomisation.

Intervention

The control group (debridement only) underwent arthroscopic debridement of the subacromial space
and biceps tenotomy (if not already torn). Surgery was performed by subspecialty trained shoulder
surgeons, using their normal surgical technique, within the confines described in a trial-specific surgical
manual and surgical video.

The intervention group (debridement with InSpace balloon) underwent the same arthroscopic
debridement procedure, followed by insertion of the InSpace balloon. The manufacturer’s recommended
technique was followed as documented in the surgical manual and was confirmed with them before
distributing to surgeons. Surgical training was offered and a training course was run at the start of the
trial. A company representative was invited to attend cases for technical support.

Participants were offered the same rehabilitation, including a home exercise programme and at least
three face-to-face physiotherapy sessions. For both groups, fidelity was assessed with an operative
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record form, and arthroscopic photographs. The number of physiotherapy visits for each participant in
both groups was also documented.

Outcome measures

The primary outcome was the OSS 12 months after randomisation. The OSS is a 12-item participant-
reported measure of shoulder-related pain and function. A higher score (0-48) corresponds with a better
outcome.

The study was originally designed with the Constant score as the primary outcome. However, during the
COVID-19 outbreak in March 2020 (in the recruitment phase of the trial), it was decided to change this
to the OSS. This was because the Constant score requires face-to-face contact to measure and is usually
assessed in hospital clinics; this would have exposed participants to unnecessary risk during the height
of the pandemic. The OSS correlates well with the Constant score; both outcomes assess pain and
shoulder function, are similarly responsive and have comparable worthwhile effect sizes in rotator cuff
pathology.

We collected secondary outcomes at baseline and at 3, 6 and 12 months post-randomisation, including
(where possible) the Constant score, range of pain-free movement and strength of shoulder abduction
and flexion the shoulder, the Western Ontario Rotator Cuff (WORC) index (scored 0-100), health utility
assessed using the EuroQol-5 Dimensions, five-level version (EQ-5D-5L), Participant Global Impression
of Change scale, health-care resource use, analgesia use and adverse events. We defined adverse events
as any condition of the affected shoulder or any event related to the anaesthetic or rehabilitation.

Trial results

Of 317 eligible people, 249 (79%) agreed to join the trial. A predefined futility stopping boundary was
met at the first interim analysis and recruitment stopped with 117 participants randomised. A total of 61
(52%) participants were randomised to receive debridement surgery alone and 56 (48%) were
randomised to receive debridement with the InSpace balloon.

Twelve-month primary outcome data were obtained from 114 of the 117 participants (97%). Of the
three items of missing primary outcome data, two participants had died (neither death was trial related)
and one participant could not be contacted. Scores improved compared with baseline in both groups. In
the primary intention-to-treat analysis, the mean OSS at 12 months was 34.3 in the debridement-only
group (n = 59) and 30.3 in the debridement with InSpace balloon group [n = 55; mean difference -4.2,
favouring control; 95% confidence interval (Cl) -8.2 to -0.26; p = 0.037]. Using a prespecified secondary
adjusted model to account for the baseline OSS, sex, tear size and age group, a similar treatment effect
was observed (effect -4.2, 95% Cl -7.8 to -0.6; p = 0.026). There was no difference in safety events.

The Constant score, range of flexion and abduction and WORC index results were consistent with the
primary analysis (the Constant score and range of motion measures had a high amount of missing data
due to COVID-19 restrictions). The differences in WORC index and EQ-5D-5L at 12 months were not
statistically significant (WORC index: -8.4, 95% ClI -16.8 to -0.1; p = 0.055; EQ-5D-5L: -0.056, 95% Cl
-0.15 to0 0.03; p = 0.24). In both cases the direction of change favoured debridement-only.

In cost-effectiveness analyses, quality-adjusted life-years were higher in the debridement-only group
and costs were lower compared with the debridement with the InSpace device, in terms of both direct
health-care costs and wider societal costs. As a result, debridement-only dominated with a probability of
< 1% that the InSpace device is cost-effective.
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Magnetic resonance imaging substudy

We developed and refined a technique for dynamic MRI of a shoulder under deltoid load. We undertook
a developmental work package in which we applied the technique to participants awaiting rotator cuff
repair surgery who underwent electromyography evaluation of deltoid muscle contraction, which
allowed us to determine the most appropriate technique to consistently achieve muscle activation in the
narrow confines of a MRI scanner. We then piloted the MRI technique using this muscle activation
protocol and a fast acquisition sequence for collecting both resting and active images. The main
outcome of interest was the acromiohumeral distance, which was used as a marker of humeral migration
under load.

We applied this technique in a mechanistic substudy, with scans taken at 8 weeks and at least 6 months
after randomisation. Recruitment was severely hampered both by the early adaptive stop and the effects
of the pandemic, which prevented continuing data collection. Despite the small sample size, we were
able to observe narrowing of the acromiohumeral distance under load, demonstrating that the MRI
technique was effective. We did not observe any between-group differences, although numbers were
very low for this analysis.

Adaptive designs for surgical trials

We applied the novel adaptive design methodology that was developed for the main study to a number
of previous high-impact randomised trials in trauma and orthopaedic surgery. The study assessed
whether each of a selected number of RCTs, originally implemented using conventional sample size
designs, would have stopped early if a group sequential trial design had been used, and what the final
outcome would have been had they done so.

We received anonymised data from seven large multicentre trials: Wound Management of Open Lower
Limb Fractures (WOLLF); Distal Radius Acute Fracture Fixation Trial (DRAFFT); UK Fixation of Distal
Tibia Fractures (UK FixDT); UK Full Randomised Controlled trial of Arthroscopic Surgery for Hip
Impingement versus best Conventional (FASHIoN); the Warwick Arthroplasty Trial (WAT); Can Shoulder
Arthroscopy Work? (CSAW); the Total or Partial Knee Arthroplasty Trial (TOPKAT). The temporal
sequence of data accumulation was replicated in exactly the manner it was in the original study, using
the dates when each outcome measure was taken. We selected planned interim analyses and stopping
boundaries and simulated how each study might have progressed using the methodological approach
described in this monograph.

The results for five of the studies (WOLLF, FixDT, DRAFFT, FASHIoN and WAT) showed that adaptive
design using early outcome data would have been feasible and likely to provide designs that were at
least as efficient, and possibly more efficient, than the original fixed sample size designs. For WOLLF and
FixDT the simulations showed that it was highly likely that these studies would have (correctly) stopped
early for futility, both over one year early, saving potential considerable effort and resources. The two
studies that showed modest effect estimates at interim analyses in favour of the test treatment (WAT
and DRAFFT) did not stop early, which was consistent with the final results of these studies. The
FASHIoN trial showed good evidence in favour of the test surgical intervention in the final analysis but
fell short of stopping at the interim analyses. For this study, it would have been possible to select
different but sensible boundaries that would have resulted in early stopping for efficacy. TOPKAT and
CSAW would not have been suitable for the adaptive design methods in their current form, as they had
either longer primary outcomes times or less early time point data, although it is reasonable to think that
these issues could have been resolved if the method was applied prospectively.

For all the studies, it was clear that the feasibility and practicality of using the proposed adaptive design
methods was determined in large part by: (1) whether the timing of recruitment allows for interim
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analyses; (2) the availability of early outcome data and correlations with final outcomes; (3) recruitment
and outcome data accrual profiles; and (4) the estimates of correlation and covariance parameters at the
design planning stage.

Interim analysis report study

To understand the influence of different approaches to adaptive trial design on the conduct of DMC
decisions, we performed an exploratory study of the interpretation of Bayesian and frequentist interim
analysis reports by potential committee members. We found that potential DMC members do not
always choose to follow the stopping rules that are presented and would benefit from more ancillary
information to support their decision-making and understanding of the analysis, regardless of the
statistical framework used.

Conclusions

We used a blinded RCT with predefined stopping boundaries to test whether the InSpace balloon was of
benefit for people with irreparable rotator cuff tears. The study stopped at just over half the maximum
sample size, allowing us to report the findings early. In the primary analysis, arthroscopic debridement
was found to be superior to arthroscopic debridement with the InSpace balloon for people with an
irreparable cuff tear of the shoulder, based on the OSS 12 months after surgery. Secondary outcomes
and cost-effectiveness analysis agreed, and effectively exclude the possibility of any meaningful benefit
for the InSpace balloon. This trial has delivered evidence that the InSpace balloon is not an effective
treatment, could be harmful, and is very unlikely to be cost-effective.

Randomised trials are needed early in the evaluation of new technologies to prevent harm to patients
and cost to society, but also to allow effective treatments to be offered widely. We have demonstrated
that using adaptive designs in surgical trials are possible and practical. By delivering efficient, effective
trial designs early in the introduction of new procedures and technologies, we will make major cost
savings for the health service and deliver better patient outcomes both now and into the future.

Trial registration

This trial is registered as ISRCTN17825590.

Funding
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Chapter 1 Introduction

Subacromial spacer balloons

Shoulder pain is a common and disabling problem. The prevalence of shoulder pain in UK adults is
approximately 16%, with rotator cuff disease accounting for 70-85% of this.!-3 Surgery for rotator cuff
disease has increased considerably; nearly 30,000 annual cases in 2009-10 in the UK, when this disease
was last formally studied.* Individuals with a symptomatic rotator cuff tear typically present with pain,
restricted movement and loss of strength and function, and the condition is associated with substantial
expense to society through treatment costs and loss of work (both paid and unpaid).>8

The term ‘rotator cuff’ refers to the subscapularis, supraspinatus, infraspinatus and teres minor muscles
and associated tendons around the shoulder, which when intact, function to keep the humerus
centred on the glenoid as the shoulder moves, providing a stable fulcrum for normal glenohumeral
joint motion.?!° A rotator cuff tear can result in loss of this stabilising function and lead to pain. The
exact cause of pain is unknown but may be due to mechanical impingement between the humerus and
the acromion, impingement of torn or loose tissue in the joint or biological causes such as bursitis or
synovitis. 101!

Rotator cuff repair is a widely accepted treatment for symptomatic rotator cuff tears.>** However,
there are multiple factors which influence whether a tear can be repaired, including the size of the tear,
its chronicity, fatty infiltration of the muscle (atrophy) and the ability to bring the torn end back to its
original site without excessive tension. Some tears cannot be surgically repaired (in which case they are
called irreparable tears), and these can be difficult to manage.

Treatment for symptomatic irreparable rotator cuff tears includes physiotherapy, injections, arthroscopic
debridement (with or without biceps tenotomy), partial repair, muscle transfers, interposition grafts

and even shoulder replacements, typically reverse shoulder arthroplasty.'4-'” Arthroscopic debridement
is commonly used and benefit has been demonstrated in case series studies.'®!? However, it remains

a controversial option and there are few randomised controlled trial (RCT) data on its use in the
irreparable tear population.8-2°

The InSpace® (Stryker, Kalamazoo, MI, USA) subacromial balloon spacer received a Conformité
Européenne (CE) mark in 2010. In 2013, the device was introduced into UK orthopaedic practice as a
potential treatment option for people with irreparable rotator cuff tears.?! At the start of our study, the
cost was approximately £1250 per implant. Its introduction was underpinned by case series evidence. In
May 2016, an interventional procedure guidance document was published by the UK National Institute
for Health and Care Excellence (NICE), which found that there was very limited evidence for its use.
Therefore, NICE recommended that the device should be restricted to use in the context of research
only and a research recommendation was made to assess its effectiveness.?? It received Food and Drug
Administration (FDA) clearance in the United States in July 2021, with approximately 29,000 devices
having been implanted outside the United States prior to this date.?®

The InSpace balloon is a saline-filled balloon made of biodegradable (dissolvable) synthetic material. It is
inserted above the main glenohumeral joint of the shoulder at the end of an arthroscopic debridement
after an irreparable tear has been identified. It is simple to deploy and typically adds less than

10 minutes to the procedure.??* The balloon cushions the humerus, preventing it from pressing on the
acromion above it when the deltoid is active and during abduction of the arm, potentially reducing pain.
It may also assist in the biomechanics of the shoulder, resisting proximal migration of the humerus under
deltoid activity. It is thought the InSpace balloon begins to deflate from 3 months, during which time it is
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thought to allow and improve rehabilitation of the remaining rotator cuff and deltoid, so that when it has
dissolved the biomechanics of the shoulder are maintained.

The safety of the device was established in rodents. One adverse event was recorded: a fibrosarcoma
thought to be unique to rodents.? Proof of concept was established in a series of 24 irreparable cuff
tears in Slovakia in 2012, with five-year follow-up results published in 2016.2¢%7

The InSpace balloon has been used in a number of centres across the UK. At the time of starting

this study, data had been presented in three conference abstracts, totalling 61 cases.?®-*° These case
series studies demonstrated improvements in outcomes from baseline. Complications such as balloon
displacement and non-cyst forming synovitis were reported in a small number of cases (3 of 61). One
retrospective non-randomised study of 23 participants (12 with the balloon) showed an improvement in
outcomes compared with debridement alone.®!

Reviews in 2019-20 found between 10 and 20 studies of the InSpace balloon, all case series.32-%¢

The largest of these reviews included 619 participants (513 analysed; in some studies people with
complications were excluded from analysis).®? Many case series have documented encouraging clinical
results but some studies have reported poor results or cases of inflammation and pain and have
concluded that comparative data are needed.

One 2021 case series study®” following 51 people who underwent balloon placement found that after
a mean follow-up of 3 years, shoulder function scores improved substantially after balloon spacer
insertion (measured using the Constant score).?®% The authors reported limited need for revision
surgery, with five participants undergoing reverse total shoulder replacement, one latissimus dorsi
tendon transfer and high participant satisfaction.” In contrast, a different case series published in
2021, followed up 22 participants for almost 3 years.*® The balloon spacer was found to be effective in
a minority of participants in the medium term, as despite an improvement in Oxford Shoulder Scores
(OSS) (23.6 vs. 29.6; p <0.02), six participants converted to reverse total shoulder replacement at a
mean time of 11 months post balloon insertion, with a mean deterioration of 1.1 on the OSS, while a
further six participants with the balloon still in place demonstrated either a deterioration on the OSS or
an improvement less than the minimal important difference - reported as 6.0 points.*

Prior to starting our study, we undertook a systematic review (search date September 2016) and meta-
analysis of randomised trials in rotator cuff pathology.*> We found 57 trials (n = 4542), mostly of repair,
but no trials using the InSpace balloon. The review found improvements in outcome for rotator cuff
tears treated surgically, with conservative care and with acromioplasty.*? Therefore, benefits compared
with baseline found in case series may not be unique to the InSpace balloon. The effectiveness of the
balloon in comparison to nonoperative care or acromioplasty is not known. It could still be a substantial
improvement or may be of no benefit.?° The device is costly but there is no evidence that it is effective
clinically. If the device is effective, then it would relieve pain and improve function for patients with a
disabling condition that currently has few good alternative treatments and it should be recommended
for widespread use. However, if the device is ineffective or harmful, alternative approaches should

be sought.

One other blinded randomised trial funded by the manufacturer (previously OrthoSpace, now Stryker)
has been undertaken in the United States comparing partial cuff repair with a subacromial balloon spacer
(clinicaltrials.gov NCT02493660).° It should be noted that partial cuff repair is not a technique that is
often used in the UK and is not an appropriate comparator in a UK context but is more appropriate in
the United States.

A non-inferiority, prospective, single-blinded, multicentre RCT was conducted by Verma et al.*® to

compare the outcomes of arthroscopic subacromial balloon spacer implantation with partial repair in
participants 40 or more years of age who had full-thickness massive rotator cuff tears. A summary of
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12-month results has been posted on a trials registry but results have not, at the time of writing, been
published in a peer-reviewed journal.

Participants’ baseline and follow-up data were collected to identify a non-inferiority margin of 10%
difference in the proportion of responders in a composite outcome measure. This composite outcome
was defined as participants who had improved from baseline on both the Western Ontario Rotator Cuff
(WORC) score (=275 points) and American Shoulder and Elbow Society (ASES) score (= 6.4 points) at

6 weeks and had maintained the improvements at 12 months without subsequent secondary surgical
intervention or serious adverse device effects. Of the 184 randomised participants, 176 (88/group)
completed 12-month follow-up.

At 12 months, 45 (51.1%) participants in the spacer implant group and 35 participants (39.8%) in the
partial repair group had reached and maintained the primary composite end point, corresponding to an
11.43% unadjusted mean advantage for the spacer implant group. However, this composite outcome
should be taken in context, as it is likely to be difficult for people who have had partial cuff repair to
achieve improvements by 6 weeks as many would still be in an early postoperative recovery phase.*+*
Both groups improved between baseline and follow-up in all WORC and ASES scores but there were no
differences observed between groups in WORC and ASES data reported so far. Six participants (n = 3
balloon spacer; n = 3 partial repair) required secondary surgery; two in each group undergoing reverse
shoulder arthroplasty and one participant in each group undergoing shoulder arthroscopy.*

Trial designs in new surgical procedures

The safe introduction of new surgical procedures is essential to the delivery of high-quality surgical care.
Innovative procedures may result in a step-change improvement in treatment but can also bring new
risks and substantial costs. Major harm can occur when a well-meant intervention is used widely across
the health service before it is formally and thoroughly evaluated.¢4”

Pharmaceuticals undergo rigorous clinical trials before being introduced but this is not always true for
surgical procedures, which are often introduced on the basis of cadaveric testing or small case series
data only.*® There is a need to develop new processes and methodology to introduce surgical procedures
safely, using early RCTs to determine whether a treatment is likely to be safe, clinically effective and
cost-effective prior to widespread uptake.*®

To rigorously assess new surgical procedures, large multicentre RCTs which produce reliable and
statistically precise evidence may be undertaken. However, these studies typically need to recruit over
extended periods.#”#? Large pragmatic surgical trials are expensive (typically £1.5-2 million or more) and
can take five years or more from award to completion, as for example the Wound management of Open
Lower Limb Fractures (WOLLF), Fixation of Distal Tibia Fractures (FixDT) and Ankle Injury Management
trials, even disregarding the time taken over feasibility and pilot studies.*’->! Costly, ineffective or
unsafe treatments may be used for many years before they are removed from practice. There is thus a
requirement for trial designs to determine efficiently and rapidly whether an intervention is ineffective
or even harmful but also to demonstrate superiority if the intervention is a genuine improvement on
standard care. Improvements in the efficiency of undertaking trials of surgical interventions would
provide earlier answers to crucial clinical questions, providing benefits to patients and making better use
of health-care resources.

Adaptive trial designs are becoming increasingly popular and their use has been encouraged by major
scientific journals, the US FDA and National Institute of Health Research (NIHR) panels.>?->* This
design allows for prospectively planned modifications, such as stopping the study or discontinuing an
intervention, based on emerging findings as the trial proceeds, while preserving the scientific validity
and integrity of the trial. This more flexible strategy typically reduces costs and shortens timescales,
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without compromising the integrity, statistical power or rigour of the study.>>%5-57 Efficiency savings in
terms of cost and time can be substantial (a 40% reduction in sample size in one study) without a loss
in power or increase in false-positive error rate. The use of adaptive designs which are flexible in their
sample size may also avoid the delay associated with prolonged pilot or feasibility studies, as they can
be incorporated into the trial without delaying the main study.>®>° Yet, despite the potential benefit
of reducing the number of people exposed to a procedure that may be unnecessary or even harmful,
adaptive designs remain rare in surgical trials.5257:60

In this trial, we applied these design principles to a multicentre clinical trial of a new surgical procedure
for rotator cuff tears. We have termed this trial design REACTS (Randomised, Efficient, Adaptive Clinical
Trials in Surgery). Subacromial spacer for Tears Affecting Rotator Cuff Tendons (START) is the first study
using this new statistical adaptive design approach for the assessment of a new surgical procedure.

The statistical principles are laid out in a 2019 methodology paper.¢* Further evaluation of the REACTS
studies was also undertaken in a range of other trial settings, with the aim of establishing this trial
design as the future standard for assessing new surgical procedures. In the future such an approach, if
successful, could be used before a new procedure is introduced into widespread clinical practice. This
would reduce costs to funders but more importantly it will ensure that high-quality evidence is delivered
more rapidly to improve patient care and outcomes.

Aim

Our primary clinical aim was to assess the clinical and cost-effectiveness and safety of a subacromial
InSpace balloon for patients with symptomatic irreparable rotator cuff tears.?? Methodologically, the
primary aim was to develop and implement appropriate statistical tools to allow an efficient adaptive
clinical trial design.®!
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Chapter 2 Main trial methods

Trial design

We conducted a participant- and assessor-blinded, adaptive, multicentre RCT with a parallel economic
analysis. The setting was secondary care across the UK. The study compared arthroscopic debridement
using an InSpace balloon with arthroscopic debridement alone and was designed using the REACTS
framework (see Figure 1). We have published a detailed description of the protocol elsewhere.®?

Patient and public involvement

Patient involvement has been central to the design, delivery and interpretation of the study and

the results; this involvement will continue as we disseminate the findings. Initially, we engaged with
multiple people who had previously undergone rotator cuff surgery to learn about and understand their
experiences. Their insights were reassuring about the need for a trial and helped establish the design

of the study, especially the choice of primary and secondary outcomes and the design of all participant
facing materials. We engaged with patients during development of the study materials and trialled our
study forms with a number of patients before they were used in the study.

One of the co-authors of the report has shoulder problems previously treated surgically and represents
the patient view in trial management meetings, while two other patients sit on our steering committee.
We will produce patient and public focused summaries of the research and disseminate this widely.

Objectives

Primary clinical objective

Our primary clinical objective was to quantify and make inferences on observed differences between
arthroscopic debridement using an InSpace balloon with arthroscopic debridement alone 12 months
after surgery, using the OSS as the primary outcome measure.®*¢* A 12-month time point was selected
based on our meta-analysis of outcomes for randomised trials which found that shoulder scores typically
reach a plateau at 12 months after any intervention for a rotator cuff tear.*?> Although we are collecting
24-month scores, they do not provide sufficient additional value to justify the increase in costs and delay
in the trial result that would be required had they been used as the primary outcome.

Secondary clinical objectives
Our secondary clinical objectives were to:

1. quantify and make inferences on observed differences between the two intervention groups on the
following measures; all were assessed at baseline, 3, 6 and 12 months:
* the Constant score®**
e shoulder pain-free range of motion (ROM) in abduction and flexion
» strength in scapular-plane abduction measured using a hand-held dynamometer
e the OS54
e the WORC index®
e the EuroQol-5 Dimensions, five-level version (EQ-5D-5L)¢¢7
* adverse events.

2. Perform an economic analysis to assess the comparative cost-effectiveness of the two interven-
tions (see Chapter 5).
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Assess for eligibility in shoulder clinics include:

e Irreparable rotator cuff tear
e Intrusive symptoms that warrant surgery
e Non-operative management has been unsuccessful

Unwilling to take part or meets exclusion criteria:

e Glenohumeral OA (KL grade 2 or more)

e Subscapularis deficiency

e Unrelated ipsilateral shoulder pathology

e Pseudoparalysis (loss of active flexion/abduction)
» e Previous proximal humerus fracture

e Neurological/muscular condition

e Previous entry into study (i.e. other shoulder)

e Unfit for surgery

e Unable to complete trial procedures

. J
v
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n =221 (maximum) . TWP planned
interim analyses.
If efficacy or
v futility criteria
[ Randomise in theatre (1: 1) ]4 ------------ met, stop early
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FIGURE 1 Flow diagram describing the planned trial methodology.

3. Perform a magnetic resonance imaging (MRI) substudy to compare the acromiohumeral distance
(AHD) on MRI scans in a sample of participants with and without the balloon at 8 weeks and at
least 6 months after treatment. This was to assess the proposed mechanism of action of the InS-
pace balloon while still inflated (8 weeks) and to determine any persistent effects following defla-
tion (after 6 months).

Methodological objectives
The methodological objectives of the study were to:
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e develop and implement appropriate statistical tools for an efficient adaptive clinical trial design,
with the potential to stop early either for futility or efficacy, using outcome data available at 3, 6 and
12 months¢?

e compare the use of frequentist and Bayesian design and analysis on the conduct and interpretation
of an adaptive surgical clinical trial with reference to decision-making by data monitoring committees
(DMCs) during the study and by clinicians, commissioners and other stakeholders at the conclusion of
the trial

e explore the challenges of supporting adaptive design decision-making with net benefit and expected
value of information approaches to health economic analyses.

Outcome measures
Primary outcome

The Oxford Shoulder Score

The OSS is a patient-reported outcome measure with 12 questions which has been well validated to
assess the degree of pain and disability caused by shoulder pathology. It is simple to complete and has
proved to be valid and reliable in determining the outcome from shoulder surgery.*1¢¢ It is a well-known
measure and has also been used in previous high-impact randomised trials of shoulder surgery.®® A
higher score (0-48) corresponds to a better outcome.3¢*

Originally, the planned primary outcome for the study was the Constant score.®®%° This was chosen as

it had been widely used in shoulder trials, is well accepted by surgeons, and has good reliability and
responsiveness.*> However, in light of the COVID-19 outbreak in March 2020, the trial management
group (TMG) decided to change the primary outcome to the OSS. As the Constant score requires
face-to-face contact to measure and it is usually taken in hospital clinics, it would have exposed
participants to unnecessary risk during the height of the pandemic. The decision was agreed by both the
trial steering committee (TSC) and DMC as well as the NIHR prior to the change. The OSS correlates
well with the Constant score; both assess shoulder pain and function, are similarly responsive and have
comparable effect sizes in rotator cuff pathology.*:63¢4686% More details on the effect of changing the
primary outcome can be found in the power calculation and sample size section below.

Secondary outcomes
The Oxford Shoulder Score at baseline, 3, 6 and 24 months

e The Constant score at baseline, 3, 6 and 12 months: the Constant score consists of four variables that
are used to assess shoulder function. The subjective variables are pain and activities of daily living
(sleep, work, recreation/sport), which give a total of 35 points and the objective variables are ROM
and strength, which give a total of 65 points. Each component can be reported separately or can be
combined to give a score out of 100. A standardised protocol for the objective component of the
score was developed based on the work of Moeller et al.,”® with training provided for all sites.3®3?

e Range of pain-free movement in abduction and flexion of the shoulder at baseline, 3, 6 and 12 months
measured using a 12.5-inch long-arm goniometer.

e Strength of shoulder in the scapular plane at baseline, 3, 6 and 12 months measured using a supplied
IsoForceControl EVO2 dynamometer (Herkules Kunststoff, Switzerland).

e WORC index at baseline, 3, 6, 12 and 24 months.®> The WORC is a condition-specific self-reported
instrument to assess ‘quality of life’ (QoL). It comprises 21 items incorporating five domains:
physical symptoms, sports/recreation, work, lifestyle and emotions. Iltem scores are recorded on a
visual analogue scale (VAS) ranging from 0 to 100 (100 mm VAS). Individual domain scores can be
summated for a total score (range 0-2100). Higher scores represent poorer QoL.%> To present this in a
more easily accessible and reproducible format, the VAS lines were modified into 11-point numerical

Copyright © 2023 Metcalfe et al. This work was produced by Metcalfe et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care.
This is an Open Access publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction
and adaptation in any medium and for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original
author(s), the publication source - NIHR Journals Library, and the DOI of the publication must be cited.



MAIN TRIAL METHODS

rating scale lines (1-cm intervals labelled as 0-10). Item scores were then summed and reported as a
percentage of maximum total score.

e Health utility assessed using EQ-5D-5L at baseline, 3, 6, 12 and 24 months.®¢¢” The EQ-5D-5L is a
validated, generic health-related QoL measure consisting of five dimensions each with a five-level
answer possibility. Each combination of answers can be converted into a health utility score using the
UK crosswalk value set. It has good test-retest reliability, is simple for participants to use and gives a
single preference-based index value for health status that can be used for broader cost-effectiveness
comparative purposes.

e Health-care resource use at 3, 6, 12 and 24 months. The primary analysis focused on direct
intervention and health-care/personal social services (PSSs) costs, while wider impact (societal) costs
were included within a sensitivity analysis. Relevant resource-use questionnaires were administered
to participants at baseline and all follow-up points to collect resource-use data associated with the
interventions under examination.

e Patient Global Impression of Change (PGIC) score was collected at 3, 6, 12 and 24 months. This was
collected using a simple seven-point scale assessing the participants’ perception of improvement.”*

e Analgesia use (drug, and approximate frequency) collected at baseline and 3, 6 and 12 months.

e MRl scans (a planned substudy of 56 patients, 6 weeks and at least 6 months postsurgery): see the
‘MRI substudy’ section.

e Adverse events were collected from site reports sent directly to the trial office when they occurred
throughout the first 12 months of each participant’s follow-up, and from participant’s 3, 6 and
12-month questionnaires.

Note that the patient-reported outcome measures (OSS, WORC, EQ-5D-5L, PGIC) collected at
24 months will be published separately so as not to delay publication of the primary 12-month
outcome data.

As an exploratory analysis, baseline shoulder radiographs performed as part of standard care were
collected and the shortest AHD was measured according to the method described by Kolk et al.”?
Measurements were performed independently by two blinded observers, a professor of radiology and a
consultant orthopaedic surgeon, and a mean of their two scores was used as a final value.

Setting and participants

Participant identification, screening and withdrawals

Potential participants were identified by the attending clinical team in intermediate or secondary care
clinics, or from surgical waiting lists. The attending clinician confirmed each patient’s eligibility for the
study based on clinical assessment and standard care preoperative imaging for each site (e.g. MRI

or ultrasound).

All potential participants meeting study entry criteria were checked for eligibility and their details
recorded on a screening log. Potential participants suitable for inclusion and willing to be approached
were given verbal and written information about the study by a suitably trained member of the research
team, were given adequate time to consider the information and were invited to ask questions and
discuss the study further prior to informed consent being obtained. Trial procedures including baseline
assessments were not undertaken until the consent form was signed and dated by the participant.

All participants provided informed, written, signed and dated consent. As there was a delay of a number
of weeks before randomisation (the waiting list for surgery), people entering the study still had the
option to withdraw before treatment commenced if for any reason, they changed their mind. Any new
relevant information arising during the trial was discussed with the participants and, where applicable,
continuing consent was obtained using an amended consent form.
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Sites agreeing to take part in both the main study and the additional MRI substudy were provided with a
combined main and substudy patient information sheet and consent form.

Eligibility was also confirmed by the operating surgeon intraoperatively and participants were excluded
(withdrawn) at this stage if it was discovered that the rotator cuff tear was repairable. These excluded
participants were informed by letter that they were no longer taking part in the study. Baseline data
were, however, retained to explore any differences between those who were deemed ineligible
intraoperatively to those who were randomised. Participants randomised into the study were allowed
to withdraw from follow-up at any time, without prejudice and without any effect on their current or
future care.

Eligibility

Inclusion criteria
Patients were eligible to be included in the trial if they met the following inclusion criteria:

e Rotator cuff tear deemed by the treating clinician to be technically irreparable. Multiple factors apart
from size can influence whether a tear can be repaired (i.e. chronicity, retraction of the tendon ends
and fat infiltration in muscle). However, patients with tears thought to be technically repairable, such
as a small tear, but considered unsuitable for repair due to age or comorbidities, were not eligible for
this study.

e Experiencing intrusive symptoms (pain and loss of function) which in the opinion of the treating
clinician warrants surgery.

e Had undergone unsuccessful nonoperative management, as determined by the treating clinician.

Exclusion criteria
Patients were considered ineligible if they met any of the following criteria:

e Advanced glenohumeral osteoarthritis on pre-operative imaging (in the opinion of the treating
clinician). This was interpreted as Kellgren-Lawrence grade 3 or 4 changes on routine preoperative
radiographs”® or the MRI equivalent if radiographs were not available.

e Subscapularis deficiency,! defined as a tear involving more than the superior 1 cm (approximately) of
the subscapularis, if repaired, or any tear that is not repaired.

e The treating clinician determines that interposition grafting or tendon transfers are indicated.

e Pseudoparalysis (an inability to actively abduct or forward flex up to 20 degrees), as determined by
the treating clinician.

e Having any unrelated, symptomatic ipsilateral shoulder disorder that would interfere with strength
measurement or ability to perform rehabilitation.

e Other neurological or muscular conditions that would interfere with strength measurement or ability
to perform rehabilitation, in the opinion of the treating clinician.

e A previous proximal humerus fracture that could influence shoulder function, as determined by the
treating clinician.

e Previous entry into the present trial (i.e. other shoulder).

e Unable to complete trial procedures.

e Age under 18 years.

e Unable to consent to the trial.

e Unfit for surgery as defined by the treating clinician.

1 Criteria regarding whether a tear is technically repairable and the integrity of the subscapularis are unreliably assessed by
preoperative imaging and were reassessed in theatre, prior to randomisation. If the patient was not eligible, they were treated
according to the best judgement of the surgeon at the time.
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Randomisation

Participants were randomly allocated on a one to one basis to the two treatment groups via a central
computer-based randomisation system provided by Warwick Clinical Trials Unit (WCTU), independent
of the study team. A minimisation algorithm was used to determine participant allocation, using site, sex
(used rather than gender as we were interested in the structural effect), age group (<70 and =70 years)
and cuff tear size (as assessed by the operating surgeon, = 3 or < 3cm, commonly used as the definition
between small/medium and large/massive cuff tears) as factors, with a random element included to
provide a 70% chance that the participant would receive the treatment that minimises imbalance, to
ensure unpredictability.

Randomisation was performed by theatre staff, after intraoperative findings were checked (including cuff
tear size) and eligibility confirmed. To maintain blinding, staff used an online system in a separate room

(@ 24-hour back-up automated telephone system was also available). Participants were randomised
strictly sequentially at site level. Allocation concealment was maintained by the independent
randomisation team who were responsible for the generation of the sequence and had no role in the
randomisation of participants beyond this.

Trial interventions

Standard arthroscopic debridement (control)

The control group were randomised to arthroscopic debridement of the subacromial space with removal
of inflamed tissue (bursectomy) and unstable remnants of the torn tendon, limited bone resection of
the acromion, retention of the coracoacromial ligament and biceps tenotomy (if not already torn). The
anaesthetic (general or local) was decided by the anaesthetist. Surgeons were permitted to use their
normal surgical technique within the confines described in a trial-specific surgical guideline, available on
the Warwick Research Archive Portal (http:/wrap.warwick.ac.uk).

Standard arthroscopic debridement plus insertion of InSpace balloon (intervention)

Those allocated to the intervention underwent the same arthroscopic debridement as the control group
plus insertion of the InSpace Balloon by a subspecialty trained shoulder surgeon. The recommended
surgical technique was followed for sizing, insertion, and deployment of the balloon, as documented

in the surgical manual. The content of the surgical manual was confirmed with the manufacturers
(OrthoSpace at the time) prior to interventions starting in the study, to ensure the study followed
recommended techniques.

For both groups, fidelity was assessed with an operative record form, arthroscopic photographs
(posterior and lateral portal photographs after debridement for both groups, and a photograph from the
posterior portal just before balloon inflation in the balloon group to demonstrate balloon position). In
addition, the number of physiotherapy visits for each participant was also documented in both groups.

Rehabilitation

The postoperative rehabilitation programme was developed during the set-up phase of the trial. The
process involved collecting current NHS rehabilitation protocols from participating sites, manufacturer
protocols, scoping the literature and ratification among a panel of expert physiotherapists. As with

the surgical technique, a copy was forwarded to the manufacturer, OrthoSpace, prior to starting
interventions to ensure that the study did not conflict with manufacturer’s recommendations. A
physiotherapy trial manual was produced and followed, to standardise rehabilitation progression and
is available from: https:/warwick.ac.uk/fac/sci/med/research/ctu/trials/startreacts/links/healthlinks/
physiotherapy_manual_v2.2_10072018.pdf.

Postoperative rehabilitation for both groups was blind to treatment allocation and included standardised

postoperative information, home exercises and the offer of a minimum of three face-to-face
physiotherapy appointments. Additional physiotherapy was arranged at the discretion of the trial sites.
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Blinding

Participants and assessors were blinded to treatment allocation; only the surgical teams at the time
of the operation were aware of the allocation. Theatre staff were asked not to mention or discuss the
balloon and to communicate the allocation in writing - that is, by using methods such as holding up a
piece of paper on which the allocation was clearly written.

For those participants who were awake during surgery, drapes were used to obscure their view and
arthroscopic screens were positioned in such a way that they were unable to see the procedure.
Although the incisions required for the two procedures are similar one (the lateral portal) needs to be
slightly larger to insert the balloon; 1.5cm as opposed to 1 cm. Therefore, a 1.5-cm incision was used
for all participants and, due to the very small change from standard care, was very unlikely to have any
negative effects on any participant. Incisions were, therefore, the same for both groups and there was
no external way in which the participants could detect the presence or absence of the balloon.

A standard recommended operation note template was provided to all sites and adjusted to fit local
operation note systems to ensure that operation notes could be blinded and to prevent accidental
unblinding (e.g. in any discharge information or during postoperative physiotherapy. The details of the
operation related to the balloon were recorded in a secure online form easily accessible to the surgeon.

Although unblinding was unlikely, an unblinding plan was produced for use by NHS staff in emergency
situations such as overnight admission for suspected postoperative infection. Using a predefined
web-based system and two-way secure verification procedure performed using e-mail, staff used a link
inserted in the operation notes to access a code to unblind the allocation group, which was only sent to
an active NHS e-mail address. The trial team requested a full explanation of the clinical circumstances
and the need for access to data for audit and monitoring purposes from the person performing the
unblinding, and the principal investigator for the site was informed.

Participants were also asked at the 12-month time point, after collection of the primary outcome, if they
were aware of their allocation.

Adverse events, adverse device effects and serious adverse device effects

Adverse events, serious adverse events (SAEs), adverse device effects and serious adverse device effects
were defined using standard accepted criteria. An unanticipated serious adverse device effect was
defined as an adverse effect which, by its nature, incidence, severity or outcome, was not identified in
the risk analysis report. Adverse events were recorded for any participant where it was thought there
may be a relationship between the event and the trial interventions or the condition being studied

(in this case, any shoulder condition or related to the anaesthetic). These included device-specific
deficiencies or complications such as balloon migration, which was recorded if it was identified by
clinical teams during their normal practice.

All SAEs, serious adverse device effects and unanticipated serious adverse device effects occurring

from the time of randomisation until 12 months post-randomisation were communicated to the sponsor
within 24 hours of the research staff becoming aware of the event. All events were followed up until
resolution or a final outcome was reached.

For participants lost to follow-up at or beyond the 12-month time point, their general practitioner was
contacted and a short form requesting any information or health record that could be an adverse event
was requested, as well as confirmation of the current contact details of the participant.
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Statistical methods

All statistical analyses were carried out using R version 4.0.3 (The R Foundation for Statistical
Computing, Vienna, Austria).”*

Power and sample size

Initial sample size calculations were based on the Constant score, with a target difference of 10 units, as
widely used for other trials and a standard deviation (SD) of 20, giving a moderate standardised mean
difference of 0.5.2027757¢ In anchor-based studies the estimated target difference for the OSS is 6 with an
SD of 12 being observed in multiple studies.**¢8%7¢ For an expensive invasive procedure of this nature,

a smaller standardised mean difference was considered unlikely to be worthwhile. Therefore, a moderate
standardised mean difference of 0.5 was considered appropriate. For a power of 90% and a (two-sided)
type | error rate of 5% a study with a conventional fixed design (i.e. with no possibility of stopping early),
assuming an approximate normal distribution for the score data, would require 170 participants.

The design characteristics and required sample size for the planned adaptive design were assessed and
estimated in a large simulation study (see below).¢* We anticipated correlations between time points
(based on Karthikeyan et al.)’¢ and effect sizes to be equivalent between the Constant score and OSS;
thus, these simulations remained valid, despite the change of primary outcome.®®’¢ The simulations
showed that an adaptive design that allowed the possibility of early stopping for efficacy and/or futility,
was feasible for the START:REACTS study.

Based on an assumed modest correlation between 3-, 6-, and 12-month OSS equal to 0.5, and an SD
of 12 for both 3- and 6-month scores, the simulations for the selected adaptive design indicated that
follow-up data from a maximum of 188 participants would be needed to detect a six-point difference
in the OSS between treatment arms with 90% power and 5% (two-sided) type | error rate. Allowing for
15% lost to follow-up, while attempting to keep this below 10%, a maximum study sample size of 221
was calculated.

Primary outcome analysis

All data have been analysed and reported in accordance with the Consolidated Standards of Reporting
Trials guidelines.”””® A detailed statistical analysis plan and a data-sharing plan were agreed with the
DMC prior to any formal analyses being conducted.”

The primary analysis investigated differences in the OSS 12 months after surgery between the two
treatment groups on an intention-to-treat basis following the methods, test statistics and boundaries
described by Parsons et al.®* To preserve the integrity of the study, the exact boundaries used for testing
were specified in an adaptive charter known only to the study team and independent DMC. In brief, if
the study recruited to target, Parsons et al.’s®* methods would be used to calculate the boundaries. As
the study stopped early, testing proceeded using boundaries calculated by the deletion method for
over-running analysis,® with inferences following directly from widely used methods for unbiased
estimates and confidence intervals (Cls) in group sequential trials.8°-82

Secondary outcome analyses
Descriptive statistics of all outcome measures data (i.e. the OSS, WORC, EQ-5D-5L, PGIC and analgesia
usage) at each time point were constructed.

Adjusted estimates of treatment group differences (with 95% Cls) for the OSS at 12 months post-
randomisation were calculated using a mixed-effects model including a random effect for the recruiting
centre and fixed effects for variables of interest including patient age, sex and size of tear. Estimates of
efficacy for the other outcome measures followed this approach to analysis. Adverse and SAEs were
analysed using Fisher’s exact test. Patient-reported change in symptoms and the PGIC were analysed
using adjusted proportional odds ordered regression models.
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Owing to the low level of missing data in the primary outcome, no imputation was undertaken.

Exploratory analyses

To assess the impact of changing the primary outcome measure from the Constant score to the OSS,
we assessed the relationship between the two scores by fitting a simple linear model between the two
outcomes at each time point.

Based on discussions with clinicians at sites, proximal humeral migration on a preoperative X-ray was
used by some shoulder surgeons to understand the severity of the rotator cuff tear.8384 Explanatory
models were used to assess the relationship between acromiohumeral position and the OSS data in
the trial. The routine clinical images at baseline (X-rays and MRIs) were used to measure AHD for all
participants recruited (registered) into the study. To assess the effects of AHD on the primary outcome,
AHD was added as an additional confounder in the adjust mixed-effects model (described above).

Subgroup analyses
Prespecified subgroup analyses were undertaken to assess whether there was evidence that the
intervention effect differed with respect to:

o the size of the rotator cuff tear as measured at the start of surgery, defined as large or massive cuff
tear (= 3cm) or moderate to small tear (< 3cm)

e sex (male or female)

e age (270 or <70 years).

These variables were selected as they are either important to the function of the intervention (cuff tear
size) or to interpretation (sex and age). The subgroup analyses followed the methods described for the
mixed-effects model for the primary analysis, with additional interaction terms incorporated into the
mixed-effects regression model to assess the level of support for these hypotheses. The study was not
powered to formally test these hypotheses, so they are reported as exploratory analyses only, and are
secondary to the analysis reporting the main effects of the intervention in the full study population.®

Interim analyses

Interim analyses were only undertaken following the principles laid out by Parsons et al.¢* Details of the
timings and settings for the interim analyses were kept confidential so as not to prejudice the outcome
of the trial based on the decision to stop the study or proceed but were recorded in the DMC meeting
minutes and on date-stamped internal documents. The decision to stop the study early for efficacy

or futility was not planned to be communicated outside of the DMC closed meeting. However, the
TSC requested to view the interim analysis report before accepting the DMC’s recommendation to
close randomisation.

Initial simulation study

A 3-month work package was undertaken at the start of study to develop appropriate methodological
tools, implement a series of simulation studies using synthetic data to understand the properties of the
selected design and its sensitivities to model assumptions and, in collaboration with the study DMC,
agree futility and efficacy stopping boundaries.¢!

Study end points for the OSS were at 3, 6 and 12 months. For the adaptive design, the 12-month
primary outcome would have been too late to be used for determining futility before the study finished
recruiting, and therefore, available early and late outcome data were used to determine early stopping.

A 3-month outcome was chosen, particularly as the balloon degrades after this time, with the predictive
strength of the model strengthened further by the addition of 6- and 12-month outcomes. A decision
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to stop for futility would only be considered when there was sufficient confidence (based on this
comprehensive simulation work) using all available 3-, 6- and 12-month data. A decision to stop because
of clear evidence of efficacy was also considered in the modelling but especially strong evidence of
efficacy (and the relationship to later outcomes) was required for early stopping.

Boundary setting

Futility stopping boundaries based on early and late observations of a single study end point with a
final analysis adjusted for futility stopping have been suggested previously by Stallard.>® Methodology
developed previously by the group for two time points was extended to three time points (and also
made more general) to allow the totality of observed data at planned interim analyses to be used to
inform study progress (e.g. stopping).

Results from our systematic review suggested a strong association between early and late outcomes
based on data from trials of interventions for rotator cuff tears.*? A strong positive correlation between
3- and 6-month outcomes and 12-month outcomes indicated that information on the former early
outcomes were strongly indicative of later outcomes, and consequently intervention efficacy or futility.

Sequential stopping boundaries were constructed that allowed stopping for futility or stopping to reject
the null hypothesis (efficacy), with interim analyses determined by the results of the simulations and
agreed with the TSC and DMC.# It was agreed that the stopping boundaries would be binding. Stopping
boundaries for safety were also agreed and set as a separate criterion for early stopping.

Simulated data that replicate the metric properties of the primary outcome were then used to explore
the characteristics of the design and sensitivities to likely treatment effect sizes and correlations
between early and late outcomes. The aim was to understand changes in study power and rates of
early stopping for a range of likely treatment effect sizes. The results of these simulation studies were
presented to the TSC and DMC, and rules were agreed such that it was clearly defined as to when
interim analyses should happen, what the thresholds were for early stopping, and how decisions should
be communicated within the study team.

Preliminary simulations indicated that a single interim analysis using 3-month data on 53 patients per
arm with the probability of early stopping under the null hypothesis set to 50% would result in only a
small reduction in power to 88% for modest correlations between 3- and 12-month data. Given the
findings of our systematic review of a good relationship between early and late outcomes in trials of
interventions for rotator cuff tears*? and the fact that correlations were improved by considering all of
the available time points, there is likely to be little loss of power.

As we expected correlations between time points (based on Karthikeyan et al.)’¢ and effect sizes to

be equivalent between the Constant score and the OSS, these simulations remained valid, despite the
change of primary outcome score.®®

As with the primary analysis, the interim analyses were performed using a frequentist approach although
a Bayesian framework was explored as a substudy (see Chapter 8).

Changes to the protocol

As described above, the planned primary outcome for the study was originally the Constant score.38%?
However, in light of the COVID-19 outbreak in March 2020, the TMG decided to change the protocol to

use the OSS as the primary outcome.

Various other changes were made to the original protocol throughout the duration of the trial.
These include:
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e To insert the balloon, the ‘lateral portal’ incision was slightly larger - 1.5 cm as opposed to 1 cm. To
ensure blinding to study allocation, we used a 1.5-cm incision for all participants.

e For surgeons unable to attend a training session in person we suggested that they either read the
surgery manual or watch an online surgery video.

e As eligibility was confirmed intraoperatively, patients found to be ineligible at randomisation were
informed that they were no longer taking part in the study by letter.

e The number of sites taking part increased to 16-20 from the initial proposed amount.

e We conducted two pilot studies for the MRI substudy (MRI pilot and shoulder muscle function pilot)
prior to conducting the main substudy. This was to confirm that the design of the main substudy was
robust enough to achieve the objectives set out.

e There were concerns that participants who were lost to follow-up may have had safety events that
we could miss. For that reason, we decided to contact the participants’ general practitioners for those
who were considered lost to follow-up at 12 months to request information in regards to adverse
and SAEs.

e We used minimisation for randomisation rather than permuted random blocks based on a simulation
exercise which demonstrated a high risk of major imbalance in the study arms with random
permutated blocks. The randomisation process was changed to minimisation with a random factor,
with a 70% weighting towards balance across the whole study.

e The isometer was deleted from the secondary objectives and replaced with a dynamometer, which
was used for the strength measurements at 3, 6 and 12 months.

e |mages were collected at baseline from previous imaging of the shoulder to assess in a secondary
exploratory analysis whether imaging findings (especially proximal migration of the humerus) predicts
outcome after surgery.

e Planned sample size increased from 212 to 221 due to recalculation to increase the power in the
study after discussions with the DMC.

e We changed the time point for the first MRI in the substudy from 6 to 8 weeks, with the window
between -2 and + 4 weeks. This was to ensure that participants had longer to recover from surgery
before their first MRI.

e The time window for the 3-month follow-up decreased from -6 to -2 weeks to ensure that
participants had longer to recover before they returned for the 3-month follow-up.

e Study participants whose postoperative pain interfered with their rehabilitation programme could be
referred for a steroid injection (with or without local anaesthetic in the shoulder region).
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Chapter 3 Main trial results

Participants

Between 1 June 2018 and 30 July 2020, we identified 317 eligible people and 249 (79%) consented to
participate. A total of 117 participants were randomised into the study when recruitment was closed;
61 (52%) participants were randomised to receive arthroscopic debridement surgery alone, and 56
(48%) participants were randomised to receive arthroscopic debridement with the InSpace balloon
(see Figure 2). On the 30 of July 2020, recruitment and randomisation were stopped after the futility
boundary had been crossed at the first interim analysis. Stopping rules and observed data at the first
interim analysis are given in Appendix 1.

Baseline statistics

Baseline variables were well balanced (see Table 1), although there were more male than female
participants (n = 67 : 50), and slightly more under age 70 years in the InSpace balloon group. The mean
age of the study participants was 67 years; 79 (68%) participants had injured their right shoulder, with
63% having their dominant shoulder affected. Mean duration of symptoms or pain was five years and 68%
reported past trauma or injury may have caused the tear. Five participants had rotator cuff tears of less
than 3cm in the control group and one in the intervention group. The mean tear sizes were very similar
between groups (debridement-only, mean 4.3 cm; debridement with InSpace balloon, mean 4.2cm).

Primary outcome: Oxford Shoulder Score

Response rates were very high across the follow-up time points. Twelve-month primary outcome

data were obtained from 114 of the 117 participants (97%). Of the three instances of missing primary
outcome data, two participants had died (neither trial related) and one could not be contacted. Table 2
shows the descriptive statistics of the OSS at each time point.

Figure 3 shows the mean OSS score at each time point and the two allocation groups. Scores improved
compared with baseline in both groups. The debridement-only group had a relatively quicker recovery
and higher scores at each of the follow-up time points.

Primary efficacy analysis

In the primary intention-to-treat analysis, the mean (unadjusted) difference in the OSS at 12 months was
-4.2 points (95% Cl -8.2 to -0.26; p = 0.037), favouring debridement only. This estimate of the effect
of the intervention is smaller than our target difference of six points, however, this difference is included
in the 95% CI. It should also be noted that this was a target for a worthwhile benefit, and we had not
specified what might be a meaningful harm.

Secondary efficacy analyses

The secondary prespecified efficacy analysis was a model adjusted to account for the baseline OSS, sex,
tear size and age group. The results are shown in Table 3. A similar treatment effect was observed to
the primary analysis, with the groups which received the InSpace balloon having worse outcomes than
the group which received arthroscopic debridement alone (effect -4.2, 95% Cl -7.8 to -0.6; p = 0.026).
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TABLE 1 Baseline characteristics and operative findings

Debridement- Debridement with All

only InSpace balloon randomised
Baseline statistics (n=61) (n =56) (n=117)
Baseline Age (years) - mean (SD) 67.3(9.0) 66.4 (7.6) 66.9 (8.3)
details and
demographics Age group (years), n (%) Under 70 33 (54) 36 (64) 69 (59)
Sex, n (%) Female 28 (46) 22(39) 50 (43)
Rotator cuff tear size, n (%)  Large (=3 cm) 56 (92) 55(98) 111 (95)
Medium/small 5(8) 1(2) 6(5)
(<3cm)
Right shoulder affected, n (%) 42 (69) 37 (66) 79 (68)
Left or right-handed, n (%)  Left 10 (16) 5(9) 15(13)
Right 51 (84) 50 (89) 101 (86)
Missing 0(0) 1(2) 1(1)
Dominant or non-dom- Dominant 38(62) 36 (64) 74 (63)
inant shoulder affected,
n (%) Non-dominant 22 (36) 18 (32) 40 (34)
Missing 1(2) 2(4) 3(3)
Baseline PROM mean, 0SS 21.7 (9.4) 23.1(8.5) 22.4(9.0)
- (SD)
Constant score 33.6 (13) 29.9 (13.4) 31.9(13.2)
WORC 34.4(14.2) 33.7(13.1) 34.1(13.6)
EQ-5D-5L 0.501 (0.258) 0.486 (0.247) 0.494 (0.251)
Pain-free range of motion,  Abduction 76.3(32.8) 63.9 (22.2) 70.5(28.9)
mean (SD) (n = 109) angle (degrees)
Flexion angle 74.1 (25.1) 67.8(29.8) 71.1(27.4)
(degrees)
Symptom duration in years - mean (SD) 4.3 (6.2) 5.5(7.1) 4.9 (6.7)
Other medical conditions, n (%) 53(87) 45 (80) 98 (84)
Participant smokes, n (%) 4(7) 5(9) 2(8)
Participant has diabetes (all type Il), n (%) 9 (15) 9 (16) 18 (15)
Participants has unilateral ~ Unilateral 43(71) 39 (70) 82 (70)
or bilateral symptoms,
n (%)
Received previous physiotherapy treatment, 42 (69) 44 (79) 86 (74)
n (%)
Previously received steroid injection, n (%) 34 (56) 36 (64) 70 (60)
Number of steroid Median (range) 2(1-6) 2(1-10) 2(1-10)
injections taken
Previously had surgery on shoulder, n (%) 16 (26) 9 (16) 25 (21)
Surgery details Anterior-posterior tear Mean (SD) 4.3(1.3) 4.2 (1.3) 4.2 (1.3)
size (cm)
Mediolateral retraction Mean (SD) 4.3(1.0) 4.0 (1.0) 4.1(1)

from GT attachment (cm)

continued
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TABLE 1 Baseline characteristics and operative findings (continued)

Debridement- Debridement with All

only InSpace balloon randomised
Baseline statistics (n=61) (n=56) (n=117)
Biceps tendon intact, n (%) 38 (62) 39 (70) 77 (66)
Subscapularis torn, n (%) 12 (20) 14 (25) 26 (22)
Subscapularis tear size Mean (SD) 0.7 (0.3) 0.8 (0.4) 0.8 (0.4)
(cm)
Subscapularis repaired, n (%) 2(3) 2(4) 4(3)

PROM, patient-reported outcome measure.
a Values are shown in counts and percentages - n (%) unless otherwise stated.

TABLE 2 Descriptive statistics of the OSS

Debridement with All
Debridement-only InSpace balloon randomised
Follow-up point Statistic (n=61) (n =56) (n=117)
Baseline Received, n (%) 61 (100) 56 (100) 117 (100)
Missing, n (%) 0(0) 0 (0) 0(0)
Mean (SD) 21.7 (9.4) 23.1(8.5) 22.4(9.0)
3 months Received, n (%) 59 (97) 54 (96) 113 (97)
Missing, n (%) 2(3) 2 (4) 4 (3)
Mean (SD) 30.4(11.2) 25(10.4) 27.8(11.1)
6 months Received, n (%) 58 (95) 54 (96) 112 (96)
Missing, n (%) 3(5) 2 (4) 5(4)
Mean (SD) 33.3(10.4) 28.5(11) 31(10.9)
12 months Received, n (%) 59 (97) 55(98) 114 (97)
Missing, n (%) 2(3) 1(2) 3(3)
Mean (SD) 34.3(11.1) 30.3 (10.9) 32.4(11.2)
__ 401
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FIGURE 3 Oxford Shoulder Score means and 95% confidence intervals for each time point.
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TABLE 3 Adjusted model results of the OSS at 12 months

Fixed effect variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 - 0.026
Debridement with balloon -4.2 (-7.8 to -0.6)

Baseline OSS score 0.6 (0.4 t0 0.8) <0.001

Sex Male 0 - 0.598
Female -1.1 (-4.9 to 3.0)

Tear size Large 0 - 0.349
Medium or small 4.0 (-4.4t0 12.3)

Age group (years) <70 0 - 0.778
270 0.6 (-3.2to 4.4)

a OSS is scored 0-48; positive values are associated with improved function and negative values are associated with
decreased function.

This difference was smaller than the target difference of six points. The baseline OSS score was the only
other statistically significant variable, showing that those participants whose disability and pain were
worse at baseline also had worse outcomes at follow-up. That is, there was an additional gain of 0.57
points (95% Cl 0.4 to 0.8; p < 0.001) at follow-up for every point increase in the baseline OSS.

Secondary outcomes

The Constant score
Further details of the Constant scores can be found in Appendix 1.

The Constant score had high levels of missingness due to the difficulty of obtaining data during the
lockdown due to COVID-19. Insufficient data were collected to allow for the planned linear regression
model to be calculated. However, as earlier time points were less affected, some inferences could be
made on the 3- and 6-month data. The collected data showed that the debridement-only group had
better outcomes at these early time points.

Western Ontario Rotator Cuff Index

Further details of the WORC scores can be found in Appendix 1. Here it can be seen that the effect of
the InSpace balloon again has a reduction on function (mean -8.4 points, 95% Cl -16.7 to -0.1;

p = 0.055), following the results of the OSS. Similarly, to the adjusted OSS model, smaller tear size and
higher ages were associated with non-significant increases in function. Female sex was also associated
with an in increase in function, but this was small (mean 1.5, 95% Cl -7.3 to 11.1; p = 0.74).

EuroQol Five Dimension Five-Level score

Further details of the EQ-5D-5L scores at each time point can be found in Appendix 1. No terms were found
to be statistically significantly associated with health-related quality of life (HRQoL). The InSpace balloon
was associated with a small non-significant decrease on overall HRQoL (mean -0.056, 95% Cl -0.15 to
0.03; p = 0.239). The older age group was associated with an increase (0.015, 95% Cl -0.08 to 0.12) while
female sex (-0.007, 95% Cl -0.10 to 0.09) and smaller tear sizes (-0.059, 95% CI -0.28 to 0.15) were
associated with reductions in HRQolL, although all these differences were non-significant.

Patient Global Impression of Change

Participants were asked to report how much better or worse their shoulder felt 12 months after their
surgery as well as if there was any change in their activity limitations, symptoms, emotions, and overall
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QolL. Details are shown in Appendix 1. There were no statistically significant differences in either overall
change (OR 0.6, 95% Cl 0.3 to 1.2) or in PGIC (OR 0.5, 95% CI 0.3 to 1.1); although both questions
favoured the arthroscopic debridement alone group.

Subgroup analyses

Descriptive statistics and details of the models for each of the pre-specified subgroups (age group, tear
size and sex) can be found in Appendix 1. The results of each of the three subgroups are summarised
visually in Figure 4.

When including an interaction term for age and allocation group, the model remained broadly consistent
with the secondary effect analysis (interaction effect for InSpace balloon and 70 years and over -5.3,
95% Cl -12.1 to 2.38). This was also the case for tear size (interaction effect for InSpace balloon and
small tears 6.8, 95% Cl -14.9 to 28.8). Note that because of the small number of small to medium tears,
the marginal effects of tear size could not be estimated.

Participant sex was found to be an important confounder (interaction effect for InSpace device and
female sex =9.5, 95% Cl -16.5 to -2.6). Females in the InSpace balloon allocation group had a decrease
in function, larger than the worthwhile difference, when compared with males. Figures depicting this
effect can be found in Appendix 1.

To further investigate this effect, we constructed a waterfall plot (see Figure 5). This allows us to
inspect visually the effects of baseline and 12-month OSS, allocation group and participant sex. Here,
it can be seen that while females tended to have lower scores at baseline, those allocated to receive
debridement-only typically had larger gains than those who received the InSpace balloon. Most

Subgroup Favours debridement Favours Inspace device
Tear size: Large ' @ |
Sex: male - I ® {
Sex: female A b ® {
Age group: 70 or under - I @ {
Age group: 70 or over - ' ® |

T T T T T T T T T T T T T
-15 -14 -13 -12 -11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Mean difference

FIGURE 4 Forest plot of the adjusted effect of the allocation group on 12-month OSS for each pre-planned subgroup.
Blue circles denote the adjusted mean difference, grey whiskers the 95% CI. Values left of zero favour the arthroscopic
debridement group.
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FIGURE 5 Waterfall plot of 12-month OSS score by sex and allocation group. Scores have been ordered by baseline score
(highest at centre) and allocation group (debridement-only on right-hand side). The coloured dot denotes the participant’s
baseline score, which is joined to the participant’s 12-month OSS by a line (solid for males, dashed for females).

participants reported better function at follow-up than at baseline, although a larger number of people
declined in function in the balloon group compared to baseline.

Safety data

Overall, 20 participants reported a total of 28 adverse events. Numbers were similar in the two groups
(n =9 :11; see Table 4). There were six serious adverse events, four in the debridement with InSpace
balloon group and two in the debridement-only group. Three serious adverse events were considered
unrelated to the surgery and three were considered related: two (one in each group) for persistent pain
or disability at 12 months (defined as requiring continuing secondary care review) and one for further
surgery, a reverse shoulder replacement in the debridement with device group.

Sensitivity and exploratory analyses

Effects of COVID-19

We undertook a sensitivity analysis to assess if COVID-19 could have affected the primary analysis.
Data from participants who had completed the 12-month primary outcome before the first lockdown
were compared with the remaining participants; 25 participants had completed their 12-month primary
end point prior to the first UK lockdown (20 March 2020) and 89 participants were followed up during/
after the COVID-19 lockdown period. The results of this analysis (see Appendix 1) confirm that COVID-
19 did not significantly change the collected OSS or EQ-5D-5L scores at 12 months, nor did it affect the
completion rates. However, since there was a major impact on collecting the 12-month Constant score
(97.8% missing during or after COVID-19), this score could not be assessed.

Acromiohumeral distance and rotator cuff pathology

Since more participants than expected were excluded intraoperatively, we did additional exploratory
analyses to explore whether there were differences in the pathology between the two groups at
registration, prior to surgery. Hence, these analyses should be interpreted with caution and may not
be generalisable.
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TABLE 4 Adverse and serious adverse events related and unrelated to the intervention

Adverse events

Participant experienced any AE
(n, % of total participants in group)

AEs per participant, n 1
(% of total participants
with AEs) 2 or more

Total reported AEs (n)

Exacerbation/persistence of shoulder pain or
restrictive ROM, n (% of total AEs in group)

Injection into the shoulder region, n (% of
total AEs in group)

Adhesive capsulitis, n (% of total AEs in
group)

Persistent muscle soreness or muscle injury,
n (% of total AEs in group)

Other, n (% of total AEs in group)
Related events - SAE category

Participants experiencing = 1 SAE, n (% of
total participants in group)

Total reported SAEs (n)

Hospitalisation or prolongation of existing
hospitalisation, n (% of SAEs in group)

Persistent or significant disability/incapacity,
n (% of SAEs in group)

Was related SAE expected: Yes, n (% of
related SAEs in group)

Related to InSpace balloon, n (% of total in
group)

Unrelated events - SAE category

Participants experiencing =1 SAE, n (% of
total participants in group)

Total reported SAEs (n)

Hospitalisation or prolongation of existing
hospitalisation, n (% of SAEs in group)

Persistent or significant disability/incapacity
(n, % of SAEs in group)

Debridement-
only (n = 61)

9(15)

7(78)
2(22)
11

5 (46)

1(100)

1(100)

NA

1(2)

1(100)

Debridement with
InSpace balloon (n = 56)
11 (20)

9(82)
2(18)

3(18)

2(12)

12(50)

1(50)

2(100)

2(100)

20(17)

16 (80)
4(20)
28

11 (39)

4(14)

2(67)

3(100)

2(67)

p-values

0.624

0.592

0.134

0.756

0.348

0.227

0.479

NA

NA
NA

NA

NA

NA

NA
NA

NA

AE, adverse event; NA, not applicable.

a One participant experienced an SAE categorised as both hospitalisation and significant disability; only hospitalisation

reported in table.

While baseline OSS and Constant scores were both greater in the repairable cuff tear group, these
differences were small and not statistically significant (OSS mean difference 2.1, 95% Cl -5.0 to 0.9;

Constant score mean difference 3.8, 95% Cl -1.2 to 8.9). The difference in AHD was statistically

significant with those which had a repairable cuff tear having a significantly larger AHD than those with
a non-repairable tear (mean 1.1, 95% Cl -0.11 to 2.1; p = 0.034). Full details of these analyses can be

found in Appendix 1.
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Acromiohumeral distance and Oxford Shoulder Score at 12-month follow-up

Including AHD into the adjusted efficacy model showed that the OSS improved by approximately 0.47
points for every 1 mm increase in the AHD; however, this was not a statistically significant result (95% ClI
-0.3to 1.2; p = 0.236). The effect of the allocation group remained broadly similar to the main analyses,
favouring the debridement alone group.

Relationship between the Oxford Shoulder Score and the Constant score

The original primary outcome was the Constant score (see above). As the study design was dependent
upon the observed correlations at each follow-up pint, Pearson’s correlation coefficient between this
outcome and the OSS were calculated to confirm that it was a suitable alternative. The OSS is scored
between 0 and 48, hence we rescaled scores to a 0-100 range to allow direct comparison to the
Constant score (range is 0-100). These results (see Appendix 1) suggest that the Constant score has a
strong association with the OSS at each time point.
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Chapter 4 Discussion of main trial results

Clinical discussion

We set out to test the effectiveness of a new surgical procedure, the InSpace subacromial balloon
spacer, for people with irreparable rotator cuff tears. The study was blinded and the comparator was
an otherwise identical procedure without the balloon. A futility boundary was crossed and the study
stopped with 117 participants recruited as the result of a planned interim analysis. Arthroscopic
debridement was found to be superior to arthroscopic debridement with the InSpace device, based
on the OSS 12 months after surgery. Given that the only difference between the two interventions
was the device itself, it is highly unlikely that the balloon provides any meaningful benefit, and it could
be harmful.

Secondary outcomes were in agreement with the primary outcome. Although these were mostly

not significant, there was a consistent pattern of change in favour of debridement-only. Significant
differences were noted for some of the objective measures such as strength and ROM, although
numbers for these measures at later time points were limited due to the pandemic, so these should
be treated with caution. Safety data showed no differences between interventions, although as there
were few adverse events, the sample size was much too small to detect any meaningful difference in
this regard.

The target difference for the OSS this study was six, based on previous anchor-based studies and used
in other multicentre trials.41¢8?76 While the point estimate was lower than this, the target difference
was contained within the Cl and the Cl excluded zero. Minimum clinically important differences (MCIDs)
are typically determined to measure benefit, they are less likely to be relevant in the setting of negative
results. It may be difficult to justify using any intervention that shows statistically significant worse
results on the primary outcome compared with control, no matter how small the point estimate of

the difference.

In the subgroup analyses, a strong effect of sex was observed, with poor results for the device in
females. We strongly caution against the use of the device in females but, even in males it is unlikely
that the device provides any benefit. There was no other significant association found in the subgroup
analyses, although an association with age (older people having worse results) could not be ruled out.

The lack of influence of baseline AHD on outcome should reassure surgeons that there is not a latent
subgroup related to radiographic disease severity.

A blinded multicentre trial of the InSpace device compared with partial rotator cuff repair was conducted
by Verma et al.®” and was reported shortly after our study, in April 2022. This was a company-funded trial
(by OrthoSpace, subsequently purchased by Stryker) and contributed to the device being awarded FDA
marketing approval in the United States in 2021. The eligibility criteria were different to ours, principally
as the study was focused on people with massive irreparable rotator cuff tears (over 5cm or two or more
tendons torn). However, in our study, tear size did not appear to influence the result. The study reported
non-inferiority of the balloon compared to partial cuff repair, with similar outcomes across most domains
at the primary outcome time point of 2 years.** A small improvement in the secondary outcome of ROM
was seen in the balloon arm, although some differences were present at baseline, and any discrepancy

in this might be related to stiffness after partial repair. Partial rotator cuff repair is rarely used in the

UK in this condition and the evidence for its use is limited to case series data, with mixed results
reported.**#>8 The trial did not directly test the effect of the balloon, as we have in the present trial.
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Apart from the direct clinical impact, the findings of our study also demonstrate the critical importance
of randomised trials in the early evaluation of surgical devices and techniques, before they are
introduced into widespread clinical practice. The InSpace device had been used in around 29,000 cases
in Europe at the time of the 2021 FDA approval, largely on the basis of case series data alone, most

of which has only been published in the last few years.?® Case series are unable to demonstrate a true
benefit as a comparator is needed. We have previously shown in a meta-analysis that outcomes for
people with a rotator cuff tear improve over time regardless of the treatment given, and, therefore, an
improvement in patient outcome from baseline does not mean that a treatment is effective.

There was no clear pattern in the safety data and this is also an important observation. Monitoring
of safety data alone cannot be used to ensure that a product is not causing harm. Such information
may only be evident in a robust evaluation of clinical outcomes, such as a clinical trial reporting
patient-focused outcomes.

This study identifies a deficiency in the current process for introducing new surgical devices and
procedures. One solution to this would be to apply the IDEAL criteria more stringently to the
introduction of new procedures, allowing registered prospective development studies and randomised
trials in approved centres, but only allowing a product or technique to be more widely available when
convincing proof exists that it is likely to be of benefit.888° This would be a marked change to current
practice but would protect patients from potential harm and prevent the health service from incurring
unnecessary expense.

Adaptive design methods

In this study, we have successfully implemented a novel adaptive group sequential randomised trial,
using the correlation between early end point data and the primary outcome to inform stopping
decisions at two planned interim analyses. The correlations between time points were higher than
expected and due to the pandemic, we continued to accrue outcome data for a 3-month period

while randomisations were paused. As a result of these factors, the emerging data enabled us to

stop recruitment early with robust data in what would have otherwise been a very challenging time.
Assuming that we continued with the rate of recruitment that was observed prior to March 2020, the
study would have taken an additional 11 months to recruit the full sample size, although it is likely that
recruitment would have been further delayed by the effects of the pandemic on elective surgery. This
highlights the value of the novel methodology by not only saving on research costs but also by providing
much earlier impact for patients and the health service, improving patient outcomes and saving money.

Having successfully implemented this novel methodology in one study, we recognise the need

for ongoing work to establish this as a technique for future use and to convince clinicians, trials
methodologists and research funders that the methods could be used more widely. To address this, we
undertook a large simulation study using data from multiple previous high-impact randomised trials; this
work is reported in Chapter 7.

Limitations

Our study has a number of limitations which should be considered. As the study stopped early,

Cls remained wide for the secondary outcomes and a larger sample size may have provided more
precise estimates. The study was designed to determine if the device was effective or not, which

was consistently answered by both the primary and secondary outcomes. Even if a larger sample size
demonstrated further evidence of harm, the implications of the findings would remain that the device
is not recommended in this population. A larger sample size would have exposed more people to risk,
but it is highly unlikely that the overall findings of the study would change. The study was not designed
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to have adequate power for subgroup analyses, either at 117 or 221 participants, and it is unlikely that
the clinical conclusions would have been changed had these analyses been formally powered. While the
device could be of benefit in a different population, our eligibility was focused on the most commonly
used indications for the device both in the UK and internationally. Because of the pandemic, we were
not able to collect objective measures for many of the participants, especially at 12 months, although
the objective outcomes we did take in the study were consistent with the primary outcome and
significant differences were observed in favour of debridement-only, although with a very small amount
of data.

This study was not designed to determine the effectiveness of arthroscopic debridement for people
with an irreparable rotator cuff tear. It is commonly used in the UK for this indication and provided an
appropriate comparator in this study. Given the results presented here, there is need for a future trial
of arthroscopic debridement compared to alternative surgical procedures, placebo, or a non-surgical
intervention. There is also a need for additional RCTs of other treatments, as there is a lack of evidence
for all available treatment options for irreparable rotator cuff tears at present.

Conclusion

We implemented a novel group sequential, blinded, multicentre randomised trial in people with
irreparable rotator cuff tears and found that arthroscopic debridement was superior to an otherwise
identical procedure performed with the InSpace device. We do not recommend the InSpace balloon
spacer in this population.
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Chapter 5 Health economics

Overview of economic evaluation

The economic component of the study included a standard health policy-relevant economic analysis,
and an exploration of how early economic data might support decision-making through the use of an
adaptive design.

A prospective economic evaluation was integrated into the trial, adhering to the recommendations

of the NICE reference case.”® The evaluation was conducted with the objective of estimating the
cost-effectiveness of arthroscopic debridement of the subacromial space with insertion of the InSpace
balloon compared with arthroscopic debridement of the subacromial space only. A health economic
analysis plan was developed and is available on request.

This economic evaluation took the form of a cost-utility analysis, expressed in terms on incremental
cost per quality-adjusted life-year (QALY) gained. The primary analysis is based on an NHS and PSS
perspective as recommended by NICE, while wider impact (societal) costs were included within a
sensitivity analysis.”®

Mechanisms of missingness of data were explored and multiple imputation methods applied to impute
missing data. Imputation sets were used in bivariate analysis of costs and QALYs to generate incremental
cost per QALY estimates and confidence regions.”*-?* It was anticipated that incremental costs and
benefits would be captured within the trial and that extrapolated modelling would not be required.

Relatively little research has been conducted prospectively on how interim economic analysis might
inform interim decision-making. Current approaches are based mainly on net monetary benefit
approaches using value of information methods.?>?¢ We compared various methods using economic data
(costs and QALYs) and clinical data to evaluate the practical implications and operating characteristics

of stopping a trial early based on cost-effectiveness data alone, efficacy data alone or a combination of
cost-effectiveness and efficacy. START:REACTS has been used to evaluate putative analytical methods,
as set out within a prospectively written health economic analysis plan and parallel interim analyses,
separate from the real trial analyses, exploring how interim decisions might have been influenced. Given
that health economic decision rules for adaptive designs are less widely understood and used in the
literature, the properties of these methods will be developed further for future trials.

Measurement of resource use and costs

We used a comprehensive strategy including estimation of intervention delivery costs and broader
health and PSS costs®” to determine the incremental costs associated with the START intervention.

Costing of the intervention
The economic evaluation focused on assessing intervention implementation costs, including:

1. Health-care resource use: costed using most recently available published national reference costs
(see Appendix 2, Table 60), within a common year.?278-1%° Participants were asked about their health
service contacts in connection with their shoulder condition at 3, 6 and 12 months. The numbers of
contacts with community and outpatient clinics and use of hospital services were recorded within
the trial case report form.
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2. Additional medication/prescriptions: collected from a diary to assist participants to record this
information. The costs of study medications were included using most recent English prescription
cost analysis data (using British National Formulary 2020).1°! Participant-level costs were estimated
as the sum of resources used weighted by their unit costs.'°!

3. Direct intervention costs: including the costs of delivering arthroscopic debridement with insertion
of the InSpace balloon and arthroscopic debridement only.

4. Production losses in terms of the time from work (paid or unpaid) due to receiving the intervention
was also recorded (although time from work was not included as a resource from the perspective of
the analysis).

Collection of broader resource-use data

Data were collected on health, PSS and broader societal resource inputs between randomisation and

24 months post-randomisation. Trial participants were required to complete resource-use questionnaires
at baseline, 3, 6, 12 and 24 months post-randomisation using a modified version of the Client Service
Receipt Inventory (version 1.0). Data were reported in terms of the following categories:

inpatient care

outpatient care

community health care
personal and social services
loss of production/work
pain medication.

ok owndeE

Medication use was categorised by drug name (or active constituent), mode of administration, dosage
frequency and duration.

Valuation of resource use

Resource inputs were valued using a combination of primary research and data collated from secondary
national tariff sets, using standard accounting methods. Inpatient admissions during the study (overall
and by type) were determined from the NHS reference costs trusts schedule (2020-21 tariffs were not
available due to COVID-19).78-1%° Other hospital-based care costs were valued from 2019-20 national
tariffs by applying unit costs. NHS medication prices (per milligram) were obtained from the British
National Formulary.1°* Participant-level costs were estimated based on reported doses and frequencies,
when available, or otherwise based on an assumed daily dose.%?

Sex-specific median earnings data were applied to occupational classifications derived from self-
reported work status information to determine the costs of time taken off work by participants (or their
carers). Data reported by the participants as part of the follow-up resource-use questionnaires were
also used to determine other family-borne costs. The NHS Hospital and Community Health Services
Pay and Prices Index Unit was used to inflate or deflate costs where necessary to 2020-21 prices (£
sterling).1®® No discounting of costs was applied because cost-effectiveness was determined over a
1-year time horizon.

Calculation of utilities and quality-adjusted life-years

The economic evaluation estimated QALY profiles for participants, based on reports of preference-
based HRQoL outcomes. The HRQoL of trial participants was assessed using the EuroQol EQ-5D-5L,%4
measured at baseline, 3, 6, 12 and 24 months post-randomisation. Participants completed a two-page
questionnaire consisting of the EQ-5D-5L descriptive system and the EQ VAS - a self-rated vertical
VAS where 100 denotes ‘best imaginable health state’ and O denotes ‘worst imaginable health state’.
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EQ-5D-5L scores were converted to health status scores using the mapping function developed by van
Hout et al.’®> The analysis values each health state/level combination as a single health-related index
including O (death) and 1 (perfect health), where negative scores are possible for some health states.

Using the trapezoidal rule, the area-under-the-curve of health status scores were calculated, providing
participant-level QALY estimates. No discounting was applied to quality-adjusted survival data
reflecting the follow-up period (1 year). EQ-VAS scores were entered as a separate item and reported
for completeness, but not for trial-based analysis. No discounting of QALYs was applied because cost-
effectiveness was determined over a 1-year time horizon.

Missing data

Multiple imputation was used to estimate effects under the missing at random assumption. Missing
at random assumptions were explored using logistic regression of the missingness of costs and
QALYs against baseline variables. Prognostic and stratification covariates were assessed as potential
missingness predictors (including outcome measures and costs at each time point).1%¢

Imputation models used fully conditional methods (multiple imputation by chained equations),é¢1%”
which are appropriate when correlation occurs between variables. Predictive mean matching drawn
from the five nearest neighbours (knn = 5) was used to enhance the plausibility and robustness of
imputed values, as normality could not be assumed.

A model was used to generate multiple imputed data sets for treatment groups, where missing values
were estimated conditional on available covariates: these included baseline costs, baseline utilities,

the size of the rotator cuff tear as measured at the start of surgery (2 3 or < 3cm), sex and age (=70,
<70 years). With multiple imputation, a complete data set was generated, reflecting the distributions
and correlations between variables in the observed data. Each imputed data set was analysed
independently using model-based approaches; estimates obtained were pooled to generate mean and
variance estimates of costs and QALYs using Rubin’s rules'® to capture within and between variances
for imputed samples. Information loss from finite imputation sampling was minimised using 20 data sets,
resulting in minimal loss of efficiency (< 0.5%) when compared with infinite sampling. Since the fraction
of information missing was reasonably low, n = 20 imputation sets were considered adequate.?>107-10?
Imputed and observed values were compared to determine the impact of imputation on estimates.

Analyses of resource use, costs and outcome data

Resource-use items were summarised by treatment group and assessment point; differences between
groups were analysed using two-sample t-tests for continuous variables. Mean (SD) of each resource
type, including by cost category, were estimated by trial allocation group for each time period. Costs
were estimated from both an NHS and PSS perspective. This was also repeated from a broader societal
perspective. Differences between groups in terms of costs, together with their respective Cis, were
estimated and reported. Nonparametric bootstrap estimates using 10,000 replications’ were also
calculated for differences along with their respective Cls. EQ-5D-5L utility score differences at each
follow-up point between the groups were tested using two-sample t-tests assuming unequal variances.

Model-based methods (seemingly unrelated regression) were used to estimate mean incremental
changes in costs and QALYs and accounted for the correlation between costs and outcomes within the
data while adjusting for covariates, including baseline costs and utility scores to adjust for potential
baseline imbalances. Non-parametric bootstrap methods were used to generate the joint distributions
of costs and outcomes to populate the cost-effectiveness plane. Bootstrapping (using bias-corrected
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non-parametric bootstrapping) is a resampling method which jointly resamples costs and outcomes from
the observed data while holding the sample correlation structure. From each bootstrap sample (10,000
samples), a change in costs and QALYs are estimated. Means estimates were reported with 95% Cls.

Cost-effectiveness analyses

The incremental cost-effectiveness ratio (ICER) was estimated as the difference between the trial
comparators in mean total costs divided by the difference in mean total QALYs. Value for money was
determined by comparing the ICER with a cost-effectiveness threshold value; typically, the NICE cost-
effectiveness threshold for British studies ranges between £20,000 and £30,000 per QALY. In addition,
a £15,000 cost-effectiveness threshold was used. This represents society’s willingness to pay for an
additional QALY; lower ICER values than the threshold could be considered cost-effective for use in the
NHS. Base-case assumptions were explored using a range of supportive sensitivity analyses.

The incremental net monetary benefit (INMB) of switching (from standard care) to the experimental
intervention was also reported as a recalculation of the ICER at a range of cost-effectiveness thresholds.
The INMB succinctly describes the resource gain (or loss) when investing in a new intervention when
resources can be used elsewhere at the same threshold. INMB estimates were used to generate
cost-effectiveness acceptability curves. The curve compares the likelihood that interventions are cost-
effective as the cost-effectiveness threshold varies.

All statistical analyses and cost-effectiveness modelling were conducted in SAS® version 9.4 (SAS
Institute Inc., Cary, NC, USA) on a Microsoft Windows platform.

Sensitivity and subgroup analyses
The following subgroup analyses were undertaken by the planned subgroups:

e rotator cuff tear (>3 or <3cm)
e sex (male or female)
e age (270 or <70 years).

Treatment by subgroup interaction

A treatment by subgroup interaction term was also tested for sex and age group for each of costs
and QALYs, while ensuring costs and QALYs were correlated following a bivariate regression model of
the form:

f(QALY, cost) = x + f treatment + ~ covariate + ¢ treatment x covariate

by the planned subgroups: sex and age (= 70 years, < 70 years) in terms of QALYs and total costs. The
interaction was tested at a two-sided 5% level.

Long-term cost-effectiveness model
The study protocol allowed for extrapolation of costs and consequences over a longer time horizon if
the trial demonstrated statistically significant differences in medium-term outcomes. As the key primary

clinical outcomes did not demonstrate clinical and statistical benefits, this was not formally undertaken.
However, a sensitivity analysis for QALYs over a 2-year period was carried out.
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Results

Study population

A total of 117 participants were randomised into the START trial: 56 to the debridement with InSpace
balloon group and 61 to the debridement-only group. Complete baseline information was available for
117 participants, so the baseline study population for the bulk of the health economic analyses was
117 participants.

Between 96% and 100% of all health resource-use data were complete at baseline for participants
randomised to debridement with InSpace balloon and between 95% and 97% for those randomised

to debridement-only group. Similarly, these values ranged between 93% and 100% between 3 and

12 months, depending on the specific health resource item. A complete QALY profile was available over
12 months for 54/56 participants (96%) with debridement with InSpace balloon and 58/61 (95%) for
those with debridement-only. Consequently, about 5% of QALY data and between 5% and 7% of the
total cost outcomes were missing (and subsequently imputed) for the primary analysis.

Resource use and costs

Cost of intervention

The direct cost of arthroscopic debridement with InSpace balloon was £5378 and £3589 for
arthroscopic debridement-only. These costs were based on healthcare resource group procedure codes
HN53A (major shoulder procedures for non-trauma with CC score 4+).22

Broader resource use

Over 12 months, for debridement with InSpace balloon and debridement-only, hospital admissions

and outpatient care use were 16% versus 10% and 75% versus 67%, respectively (see Appendix 2,

Table 59). The average (mean) number of physiotherapy contacts were 8.2 versus 6.4 and 20% of
patients had at least one MRI in the debridement with InSpace balloon group compared with 11% in the
debridement-only group.

Community health care and PSS use were 20% versus 15% and 2% versus 7% for debridement with
InSpace balloon and debridement-only, respectively. Analgesic use was 10% lower in the debridement
with InSpace balloon group (75% vs. 85%) as was other prescription medication usage at 29% versus
41%. The mean number of days taken off work were 79 days versus 64 days for debridement with
InSpace balloon versus debridement-only. Where unit costs were not available for 2021 prices, these
were inflated using the NHS Hospital and Community Health Services Pay and Prices Index.1®

Resource-use values (frequency of use) were combined with unit costs for each resource item to
estimate economic costs for each resource category. Table 5 shows resource-use costs for participants
with complete data by trial allocation, resource-use category and study period. The cost components
are aggregated into seven components, namely: (1) physiotherapy costs; (2) hospital inpatient costs; (3)
hospital outpatient costs; (4) community health-care costs; (5) travel costs, based on distances travelled
by practitioners by mode of transport; (6) venue hire costs; (7) personal and social care services; (8) time
of work; and (9) analgesic/medication use. These costs varied between £1 (analgesic use) and £466
(inpatient costs) depending on treatment group and cost type.

Resource-use frequencies in other categories were low (see Appendix 2, Table 59), hence, meaningful
comparisons could not be easily made and for the most part were not statistically significant. The cost of
taking time off work was, on average, £230 versus £109 for the arthroscopic debridement with InSpace
balloon group and arthroscopic debridement-only groups, respectively, and this difference was close to
statistical significance (p = 0.0502).
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TABLE 5 Economic costs for complete cases and cost category (£; 2019-20 prices)

Debridement with Bootstrap 95% CI
InSpace balloon Debridement- -
Cost category between (N =56) only (N = 61) Mean Upper
baseline and 12 months Mean (SD) Mean (SD) difference p-value Lower85% 95%
NHS/PPS costs
Inpatient costs 466 (1126) 353(1181) 113 0.5996 -473 227
Outpatient costs 281 (375) 269 (355) 12 0.8595 -123 90
PSS costs 2(16) 4(19) -2 0.60.32 -7 4
Analgesic use 1(0.5) 1(0.5) 0 0.4706 -0.14 0.03
Other concomitant/ 4(22) 1(0.8) 3 0.2884 -1 9
prescription medications
MRI 55(114) 32(81) 23 0.3515 -1 37
Total NHS PSS costs 809 (1337) 659 (1284) 150 0.5382 -298 84

Broader societal costs

Time off work (days) 230 (662) 109 (467) 121 0.0502 -1 223

Total (societal) 1039 (1830) 768 (1557) 271 0.1039 -168 395
Direct intervention costs 5378 3589 1789 - - -
Total PSS/NHS including 6187 (1337) 4248 (1284) 1939 <0.001* 1540 2337

intervention costs

Total societal including 6417 (1829) 4357 (1557) 2060 <0.001¢ 1729 2811
intervention costs

a p-value calculated using Student’s t-test, two-tail unequal variance.
b Nonparametric bootstrap estimation using 10,000 replications, bias corrected.
¢ Statistically significant at the two-sided 5% level.

Economic costs

There were no statistically significant differences between the trial groups in any specific component
cost category, at any time point with the exception of time off work (see Table 5). Over the entire
follow-up period, mean (standard error, SE) total NHS and PSS costs, inclusive of the cost of the
intervention, were £6187 (£1337) in the intervention arm compared with £4248 (£1284) in the control
arm, generating a mean cost difference of £1939 (bootstrap 95% Cl £1540 to £2337; p < 0.001).

Over the entire 12-month follow-up period, mean (SE) total societal costs, inclusive of the cost of

the intervention, were £6417 (£1829) and £4357 (£1557) for debridement with InSpace balloon and
debridement-only, respectively, generating a mean cost difference of £2060 (bootstrap 95% Cl £1729
to £2811; p < 0.001). Hence, debridement with InSpace balloon costs were statistically higher compared
with debridement-only. There was no treatment by sex interaction in terms of costs (p = 0.2153) or
treatment by age group interaction (p = 0.424).

Health-related quality-of-life outcomes

There were no (statistically significant) differences in the overall EQ-5D-5L utility scores or EQ-5D-5L
VAS scores between the intervention and control groups, at each of the follow-up time points. For
complete cases, the mean (SE) patient-reported QALY over 12 months was estimated as 0.551 (0.0586)
compared with 0.606 (0.0307) for debridement with InSpace balloon and debridement-only, respectively
(p = 0.2242). In the absence of a significant effect on the EQ-5D-5L either at the primary outcome time
point, or the EQ-5D-5L based QALY, usual care was dominant in health economic terms. Unless the
expected costs were lower for the debridement with InSpace balloon group, usual care would almost
always dominate.
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There was a statistically significant treatment by subgroup interaction in terms of QALYs for sex (p = 0.0025)
and age group, which is reflected in estimates of the incremental QALY in these groups (see Table 6).

Cost-effectiveness results

Base case analysis

The incremental cost-effectiveness of arthroscopic debridement with InSpace balloon is shown in
Table 14 for the participants with costs and health outcomes data subject to multiple imputation.
When a societal (NHS/PSS plus broader societal costs) perspective was adopted (i.e. that adopted for
the baseline analysis) and health outcomes were measured in terms of QALYs, the mean incremental
cost was £2322. The mean incremental cost-effectiveness of debridement with InSpace balloon was
estimated at -£45,351 per QALY; that is, on average, the intervention was associated with a higher net
cost and a lower net effect and was dominated in health economic terms.

The associated mean INMB (net loss) at cost-effectiveness thresholds of £15,000, £20,000 and £30,000
per QALY were -£3074, —-£3325 and -£3826, respectively (see Table 6). The base case mean INMB was
<0, suggesting that those randomised to debridement with InSpace balloon would result in an average
NHS/PSS loss of about £3074 [INMB (£) = -2158, 95% Cl -3455 to -969] to [INMB (£) = -3074, 95%
Cl -4403 to -1761]. The cost-effectiveness plane (see Figure 6) shows that the vast majority of the ICER
values lie in the north-west quadrant. These result in a probability of cost-effectiveness close to zero;
that is, if decision-makers are willing to pay between £15,000 and £30,000 for an additional QALY, the
probability that the debridement with InSpace balloon intervention is cost-effective is very low (< 1%).

Sensitivity and subgroup analyses

Several sensitivity analyses were undertaken to assess the impact of uncertainty surrounding key
parameters or methodological features on the cost-effectiveness results. The probability that the
debridement with InSpace balloon intervention is cost-effective remained relatively static (< 1%) for
the majority of the sensitivity analyses (see Table 6). For subgroups, only in the case of sex was the
probability of cost-effectiveness higher (at 42%) for males compared with females at a CE threshold
of £30,000/QALY. In all cases the average INMB was negative: all analyses showed the average INMB
were unlikely to be positive as all upper limits of the 95% Cl were below zero (see Table 6; Figure 7).

A treatment by subgroup interaction in terms of costs and QALYs.

Missing data assumptions

Using a logistic regression model, the response (missing or not) was modelled against covariates age
group and sex to assess whether missingness was explained by the covariates. Since the number of
missing observations was small [n = 3 (5%) for debridement-only and n = 4 (7%) for the debridement
with InSpace balloon group] and similar between groups, missingness was not statistically associated
with the covariates (p > 0.05) (see Appendix 2, Table 61).

Conditional power for cost-effectiveness

Conditional power (CP) is a well-established method for conducting futility analyses to stop a trial early
due to lack of efficacy using interim data.'*® However, such futility rules can be problematic. Trials of
interventions with modest treatment effects may pass futility criteria (high CP) but have little chance
of demonstrating value for money from a cost-effectiveness perspective. Conversely, trials may stop
prematurely due to modest treatment effects (low CP) that might have proved cost-effective because,
for example, safety improved. Futility analyses reflecting both health outcomes and costs might better
inform futility decision-making. In this research, we generalise the CP expressions used for efficacy to a
cost-effectiveness framework. 10111

Expressions for the CP based on efficacy for the two-sample case (1 : 1 allocation) are extended to cost-
effectiveness. The INMB, willingness to pay threshold, interim and final sample sizes, variabilities and
correlations between costs and effects are examined. Data from two clinical trials are used to examine
the operating characteristics of the conditional power of cost-effectiveness (CP_,).
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FIGURE 6 Cost-effectiveness plane for DB (experimental: debridement with InSpace balloon intervention) vs. D (control:
debridement only): incremental cost (£) vs. incremental QALY - base case.

Incremental Net Monetary Benefit and 95% ClI
Sensitivity and Subgroup Analyses (CE Threshold of £30,000/QALY)

INMB LCL95  UCL95

Base case (imputed) - — - -3826 -6244  -1427
Complete cases o -3707 -6046 -1788
Rotator cut-off > 3 cm (imputed) 00— -4058 -8661 405
Male [imputed (n = 67)] —¢ -366  -3347 2650
Female [imputed (n = 50)] - —— -9336 -12675 -5910
Age >70 [imputed (n = 69)] —e— -5867 -9042 -2732
Age <70 [imputed (n = 48)] —— -2019  -5412 1352
Favours D: Control (INMB <0) Favours DB: Experimental (INMB > 0)
—_— : —_—

T
-30,000 -24,000 -18,000 -12,000 -6000 0 6000 12,000 18,000 24,000 30,000

FIGURE 7 Forest plot of sensitivity and subgroup analyses (impact on incremental net monetary benefit).

Assuming a two (independent) group trial, the sample size formula for a two group (1 : 1 allocation)
randomised trial using the standard two-sample t-test is described in equation 1:

(Zo + Z3)*202

N= A2 (1)
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Rewritten, this is:

A

V202/N

where Z , ZB are typically the 5% and 80% (or 90%) values from the normal tables referring to the type
| and type Il errors respectively, 62 is the estimated (population) pooled variance from responses across
the two treatment arms and A is the clinically relevant difference in means (between groups) in some
efficacy outcome (determined from |p1 — p2|, where u, and p, are the population mean responses for
groups 1 and 2, respectively, and N is the total sample size).

(Zo+25) = (2)

The expressions in equations (1) and (2) can be expressed in the following form:

Pe(6)=1-¢ {Za - <ZfWiz/1i’N;B<1 - m))}
Where
Z = INMB )

\/(kzaél+gg1+k2(’§2+(’éz)

nt
is the observed test statistic at some fraction t where all parameters are estimated using data at the
interim analysis. |, in equation (2) is the combined information fraction from, n, is the total sample size
at time t. In equation (3), 8, is the INMB under H, (i.e. the target mean INMB, at the end of the trial,
which should be >0). Hence, expanding (Eq 3) to use the average information fraction, we get:
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where INMB is the observed mean INMB at some interim period, vc, and v*c, are the variances of
costs for each of the two groups at some interim period; N, and N, are the planned sample sizes, nc,
and n, are the interim sample sizes, k is the cost-effectiveness threshold; s, and s? , are the observed
variances of costs at the interim which are estimates of the unknown v2_ and v2_; subscripts E and C
refer to costs and effects (QALYs) for the respective treatment (experimental and control); The term
Oinme is the expected INMB under some alternative hypothesis (usually > Q). If the value of dinmg is set to
O (i.e. the mean INMB is non-negative), equation (4) can be simplified further. For this example, we will
assume the target mean INMB is zero in the worst case, since to plan for a trial yielding a mean INMB of
less than O would not seem to make sense.
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Results of applying the above equation (4) to the START data under the assumption of zero correlation
between costs and effects, with the results estimated after 50% of patients using summary statistics
only at 6 months, for NHS/PSS perspective, the estimated parameters for the CP are shown in Table 62
in Appendix 2. Hence, P (6) = 2.5% This calculation provides a CP for cost-effectiveness of 2.5%

This means that the chance of cost-effectiveness at the end of the trial, conditional on what was
observed during the interim and assuming that future data would behave in a similar way to the interim,
would be low enough to warranting terminating the trial for lack of cost-effectiveness.

Discussion

This trial-based economic evaluation revealed that the arthroscopic debridement with InSpace balloon
is not cost-effective compared with arthroscopic debridement-only. The INMB estimate was negative,
a finding that remained robust to several sensitivity and subgroup analyses. The main reason for lack of
cost-effectiveness appears to stem from a combination of higher cost in the experimental group with
no evidence of effectiveness based on EQ-5D-5L derived QALYs. The main strengths of this analysis
are that the START trial was prospectively designed for a cost-effectiveness analysis using individual-
level data. Costs and outcomes were carefully considered in the design of this trial with the purpose of
reaching a robust conclusion with respect to cost-effectiveness in a large sample of individuals.

There were, however, several limitations to this cost-effectiveness analysis. QALYs were based on utility
measurement at just four time points post-randomisation. Although the trial did not yield benefits, the
assumption of linearity of HRQoL between data collection points is uncertain and more uncertain when
missing data are present. Despite the longitudinal nature of the study, resource use was retrospectively
recalled by trial participants, which is likely to result in recall bias. In addition, similar pilot or phase Il
trials may have been useful in identifying the critical costs that drive cost-effectiveness. Instead, all
costs were collected which, on average, had little impact on the ICER. Many costs items did not occur
(see Table 5) and a reduced form of the data collection in a similar setting may be advisable with a focus
on the largest and more relevant costs. In addition, many of these costs had little impact on the results.
Finally, the 95% Cls surrounding the incremental QALYs do not exclude the possibility of a small QALY
benefit because the 95% Cls contain the value zero. However, the upper limit of these intervals from
the sensitivity analyses, never exceeds much beyond 0.10, in which case for an observed base-case
incremental cost of £2322, the ICER would be around £23,000 per QALY. However, the probability

of this would be small as the upper 95% limit for the incremental QALY is a value in the tail end of

the distribution.

Despite these limitations, this trial was a comparatively large prospectively designed RCT. A recent
trial, 212 used a composite end point and demonstrated non-inferiority of arthroscopic InSpace
(subacromial tissue spacer system) implantation to arthroscopic partial repair of rotator cuff. Notably,

a secondary outcome in this trial was a 12-month change from baseline in the EQ-5D VAS. As the
results are not published in full, no conclusion can be drawn or compared with the results of this trial at
this time.

Methodology summary

We explored different approaches to the use of novel methodologies to complement adaptive designs
aimed at arriving earlier decisions around cost-effectiveness. Our initial approach using value of
information was unlikely to be meaningful given the observed results. We therefore extended CP
computations traditionally used for futility to a cost-effectiveness framework.
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Conditional power is a useful monitoring tool that allows for decision-making to stop a trial unlikely to
yield the desired effects based on some early interim data. The importance of futility analyses in publicly
funded trials has been shown to important.'*®* While CP has been used in clinical trials where the primary
outcome is efficacy, its use in cost-effectiveness settings has been very limited due to a combination of
complexity and absence of closed form expressions. In this research, we present a close form expression
that can be used in a relatively simple way in an excel spread sheet that allows for computing the
probability that a trial will be cost-effective at the end of a trial based on current (interim data). The
expression also computes CP_. when costs and effects are correlated.

CP_ is a useful monitoring tool that can assist in early decision-making based on using information on
costs and effectiveness. This will complement traditional CP approaches and may help in a decision to
stop or continue a trial when the treatment effects in particular are modest.

Conclusion

In conclusion, the data collected in the START trial support strongly a hypothesis that arthroscopic

debridement with an InSpace balloon, when compared with debridement alone is more costly and
less effective.
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Chapter 6 Magnetic resonance imaging
substudy and development work

Introduction

In order to use MRI to enable the evaluation of the physical effect of the InSpace balloon on the
shoulder, a predictable and reproducible method of activating the deltoid was sought, to determine
whether humeral head migration can be observed during MRI studies. Humeral head migration towards
the acromion is one of the purported mechanisms of causing pain in this cohort of people and is
theorised to occur under activation of the deltoid muscle. A consistent and predictable MRI technique
to study dynamic proximal migration of the humerus could be of value to a wide range of research
into rotator cuff pathology and the relationship between rotator cuff tears and clinical symptoms.

MRI was selected over plain radiograph to assess for humeral migration because the measurement

of AHD on X-ray was thought to be too inconsistent, as it would depend on the angle the beam was
taken, which may vary. MRI has been previously used for this measure and was thought to be a more
sensitive measure.

The most commonly proposed action of the balloon is not as a depressor of the humeral head but to
resist dynamic proximal motion of the humerus. There are two time points of interest for this study; the
first is when the balloon is still inflated to see whether its proposed mechanism of action occurs in vivo.
The second is when the balloon has deflated, to see whether the mechanical effect is maintained, as has
been proposed by some authors.®3

Aim

The aims in the substudy had two components, the first was development and refinement of the novel
MRI technique, the second was the substudy itself:

1. The aim of the development work was to refine a technique to reliably and repeatably measure hu-
meral proximal migration on MRI when placing the deltoid muscle under load using a simple abduc-
tion task against resistance.

2. The aim of the START:REACTS MRI substudy was to scan 56 participants to assess the mecha-
nism of action of the balloon in comparison with no balloon, when the balloons are likely to be still
inflated (but when acute postoperative pain has subsided), and when they are likely to have fully
deflated, to see if the proposed mechanism for continuing improvement is maintained.

Methods

Methods for developmental work

People with a rotator cuff tear listed for surgical repair were identified from waiting lists at University
Hospitals Coventry and Warwickshire and invited to enter one of two studies. While the main
START:REACTS study was recruiting patients with irreparable rotator cuff tears, we selected people with
repairable rotator cuff tears for the development of the technique described here. The development of
the technique was not impeded by selecting a similar yet distinct group of people but allowed for the
retention of as many patients for potential recruitment into the main study.

Consent was taken prior to their participation. Ethical approval was obtained on 13 February 2018
(Integrated Research Application 233804). All participants completed a case report form, which included
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sections on demographics, the severity, duration and impact of symptoms, as well as the investigative
work-up and therapy received.

The first group of 11 participants took part in an electromyography (EMG) study to assess the optimal
method of activating the deltoid muscle, and then four participants underwent MRI scanning using the
pilot methodology. For the EMG component of the study, participants were invited to attend research
clinics where deltoid muscle activity was determined using surface EMG while undergoing a series of
tasks. This allowed us to determine a technique for deltoid muscle activation that could subsequently be
performed by participants in the second part of the study, who were invited for a MRI where humeral
head migration was measured. All participants provided written consent after discussion with a research
nurse but prior to MRl and EMG studies being done. Participants were free to stop the investigations at
any time during the studies if they felt pain.

Electromyography substudy

The aim of the first study was to define an appropriate movement against resistance that would be
possible in the MRI scanner and would activate the deltoid muscle. To measure activation of the deltoid
muscle, surface EMG electrodes were attached to the participant while they performed the movements.

Participants were asked to perform a simple task involving abduction of the arm at the shoulder to either
5cm or 10cm, measured from the neutral resting position of the medial humeral epicondyle, under
tension while lying down on a bed with the upper body raised to a 45-degree angle. A tape measure was
placed on the couch to ensure the distance of abduction was the same between participants.

Exercise bands (TheraBand™, Akron, OH, USA) of various tension were used to allow for reproducible
resistance forces against the arm movements between participants. These bands deform predictably
under normal tension to a defined distance allowing the force generated to be controlled.* Three bands
were selected for the task, representing the lowest tension (yellow), average tension (green) and highest
tension (black). The band was wrapped around the participants’ arms at the level of the elbow and hand-
tied at the front while the participants were in a neutral resting position allowing them to push outwards
(abduct at the shoulder) against the band. The band did not have any slack and was neither stretched nor
deformed before the movements took place to prevent preconditioning of the bands. The positioning
was checked independently by two researchers.

Each participant performed this task at least four times on the injured side, a baseline measure with the
arm held in the neutral position (i.e. not extended), and a further three times under tension using the
graded exercise bands. Each data capture trial lasted for 20 seconds, consisting of 10 seconds with the
arm at rest in the neutral position, followed by the abduction of the arm, held for another 10 seconds.
Total data capture duration was set to 30 seconds to allow for any delay in movement onset.

Surface EMG was undertaken at rest and during the tasks to determine deltoid activity. Two
Shimmer3™ (Shimmer Sensing, Dublin, Ireland) units were used to detect EMG activity. Each device
consists of a small transmitter unit which is fitted to the participant using an elasticated band; one
device was attached to the arm and the other around the chest to minimise cable movement and
distance to the muscles. Up to two channels of EMG can be recorded by each device. The first device
on the arm was used to capture signals from electrodes placed on the posterior and lateral heads of the
deltoid muscle; the device on the chest was used to capture signals from the anterior deltoid muscle.
The location of the electrodes was determined using the guidelines provided in Hermens et al.** The
devices used wireless Bluetooth connections to transmit the EMG data to a laptop.

Signal processing

Signals were captured with a sample frequency of 512 Hz and processed using MATLAB (version 2018a;
MathWorks Inc., Natick, MA). Each channel was subsequently high-pass filtered with a cut-off frequency
of 10 Hz using a sixth-order Butterworth filter. The resulting signals were subsequently rectified and
further filtered using a moving-average filter, with a window size of 50 milliseconds.
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A baseline measure of the EMG signal from each channel in the rest position was taken over the

final one-second period before the arm was abducted. The mean and SD of the signal amplitude was
calculated over this period. Muscle activation was then defined as any parts of the recorded signal that
exceeded a threshold of three SDs above the mean (as recorded in the one-second rest period).!*> The
level of activation during abduction was defined as the proportion of the 10-second abduction period
that the muscle was activated (i.e. 100% activation would be recorded where the amplitude of the EMG
signal for that channel exceeded the threshold for the full 10 seconds). We refer to this measure as the
activation score, ranging from 0.0 to 100.0.

Four participants exclusively underwent tests using all three bands at 10 cm, however as the study
progressed it became clear that a 10-cm movement may be too far to be feasible in a MRI scanner

for all patients, therefore, we added 5-cm movements for subsequent participants. Three participants
underwent testing at both 5 and 10cm, and four more participants at just 5-cm abduction. This
produced two groups of seven participants each, one for abduction testing at 10cm and another group
for testing at 5cm. A mean of the activation scores for each test (e.g. all participants conducting 5-cm
movements with a yellow band) was calculated. Outliers were removed as well as null values where their
values exceeded two SDs from the mean. This produced a mean activation score for each test.

Magnetic resonance imaging substudy

After the EMG study, a further four participants were invited for an MRI of the shoulder using the

novel protocol developed for this study. These were all participants who had been listed by the treating
surgeon for a repair of the rotator cuff based on prior imaging. The participants were positioned in the
MRI scanner with a custom-made plastic ‘L-shaped board’ placed under the participants back, level with
the elbow.

The board was designed with two vertical slats spaced 5cm apart. Each participant placed their arm
against the first slat. A green TheraBand was applied around the participants in the same manner as for
the EMG study. The first slat was then removed and the participant was asked to abduct their arm until
it was touching the second slat, ensuring that each participant abducted their arm by 5cm under the
tension of the TheraBand thus allowing us to control the force provided under each deltoid activation
between participants (see Figure 8).

FIGURE 8 Images of MRI coil placement and TheraBand positioning. (a) Arm in neutral position against L-shaped device.
(b) Slat removed and arm abducted by 5cm to outer slat. Source: photograph of staff member reproduced with permission
from University Hospitals Coventry and Warwickshire.
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While 5- and 10-cm abduction were tested for the EMG study, only 5-cm abduction was used, as
practically a 10-cm movement was not found to be consistently possible due to the 70-cm bore of the
scanner and the variance in body habitus of the participants being scanned.

Imaging methods

The participants were scanned on the Optima MR 750w 3T (GE Healthcare, Chicago, IL, USA) MRI
scanner using the 16-channel GEM Flex coil, allowing for easy positioning of the participants, maximum
visualisation of the rotator cuff, and easier abduction of the arm away from the body. Participants were
asked to lie on the magnetic resonance table with the arm abducted in a neutral position. Pads were
placed under the opposite shoulder so the shoulder that was being scanned was comfortable on the
coil and to reduce movement. To further minimise any movements during the scan, the coil was firmly
secured. A loop of light tension (green) TheraBand was applied around the participants just above the
elbow, so it was not stretched and did not have any slack as in the EMG study.

Participants were positioned using the device to achieve 5-cm abduction. A standard three-plane
localiser was acquired to plan the coronal oblique proton density fat-suppressed images. The participant
was then asked to release the TheraBand while keeping their arm in the same position. The coronal
oblique proton density fat-suppressed images were then repeated. Each sequence had an acquisition
time of 2 minutes and 22 seconds.

Measurements of humeral head migration were made using the internal measurement system of the
picture archiving and communication storage system. Measurements were made in the same anatomic
location for the strained and relaxed state (i.e. not against resistance but in the same position) scans.
The measurement position chosen was the anterior margin of the acromion at the joint margin and
perpendicular to the humeral surface.

Basic statistical analysis and production of graphs and tables were done using Microsoft Excel®
(Microsoft Corporation, Redmond, WA, USA). Owing to the low numbers of participants and the
exploratory nature of the work, it was not deemed necessary to determine significance scores.

Methods for magnetic resonance imaging substudy
All participants from across both treatment groups were invited to undergo two research MRI scans: one
at 8 weeks post intervention and a further one after 6 months.

MRI scans were preferred to X-ray, as measures taken from X-rays would be prone to error, primarily
due to variation in the angle between the shoulder joint and the beam of the X-ray. The proposed
mechanism of the balloon was discussed with its inventor (Dr Assaf Dekel), who explained that it was
not designed to depress the humeral head passively but to cushion the humeral head from impinging
on the acromion during activity. We therefore decided that passive imaging alone was likely to be
inadequate to demonstrate the function of the balloon and imaging also needed to be performed when
the deltoid muscle was active, producing a proximally directed force on the humerus.®?

As described, we developed and piloted a novel dynamic approach to assessing the function of the
rotator cuff using MRI under a mild deltoid load specifically to assess the mechanism of the balloon.
We followed the methods for positioning and scanning participants described previously. We used
conventional MRI with images in the oblique coronal planes as the preferred technique for imaging
the rotator cuff. Evidence shows that fat-suppressed, fast spin-echo, T2-weighted images are the most
accurate for the assessment of rotator cuff tears and a variation of this sequence was used and applied
on the range of MRI machines across the different sites in this substudy.11¢117

Staff carrying out the scans and trial staff assessing images were blinded to participant allocation.
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Outcomes

The primary outcome was the minimum AHD, on the ‘deltoid-active’ coronal sequences at 6 months, a
reliable and proven measure.''8-12° Secondary measures were AHD on passive and sagittal images and
the change in AHD between active and passive images. The position of the balloon was assessed on
both sequences (with particular focus on the sagittal images) to check for migration and consistency of
placement relative to the acromion.

Power and sample size

Based on Gumina’s'?° study, the minimum AHD has SD of 1.72mm, so to observe a minimum important
difference of 1.5 mm (above the minimum detectable change of 1.3 mm established elsewhere!?! with
an alpha of 0.05 at 80% power, assuming a 20% loss to follow-up at 6 months, 56 participants were
required for this substudy. It was estimated that five centres would be involved in recruiting participants
for this substudy based on an assumption that only 50% of participants would agree to participate.

Analyses

The primary end point was between-group difference on the 6-month MR, as that is the better
indicator of long-term function determining whether the early effect of the balloon was maintained.

The between-group differences on the 8-week scan were a secondary outcome. The primary analysis
compared the ‘deltoid-active’ AHD on coronal images between intervention and control groups using a
linear regression model adjusting for age, sex, recruitment site and tear size. The research sites standard
MRI exclusion criteria was applied and a MRI safety questionnaire was administered prior to inclusion as
is standard for MRI at each site.

In light of the COVID-19 pandemic and reduced safety and capacity at sites, some 6-month MRI scans
could not be completed on time. It was anticipated that the shoulder condition or the underlying
biomechanics would not change after the 6-month point and would be stable for a prolonged time.
Therefore, the TSC decided (6 July 2020) to extend the 6-month MRI window with no end point, to
allow for the delayed scans to be completed and used in the analysis.

Results

The development study

A total of 11 participants attended for EMG testing while a further 4 attended for an MRI scan (see
Table 7). The median age was 64 years (range 53-73 years) for the EMG group and 63 years (range
49-72 years) for the MRI group. The median duration of symptoms was 9 years (range 6-168 years) and
24 months (range 11-36 months), respectively.

In the EMG group, of 11 participants, 7 (64%) had suffered trauma to the shoulder, 8 (73%) had
received a steroid injection prior to commencing the study and 7 (64%) had received physiotherapy.
In the MRI group three of four participants (75%) had suffered trauma, received steroid injections
and physiotherapy.

Electromyography results

Participants in this group were divided into two groups, those undertaking the tasks to 10cm of
shoulder abduction and those to 5cm. This allowed us to compare the activation of the deltoid when
moving the arm to two different distances under the same tensions as provided by the exercise bands.

Table 8 shows the mean activation scores. The highest activation score (94.3) was achieved with a
black band at 5cm of movement. While there were differences in activation between the 5- and 10-cm
movements for the lower resistance (yellow) band, high levels of activation were seen for the higher
resistance bands (green and black) for both movements. As a 5-cm movement was more practical
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TABLE 7 Characteristics of participants in the developmental study

EMG substudy MRI substudy

Characteristics (n=11) (n=4)

Demographics

Male Female Male Female
Sex 5 (45%) 6 (56%) 3 (75%) 1(25%)
Mean age (years) 63.5 61.5
Details of injury
Right Left Right Left
Side of tear 7 (64%) 4 (36%) 3(75%) 1(25%)
Trauma 7 (64%) 3(75%)
Median duration of symptoms (months) 9 24
Comorbidities
Type 1 Type 2 Type 1 Type 2
Diabetic 0 (0%) 1(9%) 0 (0%) 0 (0%)
Yes No Yes No
Current smoker 1(9%) 10 (91%) 0 (0%) 0 (0%)
Previous dislocation 0 (0%) 1(25%)
Previous rotator cuff tear 3(27%) 1(25%)
Details of investigations
MRI 5 (46%) 1(25%)
Ultrasound scan 11 (100%) 3(75%)
X-ray 9 (81%) 2 (50%)
Details of treatment
Steroid injection 8 (73%) 3(75%)
Physiotherapy 7 (64%) 3(75%)

TABLE 8 Aggregated mean activation scores for 5cm and 10cm of abduction

10-cm abduction 5-cm abduction
Task Difference

Relax 1.7 Relax 2.3 -0.6
Yellow 86.7 Yellow 78.0 8.7
Green 90.3 Green 89.2 11
Black 92.1 Black 94.3 -2.2

Mean 1.8

SD 4.8
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TABLE 9 Magnetic resonance imaging humeral head migration

Humeral head migration measured (mm)

Participant Under strain Relaxed Difference Difference (%)

1 7.47 7.92 0.45 6.0
2 6.47 6.84 0.37 5.7
3 591 6.64 0.73 12.4
4 4.13 4.43 0.30 7.3

within the confines of the MRI scanner, the lowest resistance required to achieve good activation was
preferred to prevent participant discomfort and fatigue during the 2 minutes 22 seconds acquisition
time when a scan would be performed. This was achieved with the green TheraBand.

Magnetic resonance imaging development results
All participants were able to undertake the 5-cm abduction for the requisite period. One participant
reported an ‘ache’ that resolved after imaging without the need for pain relief.

These measurements consistently show a small migration of the humeral head towards the acromion
on the images under load (see Table 9). A mean percentage difference of 7.8% was found between the
resting position of the humeral head and under deltoid activation. The greatest humeral head position
difference was 12.4% (0.73 mm/6.63 mm) from the resting position when under load, and the smallest
was 5.7 (0.37 mm/6.84 mm).

Magnetic resonance imaging substudy main results

Recruitment was lower than anticipated, with a total of 24 participants recruited to the substudy before
randomisation was stopped. This was partly due to the early adaptive stop from the main trial, and partly
due to restrictions related to COVID-19. A summary of these participants can be found in Appendix 3.
Furthermore, this substudy was greatly affected by the response to the COVID-19 pandemic, as
participants could not attend scans during lockdown. Hence, only 17 (71%) had images that could be
analysed. Table 10 shows the values of AHD for each scan type at the two follow-up point by allocation
groups. A further analysis investigating the change on the AHD between active and passive scans can be
found in Appendix 3.

TABLE 10 Acromiohumeral distance values on MRI coronal sequence at each follow-up point by allocation group

Debridement with
Overall Debridement InSpace balloon
(n = 24) (n=11) (n=13)
Follow- Mean Mean Mean difference
up point Images Images (SD) Images (SD) and 95% CI p-value
Early (8 Passive 16 54(34) 5 8.1(4.8) 11 42(15) -3.9(-9.8t02.0) 0.141
weeks)
Active 16 58(38) 5 8.6(5.5) 11 45(1.7) -42(-110to26) 0.168
Late (>6  Passive 17 44027 7 49(3.8) 10 41(1.7) -09(-44t027) 0.592
months)
Active? 17 4622 7 47(29) 10 45(1.6) -0.1(-29t02.7) 0.923

n, number of participants.
a Primary outcome of substudy.
b Number of images that were analysed.
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AHD reduced under active loading in all study groups, in a way that was consistent with the findings
from the development work. Participants who underwent debridement-only and those who underwent
debridement with the InSpace device had comparable findings on both the passive and active images,
and the relative differences between passive and active scans were consistent throughout. This
relationship was repeated across the time points and scan types.

Discussion

The development study

The biomechanical action of the deltoid muscle causing proximal humeral migration in the absence of

a functional rotator cuff is well understood in the literature. However, this action is hard to measure

and define in real patients in a consistent and measurable manner. Our first aim was to produce a
reproducible technique for deltoid muscle activation that could be performed within an MRI scanner and
used to measure proximal humeral migration.

We found several limitations for movement within an MRI scanner, namely the size of the scanner (bore/
diameter) and the ability of the participants to hold the movement under load for up to 3 minutes at

a time. If the technique produced called for large movements, these would not be possible within the
confined space.

Development of the technique involved us testing shoulder abduction under various tensions at two
different distances while simultaneously measuring activation. Our initial thoughts were that deltoid
muscle activity would be positively associated with both the distance and the force applied. While this
held true for the large part, the differences in the actual measurements achieved in activating the deltoid
using the same band at either 5cm or 10 cm were minimal, except for the lowest tension band.

It became apparent when designing the task that a movement of 10 cm measured from the elbow to
abduct the shoulder would not be achievable for larger participants within the confines of the MRI
scanner. This combined with the minimal difference in activation scores between 5cm and 10cm made
us implement the shorter distance for the technique in the MRI study. The scanner used in this study
was a wide-bore scanner (70cm) compared with a standard-bore scanner (55-60cm). It was hoped
that the 5-cm abduction technique would be possible on the majority of participants in standard-bore
MRI scanners.

The ability of participants to hold their arm abducted under tension for approximately two and a half
minutes during a MRI was also of concern. As tension increased during the EMG study the difficulty of
movement became apparent, with participants fatiguing after holding the band for only a few seconds
as well as moving their arm, contributing to a large number of the outliers we observed. This was
particularly noticed with the black band and so this meant that we could not use this band for the final
technique. This resulted in our final recommendation for using the green band at a distance of 5cm for
the activation of the deltoid muscle in a consistent and controllable manner within a MRI scanner.

One MRI participant found it difficult to perform and maintain 5 cm abduction for the allotted time,
which resulted in movement artefacts on the images. The technique’s aim was to achieve a reproducible
abduction distance, so if 5cm abduction cannot be maintained, the distance of abduction should be
reduced by centimetre decrements until a comfortable abduction position is achieved. The participant’s
abduction distance can be noted and reproduced for subsequent visits.

Though surface EMG techniques are less accurate than conventional EMGs, it would have been
inappropriate to use an invasive technique for research purposes in this setting. Other inaccuracies as a
result of inconsistencies in the positioning of the probes may have contributed to some measurement
error in our study. Despite using set anatomic landmarks for the positioning of the probes,'? those with a
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small deltoid muscle bulk may have had interference from other muscles. We did not account for repeat
movements as well, and the impact that muscle fatigue, particularly in those with pre-existing shoulder
injury may have on the signals obtained. We also did not control for pain and the impact this would have
on the movement profile for different patients.

A small amount of humeral head migration was consistently observed while the deltoid was activated.
While the true values may seem small, they are relative to a small space between the acromion and the
humerus. In addition, the pilot work was performed in a group of participants who were awaiting rotator
cuff repair whose rotator biomechanics may be better preserved than those with irreparable tears, who
tend to have larger tears and more chronic pathology. People were recruited for these pilot studies from
rotator cuff repair waiting lists so as to not impinge on recruitment to the main trial, but participants in
the main study may have much greater migration under deltoid load.

To make the imaging task manageable for participants and to avoid fatigue, it was decided to restrict
the number of shoulder sequences under load and use a relatively quick sequence. The use of a

plastic former (constructed in house at University Hospitals Coventry and Warwickshire radiotherapy
department) meant that it was easy to reproduce the position. The use of the green band gives a
constant load that could be maintained by most participants for the duration of the scan. A single series
of coronal oblique images was acquired while under load and then a repeat of the same sequence,
while relaxed, were obtained for consistency and a consistent, reproducible measurement protocol

was developed.

Abduction against and exercise band to a distance of 5cm can be an effective way of activating the
deltoid muscle, that can be applied in an MRI scanner. It can be performed safely and was successful in
causing humeral head migration in our early pilot study.

Discussion of magnetic resonance imaging substudy findings

Recruitment to the MRI substudy from the main randomised trial was severely impacted by the COVID-
19 pandemic, but also by the early stop in recruitment. When embedding a substudy into an adaptive
randomised trial such as this, it would be best to front-load recruitment to the substudy as much

as possible. We were able to achieve this in the lead site but many of our early sites were unable to
participate in the substudy and it can be challenging to identify sites willing to undertake relatively time-
intensive substudies. Despite this, a number of sites were open and recruiting to the substudy by the
time of the pandemic, 44 participants had consented to the substudy and we were exploring imaging
options at other sites that would have allowed us to resolve these issues. Unfortunately, the COVID-19
pandemic meant that people were unable attend hospitals for research visits and we were unable to
increase the sample for this study.

Despite the difficulties in delivering the study during these challenging times, we found that the MRI
technique did demonstrate narrowing of the acromiohumeral space under deltoid load, confirming our
biomechanical theory that deltoid activation would act to draw the humerus proximally in the absence
of a functioning rotator cuff. As with the development study, although these differences were small, they
were consistently observed and are relative to an already narrow space.

With this small sample size, we did not observe a statistical difference between the randomised
intervention groups. Given the clinical findings of the study, we might not expect a difference in MRI
appearances. We did not identify any reason for the debridement performing better in this MRI study,
and the reason for the clinical findings presented in Chapter 3 remains uncertain. Stopping early for
futility also meant that the rationale for continuing to pursue an associated mechanistic study also
changed. In this setting, we can be reassured that we did not see any clear evidence of harm on the
images for either group.
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Conclusion

In conclusion, we developed and refined a new dynamic MRI testing protocol and then applied it in a
mechanistic substudy to test the effect of the InSpace subacromial balloon spacer on humeral head
migration under deltoid load. The substudy recruitment was severely limited by both the early stop and
by the coronavirus pandemic, but while the MRI technique achieved its technical aims, no evidence was
seen of a between-group difference.
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Chapter 7 Adaptive designs for surgical trials

Introduction

Historically, new surgical procedures have been introduced based solely on safety considerations

and what a surgeon believes might benefit patients. This perceived lack of rigour and inefficiency has
motivated the development of many new processes and methodologies,'?>-*?* and a steady increase in
the number of RCTs testing surgical interventions, especially over the last 10 years.

Many of the late-stage clinical trials testing surgical interventions are large, often because they use
patient-reported outcome measures, typically take many (e.g. more than five) years to complete and are
consequently expensive. This is particular the case with trials in the trauma and orthopaedics specialty,
where interventions often require extended periods of participant follow-up to assess effectiveness.

In such settings, Parsons et al.¢* suggested that novel adaptive design methods might be a means to
undertake clinical trials in a much more flexible and efficient manner, while retaining trial integrity.

The approach proposed by the authors exploited the fact that it is very common in surgical trials to
routinely monitor participants at a number of fixed occasions prior to collecting the definitive (final)
study outcome (e.g. early outcomes might be collected at 3 and 6 months, prior to the main 12-month
time point). In such settings, if an interim analysis uses information from only those participants with
final outcome data, then the opportunities for early stopping are likely to be limited by time constraints,
as often trial recruitment will have completed prior to sufficient final outcome data being available for
stopping decisions to be made. However, if the early outcomes are correlated with the final outcome,
then a group sequential analysis,'?> which uses the totality of information available from both early and
final outcomes to estimate the treatment effect at the final study end point, is likely to make adaptive
designs feasible and lead to increases in statistical power.58126127

The work described here uses a frequentist approach to the group sequential design defined by the
error spent at each look with predefined information levels.1?>12812% Bayesian methods are also widely
available for adaptive group sequential designs,**° and have previously been suggested for trials

in trauma and orthopaedics and emergency medicine, albeit in very different applications to those
presented here.131132

The adaptive study design approach of Parsons et al.* was described in the context of START:REACTS.4?
Part of this study investigated how the adaptive design methods used in the START:REACTS study might
have been implemented and whether they would have resulted in changes in trial length and decision-
making in a number of recently undertaken high-profile conventional (fixed design) trials in trauma and
orthopaedics. This work is reported here.

The work uses anonymised data from seven RCTs made available by Warwick Clinical Trials Unit
[Warwick Medical School (WMS) https:/warwick.ac.uk/fac/sci/med/research/ctu and the Nuffield
Department of Orthopaedics, Rheumatology and Musculoskeletal Sciences, University of Oxford;
www.ndorms.ox.ac.uk]: (1) the WOLLF study;**1% (2) the Distal Radius Acute Fracture Fixation Trial
(DRAFFT);#7:134 (3) the FixDT trial;>*% (4) the UK Full RCT of Arthroscopic Surgery for Hip Impingement
versus Best Conventional care study (FASHIoN);*¢132 (5) the Warwick Arthroplasty Trial (WAT);4¢13¢ (6)
the Can Shoulder Arthroscopy Work (CSAW) trial;¢*'%” and (7) the Total or Partial Knee Arthroplasty Trial
(TOPKAT).138-140

The studies were selected because data were readily available, recruitment processes and outcomes
were expected to be such that the methods used for the START:REACTS study might be applicable,

and they represent a typical cross-section of recent RCTs in trauma and orthopaedics in terms of size
and complexity.
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Methods

This study assessed whether each of a selected number of large (pragmatic) RCTs, originally
implemented using conventional fixed sample size designs, would have stopped early if an adaptive
(group sequential) trial design had been used. For the purposes of this study, all the selected trials had
two treatment arms (with one nominally designated as the control or standard treatment), randomised
participants to treatment groups in a one to one ratio and reported a single primary outcome, with one
or more assessments of the primary trial outcome measure (e.g. outcomes at 3 and 6 months or 1, 2, 3, 4
and 5 years).

To assess whether the trial would have stopped early, the temporal sequence of data accumulation was
replicated in exactly the manner it was in the original study using the dates (which were expected to be
available in the original trial databases) when each outcome measure was made. We call these repeated
trials simulated trials hereafter, as they aimed to simulate the original fixed sample size trial with an
adaptive version. However, to be clear we used the original trial data and pattern of data accrual, and
not simulation models based on distributional assumptions. Using the original trial data and selected
options for the number of planned interim analyses and stopping boundaries, we simulated how each
study might have progressed using the methodological approach described by Parsons et al.¢* for an
adaptive two-arm clinical trial using early end points to inform decision-making.

To simulate a single instance of a trial we implemented the full simulation model, shown in Figure 9. We
decided on the number of interim analyses we wished to make, stopping probabilities and information
levels necessary to trigger the interim analyses. These were used to determine upper and lower
stopping boundaries for the test statistics. Data from the original trial were used to simulate information
accumulation in the new adaptive design, using the observed ordering of data accrual from the original
trial. Test statistics were compared with boundaries, with decisions on stopping following from this
process. Clearly, by sticking with the original (fixed design) trial sample size our simulated adaptive trials
will have lower power, relative to the original trial. In practice, if the selected trials had planned to use
adaptive designs prospectively, we would have increased the sample size relative to the fixed design
sample size to allow for any interim analyses.

Group sequential design

The primary interest of all the RCTs discussed in this substudy was to estimate the effect of the test
treatment, compared to the control treatment, on the study outcome at the definitive (final) end point at
time t (the primary study end point), which we call B, hereafter. For all studies, we used the same primary
or final end point as was originally used.

To implement the approach suggested by Parsons et al.,’* we needed a single early outcome or a series
of early outcomes in addition to the final outcome for each participant in the trial (e.g. primary outcome
at 6 months with early outcome at 3 months or primary outcome at 9 months with early outcomes at 3
and 6 months). To assess whether a trial should be stopped at a particular time point during the course
of follow-up, we used data not only from those participants with final outcome data but also from those
participants with early outcome data.

The early outcomes provide information on the final outcome due to the correlation between the early
and the final outcomes for each participant. A strong correlation between, for instance, 3- and 6-month
outcomes suggests that a good (or poor) outcome at three months will be indicative of a good (or poor)
outcome at 6 months. Independent of these correlations between successive outcomes for study
participants, treatment effects for the early outcomes per se do not provide information on treatment
effects for the final trial outcome B.. This approach has been described previously by a number of authors
for one, two and more generally any number of early outcomes.58126127.141 The notation used here for the
effect size estimate (B,) reflects the fact that estimation follows from fitting a longitudinal linear model
to the totality of outcome data (i.e. data from all trial time points). Methods for estimating (8,) and var(B
using all the data available at any time point during follow-up, are described by Parsons et al.

t)
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FIGURE 9 Overview of the process for simulating progress in an adaptive trial using data from a conventional (fixed
design) trial.

The test statistic Z = ,/sd(B,) was used to make stopping decisions at the interim analyses using
estimates of the covariance parameters (i.e. the correlations between outcomes and SDs of the
outcomes) without constraints (i.e. the covariances parameters can take any value). In addition, as

a means to assess the importance of the early outcome data in modifying estimates of the 8, and

var(B,), an analysis that forces all the correlations to be zero was also undertaken. We designate these
parameters, which show the evidence for treatment effects using final outcome data only, as 0O, and var
(BO,), with Z = B0,/sd(B0O,).

Stopping rules

Timing of interim analysis

The number of feasible interim analyses was determined, in large part, by the patterns of recruitment
and data accrual for each RCT. Interim analyses needed to occur during the window of opportunity
bookended at the start by the earliest time sufficient data were available for a sensible analysis to
occur and at the end by the time when recruitment was complete. After the latter time point, there is
no advantage to stopping a study, as there is a requirement to complete follow-up for all participants
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recruited into the trial. The number of possible interim analyses for each RCT was determined, before
simulating data accumulation for the adaptive design, by a consideration of the likely width of the
window of opportunity, which is itself determined by the likely pattern of recruitment and follow-up.

At all times, we endeavoured to use only the information that would have been available to those
designing the trials at the initial stages when decisions about the likely number of analyses would need
to have had to be made. The lead statistician from all the selected trials was consulted on these issues
and the knowledge gained from them and from the published protocols for all the trials was used to
inform the designs described in the following sections.

The timing of the interim analyses could, in principle, be triggered in a number of ways (e.g. when data
were available from a preset number of participants who had completed follow-up in each arm of the
RCT). Here, we adopted the most widely used approach, that is to monitor information as the trial
progresses and implement the interim analyses when preset information thresholds (I, ... | ) were
reached.'? The information was determined by the number of outcomes available for both the primary
and early end points, and the variances and correlations between end points.¢* In general, the larger the
number of data points available for analysis, the smaller the variances, and the stronger the correlations
between early end points and the primary end point, the greater the information. Although, in practice
as information is monitored during the course of recruitment, it can decrease as well as increase as

the amount of data increases, as estimates of variances and correlations will also change as data

are accumulated.

Using the approach adopted by Parsons et al.,** we set information thresholds to trigger the interim
analyses, at the start of recruitment, at planned occasions based on expected rates of recruitment and
using a priori estimates of the covariances of the outcomes. Clearly, in a real trial, we would not know
the true values of the covariances, as we do in this setting. However, we would need to have sensible
(reasonably precise) estimates of the covariances otherwise it is unrealistic to believe that an adaptive
trial would ever have been planned. Information is monitored constantly during simulated recruitment
in the adaptive design. Therefore, if correlations are lower than expected, interim analyses will be later
than planned (or abandoned) and if higher than expected, interim analyses will be earlier than planned.

Boundaries

Given the practical constraints imposed by the need for interim analyses to take place during the
window of opportunity (after primary outcome data become available and before recruitment finishes),
we restricted this study to a maximum of three interim analyses within any trial. The primary focus of
this study was to assess whether and under what circumstances an adaptive design may have resulted
in the selected trials stopping early. The selected trials are all pragmatic in outlook, testing interventions
that are often already being widely used and, as such, the boundaries we choose needed to reflect the
fact that stopping is most likely to be for treatment futility rather than efficacy. In many such pragmatic
trials, one might argue that settings for the upper (efficacy) boundaries should favour the strategy of
collecting as much information as possible if there is emerging evidence of efficacy; that is, not stopping
early for efficacy unless there is very strong evidence.

Parsons et al.®! suggested a range of possible futility boundaries defined by stopping probabilities in

the setting of up to three interim analyses, that represented a sequence of four increasingly aggressive
options, from a low probability of stopping for futility, labelled as (a), to a high probability, labelled as (d),
with (b) and (c) intermediate to these (see Table 8).

In Table 11, at overall one-sided test level a and under the null hypothesis, a’, are the probabilities

of stopping and rejecting the null hypothesis (H,) in favour of alternative (efficacy), and o, are the
probabilities of stopping without rejecting H, (futility). All the futility scenarios (a) to (d) in Table 11 were
tested for every trial, but for any trial stopping boundaries were defined by one or more of a’,and .
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TABLE 11 Futility and efficacy (cumulative) stopping probabilities, a* and a*, respectively

Interim analyses

(i) One
1 0.160 0.320 0.480 0.640 0.005
End 0.975 0.975 0.975 0.975 0.025
(i) Two
1 0.080 0.160 0.240 0.320 0.001
2 0.160 0.320 0.480 0.640 0.010
End 0.975 0.975 0.975 0.975 0.025
(i) Three
1 0.080 0.160 0.240 0.320 0.001
2 0.160 0.320 0.480 0.640 0.005
3 0.240 0.480 0.720 0.960 0.010
End 0.975 0.975 0.975 0.975 0.025

The stopping probabilities from Table 11 were used to construct appropriate boundaries for standardised
test statistics at each of the planned interim analyses for each trial. This required us to make some
assumptions, based on what we believed the trial team may have thought prior to the commencement
of recruitment, about (1) the number of possible interim analyses, (2) the covariances between the
primary end points and (3) the number of data points that may have been available at each of the interim
analyses. Using these data, we calculated the information necessary to trigger each interim analysis,
which allowed us to define stopping boundaries for the observed test statistics.

Information monitoring

Data were generated using the observed trial outcome data and the observed recruitment and follow-up
patterns, such that they represented the order that data would have accumulated in real time (i.e.

the outcome data in the order they accumulated in the original trial). Information monitoring begins,
after sufficient data are available to estimate accumulated information, and continues on a regular

basis (every 2 weeks) to reflect what would likely have happened in the trial, if an adaptive design had
been implemented. Once the required information level is reached, the test statistic is calculated and
compared to the stopping boundaries, and decisions about whether the trial would have stopped or
continued to the next interim analysis are recorded together with summary information on the current
recruitment, time point, and outcome data summaries. This process is continued for subsequent interim
analyses if necessary.

In summary, the simulated group sequential design for a trial proceeds as follows:

e Trial data are accumulated, in the order they were in the original study, and the observed information
is estimated as I = 1/var(B,).

e When | reaches the first preset threshold I, parameters B, and var(B,,) are estimated to give the test
statistic Z, = B,,/sd(B,,).

e Data accumulation continues until I' reaches the next and subsequent information thresholds and
test statistics Z  calculated.

e At the study end the observed information I" is noted and data recorded.
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Decisions about whether the simulated trial would have stopped, either for efficacy or futility, were
made by comparing the estimated test statistics at each interim analysis to the stopping boundaries for
the four scenarios (a) to (d). Also, at each interim analysis data on all those study participants recruited
up to that point were used to estimated model parameters for the over-running analysis.&%'4? This
analysis comprised all the data that would eventually have accumulated on those participants already
recruited and is the definitive analysis that would have been reported, had the trial stopped recruiting at
the interim analysis. In the over-running analysis, boundaries were recalculated based on the observed
information at the final analysis and used to draw interference on the observed treatments effects.

Trial data
Each of the selected seven RCTs are briefly described in Appendix 4 With full details available from the
published protocols and papers describing the main clinical results.

Group sequential designs

WOLLF

The study recorded Disability Rating Index (DRI) at 3, 6, 9 and 12 months, with the primary outcome at
12 months. From the WOLLF study protocol,*” the planned sample size was n = 412, basedonaSD o, _
= 25 and MCID = 8 for DRI; allowing 10% loss to follow-up, gave n = 460.

If recruitment had proceeded to target as originally planned, and assuming that n0,, =n1,, =206, then
the information at the study end would be given by I , = 103/25% = 0.165. Inspection of the planned
recruitment schedules for the trial suggested that three interim analyses would have been feasible for
WOLLF. For the purposes of planning the interim analyses, it was assumed that the numbers in the
intervention arms are always equal (i.e. n0, = n1 = n, where the total number of participants providing
data at time tis N, = 2n)), and that interim analyses could have feasibly occurred whenn , =25,n =
50 and n,, =75. The estimated numbers of early outcomes at these three interim analyses could have
been as follows, based on the patterns of follow-up that might have been expected before recruitment

started: n, =60, 120, 180 and n, = 50, 100, 150 and n, = 35, 70, 105 and n_, = 25, 50, 75.

Using the approach of Parsons et al.,** we further assumed that the SDs were the same for the early
outcomes as for the final outcome o, =0, =0, =0, =25, and that the correlations between
outcomes were all equal such thatp, . =P, o = P50 = Penom = Pemizm = Pomizm = 0-2- IN this instance,
the information required at the three interim analyses were as follows, I, = 0.025, 1, = 0.05 and I, =
0.075. Using the four options for futility (cumulative) stopping probabilities from Table 15, (a) a’, =
(0.080, 0.160, 0.240, 0.975), (b) a’, = (0.160, 0.320, 0.480, 0.975), (c) a’, = (0.240, 0.480, 0.720 0.975)
and (d) o', = (0.320, 0.640, 0.960, 0.975) and efficacy stopping probabilities (for all options) a’, = (0.001,
0.005, 0.010, 0.025), gave the lower and upper stopping boundaries for the test statistic (Z) at each
interim analysis, which are shown in Appendix 4. These stopping boundaries were used to simulate the
progress of the trial and assess whether the study would have stopped at each of the interim analyses.

DRAFFT

The study recorded early patient-rated wrist evaluation (PRWE) outcome at 3 and 6 months, with the
primary outcome at 12 months. From the DRAFFT study,*** planned sample size n = 350, based on SD
0,,. =20 and MCID = 6 for PRWE. Allowing 10% loss to follow-up, this gave n = 390. As a result of
faster than expected recruitment to the trial, and with the permission of the review board, the sample
size was increased resulting in n = 461 participants. Recruitment to the trial was expected to be rapid,
as this is a common injury (particularly in the winter months), therefore the window of opportunity for
interim analyses would have been narrow, as recruitment could feasibly have been completed before
any 12 months outcome data were available. For this reason, it seems likely that one interim analysis
would have been the most likely option to select at planning.
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If recruitment had proceeded to target as originally planned, and we assume that nO,, =n1,, =175
then the information at the study end would be given by | = 87.5/20% = 0.219.

Inspection of the planned recruitment schedules for the trial suggested that only one interim analysis
would have been feasible for DRAFFT. Again, it was presumed, for the purposes of planning the interim
analysis, that numbers in the intervention arms are always equal, and that the interim analysis could
have feasibly occurred when n_, = 50. The estimated numbers of early outcomes at the interim analysis
could have been as follows, based on the patterns of follow-up that might have been expected before
recruitment started: n, =100and n, =70andn, = 50.

Assuming that the SDs were the same for the early outcomes as for the final outcome o, =0, = 20,
and that the correlations between outcomes were such that Pamem = Pamizm = Pamazm = 0-9 then the
information required at the interim analysis was as follows, I, = 0.073. Using the following four options
for futility (cumulative) stopping probabilities, (a) a’, = (0.160, 0.975), (b) a’, = (0.320, 0.975), (c) a’, =
(0.480, 0.975) and (d) a’, = (0.640, 0.975) and efficacy stopping probabilities (for all options) a’, = (0.005,
0.025), gave the lower and upper stopping boundaries for the test statistic (Z) at each interim analysis
and the study end, which are shown in Appendix 4. These stopping boundaries were used to simulate the

progress of the trial and assess whether the study would have stopped at each of the interim analyses.

FixDT

The study recorded an early DRI outcome at 3 months, with the primary outcome at 6 months. From the
FixDT trial protocol,* the planned sample size was n = 264, based on SD o, = 20 and MCID = 8 for DRI
(DRI; 0-100). Allowing 20% loss to follow-up, gave n = 320.

If recruitment had proceeded to target as originally planned, and we assume that nO, =n1, =132,
then the information at the study end would be given by I = 66/20% = 0.165. Inspection of the planned
recruitment schedules for the trial suggested that two interim analyses would have been feasible

for FixDT. For the purposes of planning the interim analyses, it was assumed that numbers in the
intervention arms are always equal, and that analyses could have feasibly occurred when n, = 25 and
n,,, = 50. The estimated numbers of early outcomes at the interim analyses could have been as follows,
based on the patterns of follow-up that might have been expected before recruitment started: n, = 50,
100 and n, =25, 50.

Assuming that the SDs were the same for the early outcomes as for the final outcome o, =0, = 20,
and that the correlations between outcomes were such that Pamem = 0-5, then the information required
at the two interim analyses were as follows, |, = 0.036 and |, = 0.071. Using the following four options
for futility (cumulative) stopping probabilities, (a) a’, = (0.080, 0.160, 0.975), (b) a’, = (0.160, 0.320,
0.975), (c) a’, = (0.240, 0.480 0.975) and (d) a’, = (0.320, 0.640, 0.975) and efficacy stopping probabilities
(for all options) a’, = (0.001, 0.010, 0.025), gave the lower and upper stopping boundaries for the test
statistic (Z) at each interim analysis and the study end, which are shown in Appendix 4. These stopping
boundaries were used to simulate the progress of the trial and assess whether the study would have

stopped at each of the interim analyses.

FASHIoN

The FASHIoN trial recorded an early International Hip Outcome Tool (iIHOT-33) outcome at 6 months,
with the primary outcome at 12 months. From the FASHIoN trial protocol,**® the planned sample

size was n = 292, based on SD o,, =16 and MCID = 6 for iHOT-33. Allowing 15% loss to follow-up
gave n = 344. However, this plan was based on the very limited information that was available when

the study started. iIHOT-33 was a newly developed outcome measure, with little data available on its
natural variation in the target population of the study, other than from pilot work and baseline data.***
Therefore, at the design stage of the original study it was evident that the selected value for o,, was
likely to be an unreliable (imprecise) estimate. It quickly became clear as the study proceeded thato,, =
16 was far too low, with emerging data suggesting that o,, = 24 was more realistic. However, the study
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sample was not changed after recruitment started for FASHIoN, as the new working sample size model
based on o,, =24 and MCID = 8, gave the same effect size estimate (0.38) and overall sample size as

the original model. Given that the timing of the interim analyses in the adaptive design is driven in large
part by o,, , via accumulated information, we chose this latter formulation to motivate our design.

If recruitment had proceeded to target as originally planned, and we assume that n0,, =n1,, =146,
then the information at the study end would be given by | = 73/24% = 0.127. Inspection of the planned
recruitment schedules for the study suggested that two interim analyses would have been feasible

for FASHIoN. It was assumed, for the purposes of planning the interim analyses, that numbers in the
intervention arms are always equal, and that analyses could have feasibly occurred when n,, =25 and
N, = 50. The estimated numbers of early outcomes at the interim analyses could have been as follows,
based on the patterns of follow-up that might have been expected before recruitment started: n, = 50,

100 and n,, =25, 50.

Assuming that the SDs were the same for the early outcomes as for the final outcome o, =0, =24,
and that the correlations between outcomes were such thatp, ., = 0.5, then the information required
at the two interim analyses were as follows, |, = 0.025 and |, = 0.050. Using the following four options
for futility (cumulative) stopping probabilities, (a) a’, = (0.080, 0.160, 0.975), (b) a’, = (0.160, 0.320,
0.975), (c) a’, = (0.240, 0.480 0.975) and (d) o', = (0.320, 0.640, 0.975) and efficacy stopping probabilities
(for all options) a’, = (0.001, 0.010, 0.025), gave the lower and upper stopping boundaries for the test
statistic (Z) at each interim analysis and the study end, which are shown in Appendix 4. These stopping
boundaries were used to simulate the progress of the trial and assess whether the study would have

stopped at each of the interim analyses.

WAT

The trial reported early outcomes for Oxford Hip Score (OHS) at 6 weeks, 3 months and 6 months, with
the primary outcome at 12 months. From the WAT study protocol, the planned sample size was n = 104
for 80% power, based on SD 0,, =9 and MCID = 5 for OHS.** Allowing 10% loss to follow-up gave n =
120. For the selected study interventions, there is often a long wait from recruitment until the operation
takes place. Therefore, outcomes during follow-up were also expected to often be later than would have
been anticipated from the recruitment date alone. For instance, if the operation took place 2 months
after recruitment, the 6-week, 3-month, 6-month and 12-month follow-ups, which were based on the
operation date, were consequently delayed by 2 months. This results in a relatively narrow window of
opportunity for interim analyses and, therefore, it seemed likely that one interim analysis would have
been the most likely option to select at planning.

If recruitment had proceeded to target as originally planned, and we assume thatn0,, =n1, =52,
then the information at the trial end would be given by I = 26/92 = 0.32. Inspection of the planned
recruitment schedules for the study suggested that one interim analysis would have been feasible for
WAT. Assume now, for the purposes of planning the interim analysis, that numbers in the intervention
arms are always equal, and that the interim analysis could have feasibly occurred when n,, = 20. The
estimated numbers of early outcomes at the interim analysis could have been as follows, based on the
patterns of follow-up that might have been expected before recruitment started: n, =40 and n, =35

andn, =30andn, =20.

Assuming that the SDs were the same for the early outcomes as for the final outcome o, =0, =0,
= 9, and that the correlations between outcomes were such that Pawam = Pewem = Pewtzm = Pamem = Pamizm
= Pgmiom = 0-3 then the information required at the interim analysis was as follows, I, = 0.150. Using
the following four options for futility (cumulative) stopping probabilities, (a) a’, = (0.160, 0.975), (b) a’, =
(0.320, 0.975), (c) o, = (0.480, 0.975) and (d) a’, = (0.640, 0.975) and efficacy stopping probabilities (for
all options) o', = (0.005, 0.025), gave the lower and upper stopping boundaries for the test statistic (Z)

at each interim analysis and the study end, which are shown in Appendix 4. These stopping boundaries

NIHR Journals Library www.journalslibrary.nihr.ac.uk



DOI: 10.3310/TKJY2101 Efficacy and Mechanism Evaluation 2023 Vol. 10 No. 3

were used to simulate the progress of the trial and assess whether the study would have stopped at
each of the interim analyses.

CSAW

The study recorded OSS at 6 and 12 months, with the primary outcome at 6 months. From the CSAW
study,'¥” planned sample size n = 85, based on SD o, =9 and MCID = 4.5 for OSS, based on 90% power
at the 5% level. Allowing for 15% loss to follow-up, the final study sample size was n = 100 in each of
the three study intervention arms.

Unusually among the trauma and orthopaedics trials discussed here, the CSAW trial did not collect

an early outcome prior to the definitive (primary) outcome at 6 months. For this reason, it was not
possible to use the approach of Parsons et al.,** which required early outcome data to fully implement
the methodological approach. However, in the case of no early outcome data the method of Parsons

et al.*! reduces to the conventional group sequential setting with stopping decisions based on the
6-month primary outcome data only. In this setting, the treatment effect estimate (B) is given simply by
the difference in 6-month OSS treatment group means and SD(,) by the usual expression for the SE of
the difference in means. Also, of note in this simpler setting is that test statistics Z and Z0 gave exactly
equivalent results, as there is no early outcome data to inform decision-making.

If recruitment had proceeded to target as originally planned, and we assume that nO, =n1, =85, then
the information at the study trial end would be given by | = 42.5/9% = 0.525. Inspection of the actual
and planned recruitment schedules for the study suggested that two interim analyses would have been
feasible for CSAW. Assume now, for the purposes of planning the interim analyses, that numbers in the
intervention arms are always equal, and that the interim analyses could have feasibly occurred when n,
=20andn,_=40.

m

Assuming a SD o, = 9, then the information required at the interim analyses were as follows, I, = 0.123
and I, = 0.247. Using the following four options for futility (cumulative) stopping probabilities, (a) a’, =
(0.080, 0.160, 0.975), (b) ', = (0.160, 0.320, 0.975), (c) a’, = (0.240, 0.480 0.975) and (d) a’, = (0.320,
0.640, 0.975) and efficacy stopping probabilities (for all options) a’, = (0.001, 0.010, 0.025), gave the
lower and upper stopping boundaries for the test statistic (Z) at each interim analysis and the study end,
which are shown in Appendix 4. These stopping boundaries were used to simulate the progress of the
trial and assess whether the study would have stopped at each of the interim analyses.

TOPKAT

The study recorded early Oxford Knee Score (OKS) outcome at 1, 2, 3 and 4 years, with the primary
outcome at 5 years. From the TOPKAT study,*® planned sample size n = 500, based on SD o, = 8 and
MCID = 2 for OKS.

Recruitment to the trial was rapid (just over 3.5 years), relative to the definitive study end point at five
years of follow-up. Therefore, the window of opportunity, between some five-year final outcome data
being available and recruitment completion was non-existent. That is, no five-year outcome data were
available, prior to recruitment completing and as such the methodology we are investigating here,
assessing possible early stopping of the trial, could not have been used.

Results

WOLLF: simulated group sequential trial

Figure 10 shows the observed number of participants recruited and followed up at 3, 6, 9 and 12 months
for WOLLF, the window of opportunity available for interim analyses and the times when the interim
analyses would have occurred in the simulated adaptive design.
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FIGURE 10 Recruitment (=), follow-up (—) and numbered interim analyses (+) for WOLLF; window of opportunity for
interim analyses is shaded.

The trial hit the recruitment target of n = 460, and all the three planned interim analyses could feasibly
have occurred. The numbers of observed trial participants providing data at each interim analysis is
shown in Table 12. Estimated model parameters and test statistics are shown in Table 13.

TABLE 12 Numbers of observed and expected participants providing 3, 6, 9 and 12 months outcome data at each interim
analysis and the study end

Observed Expected
Analysis N,. N,.
1 115 84 51 37 120 100 70 50
2 188 136 85 74 240 200 140 100
3 255 217 173 156 360 300 210 150
End 354 329 314 374 412 412 412 412

TABLE 13 Means and estimates of treatment effects at each interim analysis and the study end

Analysis m1,, var(B,) Var(po,)

1 44.67 42.88 -1.79 -0.36 39.72 -0.06 0.025 0.025 -1.79 63.67 -0.22
2 40.06 4417 411 -2.76 19.59 -0.62 0.051 0.050 4.11 31.40 0.73
3 41.98 4413 2.16 0.19 13.25 0.05 0.075 0.075 2.16 17.82 0.51

End 45.51 42.36 -3.14 -3.65 6.97 -1.38 0.143 0.165 -3.14 7.29 -1.16

Note: m0,, and m1,, are the means for the control and NPWT armsand A =m0,, -m1,, .
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The estimated correlations and SDs at each interim analysis are shown in Appendix 4. The estimated
correlations were all generally larger than those used in the model to determine the timings of the
interim analyses (i.e. p = 0.5 for all pairs of times) and SDs were much as expected (i.e. o = 25 for all
times), at all interim analyses.

Figure 11a shows the stopping boundaries and Z and ZO from Table 13, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at interim
analysis 1, for all boundary settings a to d. However, at interim analysis 2, Z falls below the lower
boundaries for settings b to d, indicating that the study would have been stopped for futility. Z does not
fall below the lower boundary or above the upper boundary for setting a, so the study would not have
stopped for this setting.

The over-running analysis (see Figure 11b) confirms the results of the stopping decisions based on the
interim data and indicate stopping for futility at settings b to d (see Appendix 4 for full results of the
over-running analysis).

Estimates of the treatment effects B, from the longitudinal model, are much closer to raw differences in
means (A) for the over-running analysis as there is less information available from the early outcomes at
this analysis. If there were complete follow-up data available for all participants, then (8,) would be equal
A. However, in practice it is almost always the case that some participants who did not provide 12-month
outcomes had early outcomes (at one or more than one of 3, 6 and 9 months), which provide some
information on the 12-month outcomes. Estimates of treatment effects B0, from the models that force
correlations (between all outcomes) to be zero, are always equal to A and have larger variances than ().

WOLLF: summary
The results of the simulated group sequential design for WOLLF can be summarised as follows:

e For three of the four boundary settings tested, the WOLLF study would have stopped at the second
interim analysis, when data were available from n = 74 participants with 12-month outcomes, n = 85
with 9 months, n = 136 with 6 months and n = 188 with 3-month outcomes.
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FIGURE 11 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis. (b) Using over-running data.
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e At this interim analysis, N = 293 participants had been recruited into the study and follow-up
would have been completed in 27 months; this compares with N = 460 and 50 months for the
original study.

e The estimated treatment effect, for 12-month DRI, after completing follow-up for the stopped study
(over-running analysis) was -3.5 favouring the control treatment; the estimate of the treatment effect
in the original (fixed design) study was -3.1 (95% Cl -8.5 to 2.2).

e At the second interim analysis when the study was stopped, the estimated treatment effect from the
model was -2.8 (favouring the control), and the raw difference between groups using 12-month data
only was 4.1 [favouring negative pressure wound therapy (NPWT)].

e There were extremely strong correlations between the early outcomes (3, 6 and 9 months) and
the primary outcome (12 months) for DRI, meaning that at interim analysis inferences based on
the modelling approach, that used all the data, gave much better estimates of the true end of trial
treatment effect, than simple differences in primary outcome (12 months) group means.

e The stronger than expected correlations also meant that the interim analyses generally occurred
early than expected. That is, the observed number of participants providing 3-, 6-, 9- and 12-month
outcome data at each interim analysis was less than the expected number.

DRAFFT: simulated group sequential trial

Figure 12 shows the observed number of participants recruited and followed up at 3, 6 and 12 months
for DRAFFT, the window of opportunity available for interim analyses and the times when the interim
analyses would have occurred in the simulated adaptive design.

The study surpassed the recruitment target of n = 390, and the planned interim analysis could feasibly
have occurred. The numbers of study observed trial participants providing data at the interim analysis is
shown in Table 14. Estimated model parameters and test statistics are shown in Table 15.
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FIGURE 12 Recruitment (—), follow-up (—) and numbered interim analyses (+) for DRAFFT; window of opportunity for
interim analyses is shaded.
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TABLE 14 Numbers of observed and expected participants providing 3-, 6- and 12-month outcome data at each interim

analysis and the study end

Observed Expected
Analysis N, N,
1 205 135 26 200 140 100
End 423 414 415 350 350 350

TABLE 15 Means and estimates of treatment effects at each interim analysis and the study end

Analysis m1, mO,, A var(B,) 4 Var(po,)

1 12.29 16.68 4.39 1.41 12.54 0.40 0.080 0.073 4.39 24.42 0.89
End 13.93 15.30 1.37 1.51 2.59 0.94 0.387 0.219 1.37 2.60 0.85
Note

mO,, and m1,, are the means for the wire and plate arms and A =m0,, -m1,, .

The estimated correlations and SDs at each interim analysis are shown in Appendix 4. The estimated
SDs for the 12-month outcome were much smaller than expected when planning the study; o,, was
expected to around 20 but was actually nearer to 15. This explains why the numbers of participants

at the interim analysis was much smaller than planned, as it took fewer participants to accumulate the
required information, due to the smaller than expected value for o, . Also, the fast rate of recruitment
and small number of 12-month outcomes meant that it was problematic to hit the required information

level exactly; the value for I, is larger than [,.

Figure 13a shows the stopping boundaries and Z and Z0 from Table 15, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at interim
analysis 1 for all boundary settings a to d, indicating that the study would not have stopped.

The results of the over-running analysis (see Figure 13b) confirm the stopping decisions based on the
interim data, that the study would not have stopped at the interim analysis (see Appendix 4 for full
results of the over-running analysis).

DRAFFT: summary
The results of the simulated group sequential design for DRAFFT can be summarised as follows:

e For all four boundary settings tested, the DRAFFT study would not have stopped at the interim
analysis, when data when available from n = 26 participants with 12-month outcomes, and n = 135
with 6-month outcomes and n = 205 with 3-month outcomes.

e At this interim analysis N = 294 participants had been recruited into the study and follow-up
would have been completed in 15 months; this compares to N = 461 and 34 months for the
original study.

e The estimate of the SD of the primary outcome (o,, ), used in the original sample size calculation, and
used to build the group sequential design, was smaller than the true value (15 vs. 20). This caused the
interim analysis to take place at a much earlier time than planned (i.e. with fewer participants with
12-month outcomes than expected; N, =26 vs.N,, = 100).

o |n reality, the original DRAFFT study recruited at an even faster rate than expected, and
the sample size was increased from n = 390 to n = 461. This gave greater precision in the
estimate of the treatment effect, which was important for inferences and the health economics
analysis particularly.'#
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FIGURE 13 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis and (b) using over-running data.

FixDT: simulated group sequential trial

Figure 14 shows the observed number of participants recruited and followed up at 3, 6, and 12 months
for FixDT, the window of opportunity available for interim analyses and the times when the interim
analyses would have occurred in the simulated adaptive design.

The trial hit the recruitment target of n = 320, and the planned interim analyses could both feasibly have
occurred. The numbers of observed trial participants providing data at each interim analysis is shown in
Table 16. Estimated model parameters and test statistics are shown in Table 17.

The estimated correlations and SDs at each interim analysis are shown in Appendix 4. The estimated SDs
for the 6-month outcome were much larger than expected when planning the study; o, was expected
to around 20 but was actually nearer to 24. This explains why the numbers of participants at the interim
analysis were larger than planned, as it took more participants to accumulate the required information,
due to the larger than expected value for o, .

Figure 15a shows the stopping boundaries and Z and Z0 from Table 17, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at interim
analysis 1, for all boundary settings a to d. However, at interim analysis 2, Z falls below the lower
boundaries for settings b to d, indicating that the study would have been stopped for futility.

The over-running analyses (see Figure 15b) confirms the results of the stopping decisions based on
the interim data, and indicate stopping for futility at settings b to d. In fact, the over-running analyses
provided stronger evidence in favour of stopping at all interim analyses and settings a to d (see
Appendix 4 for full results of the over-running analysis).
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FIGURE 14 Recruitment (—), follow-up (—) and numbered interim analyses (+) for FixDT; window of opportunity for interim
analyses is shaded.

TABLE 16 Numbers of observed and expected participants providing 3- and
6-month outcome data at each interim analysis and the study end

Observed Expected
Analysis N, N,.
1 105 79 100 50
2 178 146 200 100
End 273 282 264 264

TABLE 17 Means and estimates of treatment effects at each interim analysis and the study end

Analysis m1, mO, A B, var() Z I* | BO, var(B0) Z0

1 30.02 32.32 2.29 1.14 27.06 0.22 0.037 0.036 2.29 30.77 0.41
2 32.44 31.92 -0.52 -2.85 13.86 -0.76 0.072 0.071 -0.52 15.14 -0.13
End 33.80 29.84 -3.96 -4.27 8.03 -1.51 0.125 0.165 -3.96 8.08 -1.39
Note

mO, and m1, are the means for the nail and plate arms and A =m0, -m1, .
FixDT: summary
The results of the simulated group sequential design for FixDT can be summarised as follows:

e For three of the four boundary settings tested, the FixDT study would have stopped at the second
interim analysis, when data when available from n = 146 participants with 6-month outcomes, and
n = 178 with 3-month outcomes.
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FIGURE 15 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis and (b) using over-running data.

e At this interim analysis, N = 243 participants had been recruited into the study and follow-up
would have been completed in 27 months; this compares with N = 321 and 42 months for the
original study.

e The estimated treatment effect after completing follow-up for the stopped study (over-running
analysis) was —6.2 favouring the control treatment; the estimate of the treatment effect in the
original (fixed design) study was -4.0 (95% Cl -9.6 to 1.6).

e At the second interim analysis when the study was stopped, the estimated treatment effect was -2.9
(favouring the nail), and the raw difference between groups was -0.5 (favouring the nail).

e There was a strong correlation between the early outcome (3 months) and the primary outcome
(6 months) for DRI.

e The estimate of the SD of the primary outcome (o, ) used in the original sample size calculation, and
used to build the group sequential design, was a marked underestimate of the true value (20 vs. 24).
This caused the study to be underpowered and the interim analyses to be at later times than planned
(i.e. with more participants than expected).

FASHIoN: simulated group sequential trial

Figure 16 shows the observed number of participants recruited and followed up at 3, 6 and 12 months
for FASHIoN, the window of opportunity available for interim analyses and the times when the interim
analyses would have occurred in the simulated adaptive design.

The trial hit the recruitment target of n = 344, and the planned interim analyses could both feasibly have
occurred. The numbers of observed trial participants providing data at each interim analysis is shown in
Table 18. Estimated model parameters and test statistics are shown in Table 19.

The estimated correlations and SDs at each interim analysis are shown in Appendix 4. The estimated SDs
for the 12-month outcome are slightly larger than expected when planning the study; o,, was expected
to around 24 but was actually nearer to 26. This explains why the numbers of participants at the interim
analysis were slightly larger than planned, as it took more participants to accumulate the required
information, due to the larger than expected value foro,, .
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FIGURE 16 Recruitment (—), follow-up (—) and numbered interim analyses (+) for FASHIoN; window of opportunity for

interim analyses is shaded.

TABLE 18 Numbers of observed and expected participants
providing 6- and 12-month outcome data at each interim

analysis and the study end

Observed Expected
Analysis N, N,
1 86 62 100 50
2 208 141 200 100
End 315 321 292 292

TABLE 19 Means and estimates of treatment effects at each interim analysis and the study end

Analysis m1,, mo,, A B, var(B,) 4 I* | B0, var(B0,) Z0
1 56.09 49.02 7.08 3.60 39.08 0.58 0.026 0.025 7.08

2 55.90 49.13 6.77 6.50 18.86 1.50 0.053 0.050 6.77

End 58.76 49.68 9.08 8.74 8.53 2.99 0.117 0.127 9.08

Note

mO,, and m1, , are the means for the personalised hip therapy and surgery armsandA=m1,, -mO,, .

Figure 17a shows the stopping boundaries and Z and ZO from Table 19, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at interim
analysis 1 and 2, for all boundary settings a to d. Figure 17b shows that the interim analyses based on
the over-running data indicate stopping for efficacy for all settings a to d, at the second interim analysis.
This is consistent with the final data analysis of the original fixed design study (see Appendix 4 for full
results of the over-running analysis).
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FIGURE 17 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis. (b) Using over-running data.

FASHIoN: summary
The results of the simulated group sequential design for FASHIoN can be summarised as follows:

e The recruitment and follow-up profiles (see Figure 16) for FASHIoN were unusual and reflected the
phased approach to the study with an initial feasibility/pilot stage at a small number of sites, followed
be more rapid recruitment as many more sites were opened.

e This resulted in relatively little benefit available from the early outcomes at the interim analyses - for
example, at the first interim analysis 12-month data were available from 62 participants and 6-month
data from 86 participants.

e Of the four boundary settings tested, the FASHIoN study would not have stopped at either interim
analysis for futility or efficacy.

e The estimated treatment effect after completing follow-up for the second interim analysis
(over-running analysis) was consistent with result of the original study.

e The estimate of the treatment effect in the original (fixed design) study was 9.1 (95% ClI 3.3 to 14.9),
which is consistent with the over-running analysis from the second interim analysis (9.1) suggesting
that the study could legitimately have stopped at the second interim analysis.

WAT: simulated group sequential trial

Figure 18 shows the observed number of participants recruited and followed up at 6 weeks, 3, 6, and
12 months for WAT, the window of opportunity available for interim analyses and the times when the
interim analyses would have occurred in the simulated adaptive design.

The trial hit the recruitment target of n = 120, and the planned interim analysis could feasibly have
occurred. The numbers of observed trial participants providing data at each interim analysis is shown in
Table 20. Estimated model parameters and test statistics are shown in Table 21.

The estimated correlations and SDs at each interim analysis are shown in Appendix 4. The estimated SDs
for the 12-month outcome at the interim analysis was much smaller than expected; o,, was expected
to around 9 but was actually nearer to 5. Also, the correlations were generally larger than expected.
These factors explain why the numbers of participants at the interim analysis was much smaller than
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FIGURE 18 Recruitment (—), follow-up (—) and numbered interim analyses (+) for WAT; window of opportunity for interim
analyses is shaded.

planned, as it took many fewer participants to accumulate the required information, due to the larger
than expected correlations and smaller than expected value for o, .

Figure 19a shows the stopping boundaries and Z and ZO from Table 21, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at the
interim analysis, for all boundary settings a to d.

TABLE 20 Numbers of observed and expected participants providing 6-week, 3-month, 6-month and 12-month outcome
data at each interim analysis and the study end

Observed Expected

Analysis \} N

6w 6w

End 119 119 122 120 104 104 104 104

TABLE 21 Means and estimates of treatment effects at each interim analysis and the study end

Analysis mi1, mo,, A B, var(B,) 4 I* | B0, var(B0,) Z0
1 45.00 38.20 6.80 4.30 6.58 1.68 0.152 0.150 6.80 14.64 1.78
End 40.40 38.17 2.23 2.18 3.54 1.16 0.283 0.321 2.23 3.59 1.18

Note
mO0,, and m1,, are the means for the total hip arthroplasty (control) and resurfacing arthroplasty arms and A =
ml, -mO,, .

12m 12m
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FIGURE 19 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis. (b) Using over-running data.

The test statistic from the over-running analysis (see Figure 19b) confirms the results of the stopping
decisions based on the interim data and indicates that the study would not have stopped for any of the
settings a to d (see Appendix 4 for full results of the over-running analysis).

Estimates of the treatment effects B, from the longitudinal model, are close to raw differences in means
(A) for the over-running analysis as there is less information available from the early outcomes at this
analysis. If there were complete follow-up data available for all participants, then B, would be equal A.
However, in practice it is almost always the case that some participants who did not provide 12-months
outcomes had early outcomes (at one or more than one of 6 weeks, 3 months and 6 months), which
provide some information on the 12-month outcomes. Estimates of treatment effects B0, from the
models that force correlations (between all outcomes) to be zero, are always equal to A, and have larger
variances than B).

WAT: summary
The results of the simulated group sequential design for WAT can be summarised as follows:

e For all four boundary settings tested, the WAT study would not have stopped at the interim analysis,
when data were available from n = 10 participants with 12-month outcomes, n = 29 with 6-month
outcomes, n = 43 with 3-month outcomes and n = 49 with 6-week outcomes.

e At this interim analysis N = 75 participants had been recruited into the study and follow-up
would have been completed in 17 months; this compares with N = 126 and 48 months for the
original study.
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e The estimate of the SD of the primary outcome (o, = 9), used in the original sample size calculation,
and used to build the group sequential design, was much larger than the observed value at the
interim analysis. Also, many of the correlations were significantly larger (e.g. Pamiom = 071, Py o0 =
0.90, P, m = 0.86) than anticipated (e.g. p,,,,,,, = Pamem = Péwam = 0.5).

e This caused the interim analysis to take place at a much earlier time than planned (i.e. with fewer
participants with 12-month outcomes than expected; n = 10 vs. n = 40).

e Given the small, but not clinically significant, result observed in the original study, it seems unlikely
that any sensible stopping rule would have caused the WAT study to stop early.

CSAW: simulated group sequential trial

Figure 20 shows the observed number of participants recruited and followed up at 6 months for CSAW,
the window of opportunity available for interim analyses and the times when the interim analyses would
have occurred in the simulated adaptive design.

The trial hit the recruitment target of n = 200, and the planned interim analyses could feasibly have
occurred. The numbers of observed trial participants providing data at each interim analysis is shown in
Table 22. Estimated model parameters and test statistics are shown in Table 23.

The estimated SDs at each interim analysis were as follows: o, =12.2, 11.7, 11.8. The estimated SDs
for the 6-month outcome at the interim analysis was larger than expected; o, was expected to around 9
but was actually nearer to 12. This explains why the numbers of participants at the interim analysis were
larger than planned, as it took more participants than expected to accumulate the required information.

Figure 21a shows the stopping boundaries and Z and Z0 from Table 23, at each interim analysis and
study end. Test statistic Z is in the continuation region (between upper and lower boundaries) at the
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FIGURE 20 Recruitment (—), follow-up (—) and numbered interim analyses (+) for CSAW; window of opportunity for
interim analyses is shaded.
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TABLE 22 Numbers of observed and expected participants providing
6-month outcome data at each interim analysis and the study end

Analysis

Observed
N6m

137

180

Expected

I\

6m

80
170

TABLE 23 Means and estimates of treatment effects at each interim analysis and the study end

Analysis m1,_ mo, A B, var(B,) V4 * | BO, var(B0,) Z0

1 30.05 31.47 142 142 7.49 0.52 0.134 0.123 1.42 7.49 0.52
2 29.56 31.72 2.17 2.17 4.01 1.08 0.249 0.247 2.17 4.01 1.08
End 29.37 32.68 3.31 3.31 3.08 1.89 0.325 0.525 3.31 3.08 1.89
Note

mO,  and m1, are the means for the active monitoring with specialist reassessment (control) and arthroscopic
subacromial decompression arms and A =m1, - mO, .
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FIGURE 21 Stopping boundaries and Z and ZO0 for decision-making. (a) For stopping decisions using data available at each
interim analysis. (b) Using over-running data.

interim analysis, for all boundary settings a to d. Note that because we have no early outcome data for
CSAW, Z is equal to ZO0 at all analyses.

The test statistics (Z) from the over-running analysis (see Figure 21b) confirm the results of the stopping
decisions based on the interim data and indicate that the study would not have stopped for any of the

settings a to d.

There is no evidence in the simulated study to believe that an adaptive design would have caused CSAW
to stop early. Indeed, there is some reason to believe that an adaptive design may have complicated the
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inferences as in the simulated designs described here, in contrast to the original result of the study,*’
the final (over-running) analysis does not reject the null hypothesis (although Figure 21b shows that the
test statistic is close to the threshold). This is because by spending some of the overall error testing at
interim analyses, we make it to harder to reject at the end of the study.

CSAW: summary
The results of the simulated group sequential design for CSAW can be summarised as follows:

e For all four boundary settings tested, the CSAW study would not have stopped at the interim
analyses, when data were available from n = 79 and n = 137 participants with 6-month outcomes.

e At these interim analysis N = 142 and N = 195 participants had been recruited into the study and
follow-up would have been completed in 21 and 28 months, respectively; this compares with
N = 210 and 39 months for the original study.

e The estimate of the SD of the primary outcome (o, = 9), used in the original sample size calculation
and used to build the group sequential design, was smaller than the observed value at the
interim analyses.

e This caused the interim analysis to take place at a much later than planned (i.e. with more participants
with 6-month outcomes than expected; n = 79 vs. n = 40 and n = 137 vs. n = 80).

e Given the small but not clinically significant result observed in the original study, it seems unlikely
that any sensible stopping rule would have caused the CSAW study to stop early for efficacy, unless
some early outcome data (e.g. 3 months) had been available.

TOPKAT: simulated group sequential trial
Figure 22 shows the observed number of participants recruited and followed up at 2 months, 1, 2, 3, 4
and 5 years for TOPKAT. The recruitment for TOPKAT completed in June 2013 and the first five-year
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FIGURE 22 Recruitment (—), follow-up (—) for TOPKAT; there is no window of opportunity for interim analyses.
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(primary) outcome data were not available until March 2015. Therefore, the window of opportunity,
between some five-year final outcome data being available and recruitment completion was non-
existent and, as such, the methodology we are investigating here, assessing possible early stopping of
the trial, could not have been used.

Discussion

Overview

For five of the selected trauma and orthopaedic trials discussed here (WOLLF, FixDT, DRAFFT, FASHIoN
and WAT), the methodology of Parsons et al.,’* that used early outcome data in addition to final outcome
data to inform stopping decisions at interim analyses, proved to be feasible. All of the putative group
sequential designs described for these five studies used only information that was known (or thought

to be known) or could have reasonably been speculated on (e.g. the numbers and patterns of patient
data), at the study design and planning stage. The designs do not knowingly use any information from
the observed trial publications or data. For this reason, we believe that the results of the simulated trials
that used the observed data and the known dates when data were collected for each trial are a true test
of whether the design would have been possible, whether the trial would have stopped early and if so
whether the result would have been consistent with that obtained from the original (fixed) design.

The CSAW and TOPKAT studies were different from the other trials discussed here in two key respects
that made an adaptive design of the type under discussion here impossible, the lack of early outcome
data for CSAW and the lack of a window of opportunity for TOPKAT. For these reasons, these two trials
are discussed after the other five studies.

WOLLF, FixDT, DRAFFT, FASHIoN and WAT

Looking at each of these five trials in turn, the WOLLF study would have stopped early at the second
interim analysis for three of the four boundary settings tested, when 293 participants had been recruited
into the study (c.f. 460 in the original trial) and follow-up would have been completed in 27 months (c.f.
50 months for the original study).

Inferences for the stopped studies would have been very similar to the original study; the over-running
analysis gave an estimate of the treatment effect equal to -3.5 (favouring the control), whereas the
treatment effect estimate in the original (fixed design) study was -3.1 (95% Cl -8.5 to 2.2). Of particular
note in WOLLF were the extremely strong correlations between the early outcomes (3, 6 and 9 months)
and the primary outcome (12 months) for DRI. The strong correlations are important for two reasons.
First, they allowed the modelling approach, that used all the data, to give better (more precise) estimates
of the true end of trial treatment effect, than simple between-group mean differences for the primary
12-month outcome. Second, the stronger than expected correlations also meant that information
accrued rapidly causing the interim analyses to occur earlier than might have been expected based on
the number of participants with 12-month outcomes alone.

At the second interim analysis when the study was stopped, the estimated treatment effect from the
model was -2.8 (favouring the control). In marked contrast, the raw difference between groups using
12-month data only was 4.1 (favouring NPWT). As we note above, the strong correlations meant that
the model estimate was a much better estimate of the true treatment effect than simple between-group
difference in 12-month outcomes. However, it is worth considering how this might have played out if
this had been the situation in the real trial. Would the trial data monitoring and safety committee have
had the confidence in the model estimate to stop the study for futility when the difference in the means
for 12-month data alone was strongly favouring NPWT?

The FixDT trial was of a similar overall design to WOLLF, as it ran concurrently with and was designed
by the same research team. As for WOLLF, for three of the four boundary settings tested, the FixDT
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study would have stopped at the second interim analysis, when 243 (c.f. 321 in the original study)
participants had been recruited into the study and follow-up would have been completed in 27 months
(c.f. 42 months for the original study). Therefore, as for WOLLF, there would have been a considerable
saving in time and cost, if an adaptive design had been used.

The treatment estimate for FixDT after completing follow-up for the stopped study was -6.2 favouring
the control (nail) treatment and the estimate of the treatment effect in the original (fixed design)

study was -4.0 (95% Cl -9.6 to 1.6). The estimate of the SD of the primary outcome (o, ) used in the
original sample size calculation, and used to build the group sequential design, for FIXDT was a marked
underestimate of the true value (20 vs. 24). This caused the original study to be underpowered and
the interim analyses to be at later times than planned. That is, when there were more participants than
expected (146 vs. 100) with 6-month outcome data.

WOLLF and FixDT both reported results in the original studies favouring the control treatments;
intramedullary nail fixation in FixDT and standard dressing in WOLLF. The boundaries for our designs
reflected the wish to stop for futility if there were a lack of emerging evidence to support better
outcomes for the comparator test treatments (locking-plate fixation and NPWT, respectively). Locking-
plate fixation and NPWT both proved unlikely to be a cost-effective compared with intramedullary nail
fixation and a standard dressing respectively in reported health economic analyses.#147

In contrast to WOLLF and FixDT, the DRAFFT trial provided treatment effects throughout the study
that tended to marginally favour the test locking-plate treatment over wire fixation control treatment.
Therefore, it is perhaps not surprising given the asymmetry of the boundaries that the DRAFFT study
would not have stopped at the interim analysis for any of the four boundary settings tested in the
simulated studies.

The estimate of the SD of the primary outcome for DRAFFT (o, ), used in the original sample size
calculation and to build the group sequential design, was much smaller than expected (15 vs. 20). This
caused the interim analysis to take place much earlier than planned when there were many fewer
participants with 12-month outcomes than expected; 26 rather than the expected 100. The stronger
than expected correlations also in part contributed to the early interim analysis. As did the extremely
rapid recruitment to DRAFFT caused by a surge in recruitment due to the harsh winter weather causing
a surge in distal radius fracture as a consequence of falls. However, given the consistent positive
treatment effects in favour of the plate intervention it seems unlikely that better estimates of the
covariance parameters or change of boundaries (with reason) would have caused the study to stop early
for futility.

The FASHIoN study had a quite different recruitment profile from the other trials (see Figure 19) due to
the phased approach with an initial feasibility/pilot stage at a small number of sites, followed be more
rapid recruitment as sites were opened. This caused there to be relatively little benefit available from
early outcomes (6 months) in addition to that provided by the final 12-month outcomes.

Of the four boundary settings tested, the FASHIoN study would not have stopped at either interim
analysis for futility or efficacy. The two interim analyses both provided evidence in favour of the surgical
intervention, but test statistics were not of sufficient magnitude to cause the trial to stop. Although,

the estimated treatment effect after completing follow-up for the second interim analysis (over-running
analysis) was consistent with result of the original study, which reported a positive result in favour

of the surgery intervention. The lack of stopping (for efficacy) for FASHIoN is in large part due to the
asymmetric selection of boundaries that made it relatively harder to stop for efficacy. The boundaries
reflected the widespread view within trauma and orthopaedic medicine that much stronger evidence

is required to cause a trial to stop for efficacy than futility, with many clinicians believing that if there is
emerging evidence for efficacy then a trial should complete recruitment to target in order to provide a
precise estimate of the treatment effect and capture as much safety information as possible (e.g. adverse
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events). The trials reported here tested interventions that typically were available within the NHS,
so there was no ethical imperative to end trials as soon as possible and offer all patients the superior
intervention, as for instance might be case when testing novel pharmaceutical drugs.

Given the relatively small sample size and the small (clinically insignificant) result observed in the original
WALT trial, it seems unlikely that any sensible stopping rule would have caused the study to stop early.
For all four boundary settings tested, the WAT study would not have stopped at the interim analysis.

As for some of the other trials discussed here, the estimate of the SD of the primary outcome, used

in the original sample size calculation, and used to build the group sequential design, was much larger
than the observed value at the interim analysis. Also, for WAT, many of the estimated correlations were
significantly larger than anticipated. These together caused the interim analysis to take place at a much
earlier time than planned, when there were many fewer participants with 12-month outcomes than
expected (n = 10 vs. n = 40).

CSAW and TOPKAT

For the CSAW and TOPKAT trials it was not possible to use the methodology of Parsons et al.** directly
as for the former study there was no early outcome data available and for the latter no final outcome
data were available prior to recruitment completing. Therefore, for TOPKAT we cannot proceed to
simulate an adaptive study based on early assessment of the treatment effect on the final outcome.

For CSAW, although no early outcome data were available, we can simulate how the study would have
proceeded via a group sequential design based simply on the final outcome data alone. This is amounts
to using the test statistic ZO, rather than Z, to make stopping decisions; Z0 forces all the correlations
between the final and early outcomes to be zero, and by so doing in practice uses only final outcome
data for decision-making. Using this methodological approach, there was no evidence in the simulated
study to believe that an adaptive design would have caused CSAW to stop early. Indeed, there is some
reason to believe that an adaptive design may have complicated the inferences as in the simulated
designs described here, in contrast to the original result of the study,®® the final (over-running) analysis
does not reject the null hypothesis (although Figure 20b shows that the test statistic is close to the
threshold). This is because by spending some of the overall error testing at interim analyses, we make
it to harder to reject at the end of the study. However, there is reason to think that if an early outcome
had been collected (e.g. at 3 months) then given that it correlated reasonably stronger with the final
outcome, this may have caused us to stop for efficacy at the second interim analysis. This is not an
unreasonable suggestion, as the over-running analysis at this occasion very nearly crossed the upper
stopping boundary.

Summary

The results for five of the studies reported here (WOLLF, FixDT, DRAFFT, FASHIoN and WAT) showed
that adaptive design using early outcome data would have been feasible and likely to provide designs
that were at least as efficient, and possibly more efficient, than the original fixed sample size designs. For
WOLLF and FixDT the simulations showed that it was highly likely these studies would have (correctly)
stopped early for futility, saving potential considerable effort and resources. WOLLF particularly showed
the important part that early outcome data particularly can play, as analyses based purely on the final
outcome data alone would have meant that stopping (for any reason) would have been unlikely. The
boundaries selected here favoured stopping for futility, at the cost of making stopping for efficacy
unlikely, unless there were very strong evidence available. For this reason, the two studies that showed
modest effect estimates at interim analyses in favour of the test treatment (WAT and DRAFFT), did not
stop early. This was consistent with the final results of these studies. The FASHIoN trial showed good
evidence in favour of the test surgical intervention in the final analysis but fell short of stopping at the
interim analyses. For this study it would have been possible to select different, but sensible, boundaries
that would have resulted in early stopping for efficacy.
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For all the studies it was clear that the feasibility and practicality of using the methods proposed by
Parsons et al.®* was determined in large part by: (1) the width of the window of opportunity for stopping;
(2) the available of early outcome data and their correlations with final outcomes; (3) recruitment

and outcome data follow-up accrual profiles; and (4) the veracity of the estimates of the covariance
parameters available at the design planning stage. We assumed that the authors had a high degree of
confidence in the primary outcomes, which would be a requisite for the method presented, although it
may be argued this is true for conventional sample size calculations too. The timing of the first interim
analysis could be chosen to ensure sufficient data are also available on other outcomes (e.g. sufficient
economic data in the case of an efficacy stopping rule).

The first of the three issues we highlight here were evident for all the trials. If there were little or no

final outcome data available at interim analyses, and little or no early outcome data were available or
uncorrelated with final outcomes then decision-making for early stopping were simply not possible.

The pattern of data accrual and follow-up were important determinants of the feasibility of the

methods used. However, more work is needed to fully understand the impact of different approaches

to recruitment and follow-up on the widespread applicability of the methods. For instance, whether
limiting or increasing recruitment at certain stages of a trial may be beneficial in certain circumstances. It
was also clear for a number of the trials that the times when interim analyses occurred were either much
earlier or later than expected. This was largely due to estimates of the covariance estimates used in the
initial planning being markedly different from the observed values. For instance, if correlations between
outcomes were stronger than expected and variances smaller, then interim analyses would occur
sooner than might have been expected. This in itself is not necessarily problematic, as we deliberately
motivated stopping based on information rather than purely sample size considerations. However,

in instances where interim analyses occurred particularly early (e.g. in the DRAFFT study an interim
analysis occurred when there were final outcome data from 26 participants rather than the expected
100), it is likely that in practice it would have been difficult for the trial DMC, TMG and TSC to make
and confirm stopping decisions and justify these to the funding body based on so few data. In practice,
either minimum sample sizes might have to be prespecified or interim analyses plans be modified as the
study proceeds (e.g. by using blinded re-estimation of the covariance parameters as data accumulates to
update the trial plans).

In many of the trials, correlations between outcomes were much stronger than expected (e.g. >0.7). If
there are such strong correlations between early and final outcomes, then it may also be that there are
strong correlations between treatment effect estimates (e.g. treatment effects for an early outcome at
6 months were much the same as those for the primary outcome at 12 months). If this is the case, then
arguably we might want to consider using the 6 months outcome as the primary. If this is the case, then
this would be a simpler strategy to shorten the trial and save costs. With an earlier primary outcome,
the adaptive designs presented here would also become even more efficient, with more early primary
outcome data available at each interim analysis and a better likelihood of a strong correlation between
(for example) 3- and 6-month outcomes.

There are a number of limitations to this study. We have chosen to use the same sample size in the
adaptive designs as was used in the original fixed sample size designs. In practice to maintain power,
the sample size for the adaptive designs would have needed to be increased relative to the fixed
designs, to allow for the interim analyses and possibility of early stopping. However, by increasing the
sample size it would have not been possible to use just the original data and observed recruitment and
follow-up patterns, as we would have been forced to, for instance, simulate some or all the data using

a model or resample data. This would have diminished some of the clinical impact of the work, as the
simulated trials would have deviated considerably from the original trials. Therefore, given that we were
predominantly interested in assessing whether the simulated adaptive trials would have stopped, we
decided to not to modify the original sample sizes.
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We have tried, as strictly as possible, to avoid using information that was only known after trial data
were available when planning the adaptive designs. For instance, by using estimates of variances

from the published protocols and, where possible, details of recruitment and follow-up strategies

from the trial teams. However, it may be that the results or knowledge of the selected trials may have
unconsciously influenced the adaptive designs (e.g. the timing and number of interim analyses). We have
used the date when outcome data were ‘collected’ as a proxy for when it would have been available

to make stopping decisions. However, in reality in a trial it often takes some time to enter the data on
the study database and extract data (e.g. freeze and check data ready for analysis). These data would
then need to be sent to the trial statistician to undertake an analysis, circulate to colleagues on a data
and safety monitoring committee to meet and discuss the results and make a recommendation to the
TMG/TSC to finalise the decision. This would typically take some time - a number of weeks at least. We
have not accounted for these delays in the simulation study, so it maybe that our assessments of the
savings an adaptive design might have made (in terms of time and cost) may be somewhat optimistic.

In reality, however, many of these tasks could be better planned, streamlined and automated to a large
extent, if an adaptive design were being used.

In summary, adaptive clinical trials may be applied in a number of settings. The applicability and
efficiency of these methods are dependent on trial design, especially in terms of the timing of the
relevant outcomes and the correlation between early and late outcomes, as well as the expected speed
of recruitment. In two of the trials evaluated here, major time savings could have been made in terms

of completing the study and reporting early. This aligns with our experience from the START:REACTS
trial presented earlier in this monograph. Clearly not all studies will stop early if the methods are applied
correctly, but across a body of trials, major efficiency savings could be made. Such savings could reduce
research costs and reduce the number of people exposed to potential harm in trials. However, they
may also deliver clinical trial results quicker, resulting in earlier changes in practice that also result

in major cost savings for the health service. In the IDEAL classification, it may allow more efficient
progress between stages 2b and 3. This may be particularly important in the introduction of new surgical
procedures, where risks of harm are more likely than in established procedures, and these may be
identified earlier and prevented across the community.

The application of more complicated statistical techniques such as this inevitably adds some cost,
although this would be expected to reduce substantially as statistical code become readily available
and experience is gained across the statistical community. These development costs would likely be
offset not only by reduced overall research costs, but also by major savings made across the health-
care community by the earlier delivery of important trial results, although this would be a topic for
future research.
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Chapter 8 Interim analysis interpretation study

Background

It is not clear when designing adaptive trials whether they are better designed, monitored and analysed
using a frequentis or Bayesian approach. Decision-making in the monitoring of phase II/1ll adaptive
trials can be difficult,**® and some researchers suggest that frequentist analyses of trials may be
misinterpreted by clinicians and other stakeholders.'# It has also been argued that Bayesian analyses
are more intuitive for stakeholders to interpret at the end of a trial.**® An additional substudy was
therefore conceived to produce, using Bayesian adaptive methodology, alternative designs for trials in
progress and to evaluate the effects that this would have on decision-making during the trial. To achieve
this, we carried out parallel interim analyses on simulated data separate from the main trial analyses,

to determine whether different interim decisions would have been made using Bayesian or frequentist
designs and analyses.

Aims

We aimed to investigate whether the type of information presented to a DMC (Bayesian vs. frequentist)
influenced the decision process at an interim analysis point in a group sequential design clinical trial.
Specifically, we aimed to investigate whether there was a concordance of stopping decisions or differing
conclusions between the information modes.

Methods

This study received separate ethical approval to the main study on 14 December 2021, reference:
BSREC.45/21-22.

We used three different scenarios of treatment effectiveness, chosen to present different challenges for
the DMC decision-making process. They were as follows:

e arecommendation to stop recruitment due to strong evidence of futility
e arecommendation to stop recruitment due to strong evidence of efficacy
e arecommendation to continue, with weak evidence of efficacy.

We did not use real trial data so as not to compromise the integrity of the main trial. All data were
simulated using R (version 4.0.3).

The main results for frequentist and the Bayesian analogue were simulated to achieve the target
scenarios. The frequentist results were simulated using the methods of Parsons et al.®* and scenarios
were chosen from those used to plan the main trial (as explained above). To create analogous scenarios
for the Bayesian method, we explored the properties of the probability boundaries which provided
similar characteristics to the frequentist rules, as well as simulating and exploring which data sets
achieved the target scenarios. The mock DMC reports focused on the primary outcome measures with
information relating to the follow-up presented the stopping rules, test statistics and summaries of the
simulated data, with limited information on the recruitment. The frequentist report followed the layout
of the report used for the main trial. The key components of the Bayesian report had boundary rules,
statistical properties of the data and boundaries and prior and posterior probability distributions. Both
reports contained visual charts and graphs to aid interpretation of key data. Examples of the reports can
be found in Appendix 5.
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We initially planned to hold these mock DMCs in person but because of the COVID-19 measures,
they were held virtually (via Microsoft Teams). We requested volunteers take the role of members of
the mock DMCs and to review two statistical reports (one Bayesian, one frequentist, each randomly
chosen from the three scenarios), then decide whether the hypothetical trial should continue or stop
recruitment. We then asked the mock DMC members to answer a questionnaire to establish their
thoughts and which report style they preferred, if any.

Participants were recruited through local staff and postgraduate student networks (WMS statistics book
and journal club; WCTU staff mailing list and the WMS staff newsletter); and presented our substudy at
the WCTU statisticians group meeting. Members of the START:REACTS main study were also invited to
join the mock DMCs, with the caveat that if they opted into taking part as a participant, they would be
unable to take part in the analysis. Participants were asked to contact the substudy team directly if they
were interested in taking part. All digitally signed and returned consent forms via e-mail before being
sent a meeting invite and the mock DMC reports.

Each mock DMC was allocated a Bayesian and frequentist scenario at random, with each scenario
and mode appearing twice in the six meetings. Reports were then randomly labelled as ‘Report 1’ and
‘Report 2. Participants were allocated to the DMC based on availability.

At the start of each meeting, committee members were reminded that there were ‘no correct’ answers,
and all opinions were important. After the first report was presented, participants were given a short
interval to complete the questionnaire before discussing the second report.

Results

Six mock DMCs were held in January 2022, hosted on Microsoft Teams® (Microsoft Corporation,
Redmond, WA, USA) by AH and HP. Each meeting was attended by between two and four ‘independent
members’, one of whom was a trained WCTU trial statistician. As shown in Table 24, over half of the
participants identified themselves as statisticians, and approximately half reported prior experience of
being on an oversight committee (9/19 participants reported either independent or non-independent
oversight experience). Four (40%) of the statisticians reported no previous experience of sitting on an

TABLE 24 Bayesian substudy participant information

Participants

N (total = 19)
Role Statistician 10 53
Clinical or allied health professional 3 16
Administration/trial management 6 32
Experience in oversight committee* As independent member 4 21
As non-independent member 7 37
No oversight experience 10 53
Confidence in statistical methods Bayesian 4 21
Frequentist 11 58
None 5 26

a Multiple categories could be selected (i.e. DMC/TSC as either independent or non-independent).
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oversight committee. The six who reported non-clinical or statistical roles included: trial administration
staff (e.g. trial manager), WCTU quality assurance managers and medical school administration staff.

The DMC recommendations for each of the 12 reports reviewed are shown in Table 25. Here, it can be
seen that 92% (n = 11) resulted in an agreed recommendation from the committee. For the remaining
scenario (Bayesian, weak efficacy), DMC members could not reach agreement on what action to
recommend. On inspection of the table, it appears that while the DMCs were relatively comfortable
stopping for futility, they were more cautious when stopping for efficacy, wanting to continue to see
more convincing evidence.

Table 26 shows the self-reported understanding of the DMC reports; 11 (60%) participants understood
the Bayesian report and 14 (73%) understood the frequentist report. Participants reported that the
Bayesian reports were more difficult to interpret how the rules apply for stopping. A few participants
(n = 4, 10%) reported not understanding the explanation, only one of who was a statistician. Again, the
majority of participants who did not understand the interpretation of the rules for either report (n = 8
participants, 24%) were non-statisticians (seven of eight participants who responded).

Participants were also asked, on a five-point Likert scale (strongly disagree = 1; disagree = 2; undecided
= 3; agree = 4; strongly agree = 5), for their personal agreement and confidence with the DMC's
recommendation. Most participants agreed (gave a score > 3) with the recommendation of the report (n
= 28/36, 71%) and were confident with their recommendation (scored > 3; n = 24/36, 63%). Agreement
was lower for the Bayesian reports (Bayesian: n = 12/19, 63%, frequentist: 16/19, 84%); but confidence
in the recommendation was the same (n = 12, 63% for both report types). Only a third of those who

did not agree (gave a score =< 3) with the recommendation of the Bayesian reports (n = 3/9, 33%) were
confident in the DMC'’s decision to stop or continue the trial. There were no participants who strongly
disagreed (gave a score of 1) with the report recommendations.

TABLE 25 Stopping decisions for each DMC report

DMC decision (N = 12; % of each scenario)

Continue Stop Other decision
Report recommendation n (%) VA n (%)
Continue (weak efficacy) 3(75) 0 1(25)
Stop for efficacy 2 (50) 2 (50) 0
Stop for futility 1(25) 3(75) 0

TABLE 26 Self-reported understanding of DMC reports

Bayesian reports Frequentist reports Total

(n=18) (n=19) (n=37)
Understanding the report n (%) n (%) n (%)
Understood all 11 (60) 14 (73) 25 (66)
Did not understand explanation 2 (10) 2 (10) 4 (10)
Did not understand interpretation 6(32) 3(16) 9 (24)
Did not understand another part of report 2(11) 1(5) 3(8)

a One participant did not respond to this question for their Bayesian report.
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When splitting respondents by previous participation in an oversight committee; participants with no
oversight experience reported that the Bayesian report was more helpful (see Table 27).

Focusing on those who identified as statisticians; more of those reporting no previous oversight
experience preferred the Bayesian reports compared to the number preferring frequentist reports
(see Table 28). For the non-statisticians (see Table 28), the frequentist report was preferred more.

Discussion

The substudy recruited 19 participants, consisting of medical statisticians, clinical academics and
university administration staff. The participants confidence in their knowledge of statistics was surveyed
and found a large difference between confidence in Bayesian statistics and frequentist statistics (21%
confident in Bayesian to 58% frequentist). This was quite evident in the results as participants were
reporting more often that they understood the frequentist scenarios more than the Bayesian reports.
The non-statisticians often reported finding it difficult to apply the stopping rules of the Bayesian
adaptive method. It was found that participants with no oversight experience were more likely to

find the Bayesian report more helpful compared to someone with oversight experience. This pattern
was primarily for statisticians but the opposite for non-statisticians where over half the participants
exclusively preferred the frequentist report.

One limitation from the study was the difference in the way the Bayesian and frequentist were
presented. A key difference in the frequentist reports was that the stopping rules and test statistics were
graphically presented in such way that the Bayesian was not; that is, a chart visualising the thresholds
and with the test statistic. We received feedback that the charts were helpful in decision-making.

This could be an important item as non-statisticians did not know how to apply the rules for Bayesian.

TABLE 27 Self-reported helpfulness of DMC reports by oversight committee experience

Experience in oversight committee (independent or
non-independent including TSC or DMC)

No experience Any experience Total
Which report is more helpful? (n=10) (n=9) (n=19)
Bayesian report 4 (40) 1(11) 5(26)
Frequentist report 3(30) 3(33) 6(32)
Both reports 3(30) 4 (44) 7 (37)
Neither report 0 1(11) 1(5)

TABLE 28 Self-reported helpfulness of DMC reports by oversight committee experience and role

Statistician Non-statistician

(n=10) (n=9)
Which report was more _
helpful? Experience No experience Experience No experience
Bayesian report 1 3 0 1 5
Frequentist report 2 0 2 3 7
Both reports 2 1 1 2 6
Neither report 1 0 0 0 1
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Another key difference was an extra part in the report explaining statistical properties to the Bayesian
stopping thresholds, whereas the frequentist report did not contain these details.

A qualitative observation from the substudy was how DMCs decided to continue the study in a few
scenarios while seeing sufficient evidence, from a statistical viewpoint, that one intervention was better
than the other. We found that DMC members wanted further information to support their decision.
As the reports emphasised some of the adaptive approaches of the two methods and focused on the
primary outcome measure to ‘simplify’ the interim analyses, this could have made it more difficult for
DMCs members to decide. It was found that the DMCs were more cautious to stop early for efficacy,
and experienced members felt more comfortable to continue the trial. The mock DMC reports were
made very similar to the real report shown to the START:REACTS DMC members; a key difference was
that the rules were binding in the real trial, therefore, the DMC agreed in advance to decide strictly
based on observing the test statistics; this may have made an easier decision for the DMC as the
members relied on the expert opinion of the statistician interpreting the test results which suggested
to stop. However, the TSC questioned the DMC decision and requested an explanation as to why the
study should stop early.

These patterns may indicate that the research community may not be entirely comfortable with adaptive
designs given how cautious they are of stopping early, the requests for additional information did not
comply with how trials are usually designed on a single primary outcome. This implies that adaptive
designs rely on there being a high degree of confidence in the primary outcome.

A study by Snowden et al.,**! looking at qualitative accounts from the BRACELET study, found that
while statistical guidance for stopping was helpful, the decision about stopping/continuing a trial
was informed by a wider set of considerations and discussions. This was also the experience for the
START:REACTS trial and concurs with the results and experience of this substudy.

In conclusion, regarding the preference of reports it appears that it is not entirely clear which report

is preferred as the numbers show only small difference. Experienced members were more cautious
about stopping for efficacy and inexperienced were more likely to stop. Given the trial experience and
observing other studies it suggests that with either method of reporting, an important consideration is
the supplementary data that will aid the DMCs in understanding the impact of stopping or continuing
the study, clear explanations to aid interpretation of the data, and clear figures to visually demonstrate
both the data and the decision rules.
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Chapter 9 Conclusion

I n this monograph, we present a programme of work designed to fully address the NIHR EME
programme’s 2016 commissioned call for research into the evaluation of new surgical procedures
through the use of novel study designs.

We evaluated a new surgical procedure in a randomised trial, arthroscopic debridement with the InSpace
subacromial spacer balloon for people with irreparable rotator cuff tears. To do this, we used a novel
group sequential adaptive design, utilising the correlation between early and late outcomes to improve
the efficiency of a set of early stopping rules. We applied this design to a multicentre blinded RCT to test
the clinical and cost-effectiveness of arthroscopic debridement and biceps tenotomy with the InSpace
subacromial balloon spacer against an otherwise identical procedure without the device. We undertook
a parallel within-trial health economic analysis.

We developed and refined a technique for dynamic MRI of a shoulder under deltoid load, using EMG to
establish an effective method for activating the deltoid muscle and a rapid scanning protocol to collect
the images. We used this technique in a mechanistic substudy.

To understand the novel adaptive design methodology in more detail, we undertook a large simulation
study, applying the design principles that were developed for the main study to a number of previous
high-impact randomised trials in trauma and orthopaedic surgery. Finally, to understand the influence of
different approaches to adaptive trail design on the conduct of DMC decisions about interim analyses,
we performed an exploratory study of the interpretation of Bayesian and frequentist interim analysis
reports by potential committee members.

We found the following main conclusions:

e |n the pre-specified primary analysis of OSS at 12 months, arthroscopic debridement alone was
superior to arthroscopic debridement with the InSpace device.

e The use of the device is both more costly and less effective and was dominated by debridement-only.
The InSpace device is highly unlikely to be cost-effective.

e The adaptive design allowed the study to stop early, meaning that we were able to deliver a robust
trial result despite the coronavirus pandemic and are likely to achieve clinical impact much earlier
than we would have done with a traditional fixed sample size.

e We developed an effective technique for dynamic MRI of the shoulder. Although the sample size was
greatly reduced both by the early stop and the pandemic, we observed no difference between people
in the two intervention arms of the study.

e |n studies where early time point data are captured and there is a sufficient window to conduct
interim analyses, the novel adaptive methodology is likely to provide designs that are at least as
efficient, and in some cases much more efficient, than the original fixed sample size designs without
compromising the main findings of the trial.

e DMC members do not always choose to follow the stopping rules that are presented and would
benefit from more ancillary information to support their decision-making both in terms of wider trial
information as well as information to support their understanding of the analysis, regardless of the
statistical framework used.

Overall, this monograph presents a body of work that has the potential to substantially change the
evaluation of new surgical procedures and technologies in the future. Randomised trials are needed
early in the evaluation of new technologies to prevent harm to patients and cost to society, but also

to allow effective treatments to be offered widely. Such trials could be delivered more efficiently and
provide more rapid answers using adaptive designs, as has been presented here. By delivering efficient,
effective trial designs early in the introduction of new procedures and technologies, we will make major
cost savings for the health service and deliver better patient outcomes both now and into the future.
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Research recommendations

ased on the findings in this monograph, we present the following recommendations for
future research:

e There is an urgent need for high-quality research into interventions for people with irreparable
rotator cuff tears as there is a lack of good evidence for all available treatment options at present.

e Further research into the balloon itself may focus either on a different patient population or if the
balloon itself is changed in terms of either design or size. Evidence of effectiveness would need to be
demonstrated if a new indication or design was to be recommended. Trials should include a control
arm that allows the effect of the balloon to be isolated, as was used in this trial.

e Further studies are recommended to validate the MRI technique presented here before it is used as
an objective outcome in shoulder trials.

e Further research into the utility of group sequential adaptive designs is needed to explore a wider
range of operating parameters, and to examine their use across a broader range of clinical fields, trial
designs and outcome measures.

e The cost-effectiveness of using adaptive trials more widely is yet to be defined, such analyses
should include both research costs and the impact of early decisions on the health-care service and
wider society.

e The potential to use CP for cost-effectiveness analyses needs further exploration to determine its
utility in supporting interim analysis decision-making in adaptive clinical trials.

e Future research is recommended into improving the information given to DMCs, especially to assist
in making complex decisions such as in interim analyses.
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Appendix 1 Adaptive design parameters and
process for early stopping

The information required to trigger interim analyses and stopping boundaries for the test statistic for the
group-sequential design are shown in Table 29; details of the calculation of the test statistics are given

in Parsons et al.** The information accrued in the study was monitored monthly as 12-month outcome
score data accumulated. The information depended on both the correlation between time points and
the variance of the outcomes.

When the information had reached that required to trigger the first interim analysis, data were extracted
from the study database and the treatment effect, variance and test statistic were estimated by the
study statistician and made available for the consideration of the DMC only. The test statistic was found
to have crossed the lower (futility) boundary. After seeing these findings and summaries of study data,
the DMC stated that ‘We recommend that recruitment is stopped with immediate effect, but follow-up
continued for patients already enrolled in the study’. The TSC was informed and agreed with the DMC
recommendation, and trial sites were asked to stop recruitment with immediate effect.

TABLE 29 Stopping boundaries for the study

Interim Information boundary required to trigger analysis Upper
analysis (estimated no. of 12-month follow-up data points needed) Lower boundary (1) boundary (u)
1 0.102 (50) I, =-0.706 u,=o

2 0.139 (70) l,=0.581 u, = 3.090

TABLE 30 Summary of data observed and test statistics at first interim analysis

Balloon Control

No. of study participants providing OSS data N, 23 24
N, 41 45
N, 53 59
Correlations between OSS data Pamem 0.728
Pamizm 0.760
P iom 0.765
Mean of OSS data Mo 24.72 30.44
[T 28.42 31.87
[T 29.96 34.58
SD of OSS data Oom 11.66
O 10.57
g, 10.82
Mean group difference of OSS data Vi, -5.72
Vi, -3.45
Vi, -4.62
Information I 0.110
Test statistic (observed) S -0.881
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Recruitment

A total of 117 participants were recruited into the study when recruitment was closed; 61 (52%)
participants were randomised to receive arthroscopic surgery alone and 56 (48%) participants were
randomised to receive arthroscopy with the InSpace device. Table 31 shows the number of participants
randomised at each site by allocation group.

Primary outcome: Oxford Shoulder Score

Table 32 shows the study primary outcome, the OSS at each time point. Box plots illustrating the
participants scores over time are shown in Figure 23.

TABLE 31 Randomisation by site

Debridement-only (n = 61) Debridement with InSpace balloon (n = 56) All randomised (h = 117)
A 7 (11.5) 10(17.9) 17 (14.5)
B 7 (11.5) 3(5.4) 10 (8.5)
C 2(3.3) 2(3.6) 4(3.4)
D 6(9.8) 3(5.4) 9(7.7)
E 0(0) 1(1.8) 1(0.9)
F 3(4.9) 3(5.4) 6(5.1)
G 4 (6.6) 2 (3.6) 6(5.1)
H 6(9.8) 5(8.9) 11 (9.4)
| 6(9.8) 7(12.5) 13(11.1)
J 3(4.9) 0(0) 3(2.6)
K 1(1.6) 2(3.6) 3(2.6)
L 0(0) 1(1.8) 1(0.9)
M 0(0) 1(1.8) 1(0.9)
N 2(3.3) 4(7.1) 6(5.1)
(0] 1(1.6) 0(0) 1(0.9)
P 6(9.8) 6(10.7) 12 (10.3)
Q 2(3.3) 0(0) 2(1.7)
R 3(4.9) 4(7.1) 7 (6)
S 0(0) 0(0) 0(0)
T 0(0) 1(1.8) 1(0.9)
u 0(0) 0(0) 0(0)
\% 2(3.3) 1(1.8) 3(2.6)
w 0(0) 0(0) 0(0)
X 0(0) 0(0) 0(0)
Y 0(0) 0(0) 0(0)
Note

Five sites did not randomise prior to randomisation being stopped (site S, U, W, X and Y)
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TABLE 32 Descriptive statistics of the Oxford Shoulder Score at each time point

Follow-up point Debridement with InSpace  All randomised
(months) Statistic Debridement-only (n = 61) balloon (n = 56) (n=117)
Baseline n 61 (100) 56 (100) 117 (100)
Missing 0 (0) 0(0) 0 (0)
Mean (SD) 21.7 (9.4) 23.1(8.5) 22.4(9.0)
3 n 59 (96.7) 54 (96.4) 113 (96.6)
Missing 2(3.3) 2(3.6) 4(3.4)
Mean (SD) 30.4(11.2) 25(10.4) 27.8(11.1)
6 n 58 (95.1) 54 (96.4) 112 (95.7)
Missing 3(4.9) 2(3.6) 5(4.3)
Mean (SD) 33.3(10.4) 28.5(11) 31(10.9)
12 n 59 (96.7) 55(98.2) 114 (97.4)
Missing 2(3.3) 1(1.8) 3(2.6)
Mean (SD) 34.3(11.1) 30.3 (10.9) 32.4(11.2)
50 -
40 A
o
i
e
o
§ 30 1 Allocation group
_q;, * Debridement only
3 B Debridement with device
& 20 1
2
[e]
=
@]
10 A
0 T T T T
Baseline 3 months 6 months 12 months
Time point

FIGURE 23 Box plot of the OSS at each allocation group and time point.

Subgroup analyses

Here, we report additional analyses for the pre-specified subgroups of tear size, age group and sex.
Table 33 shows the descriptive statistics of each of the pre-planned subgroups.

Sex

Figure 24 show box plots of the OSS at 12 months postrandomisation by participant sex and allocation
group. Table 34 shows the full details of the adjusted model of the OSS at 12 months with the allocation
group and sex interaction term.
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TABLE 33 Summary statistics of OSS at 12 months by sex, age, tear size and intervention group

Debridement-only Debridement with
(N =61) InSpace balloon (N =56) Overall (N =117)
Subgroup n 0SS, mean (SD) n 0SS, mean (SD) n 0SS, mean (SD)
Sex Male 33 33.8(12.1) 34 34.5(9.5) 67  34.2(10.8)
Female 28 35(10.1) 22 24 (9.9) 50 30.1(11.3)
Age group (years) Under 70 33 31.6(11.9) 36 30.6 (11.6) 69 31(11.7)
70 and over 28 37.4(9.6) 20 29.9(9.7) 48  34.3(10.2)
Tear size Large 56 34.2 (10.9) 55 30 (10.8) 111 32.1(11)
Medium or small 2 a a a 6 37.5(14.1)

a Values suppressed due to small numbers.

50 A

40 -

30 -

20 A

Oxford Shoulder Score (0-48)

10 A

Debridement only Debridement with device
Allocation group

FIGURE 24 Box plot of OSS at 12 months by sex and allocation group.

Here, the effects of age and tear size remain in line with the main efficacy model, and while the
effect of the InSpace device is much reduced, it still favours the arthroscopy only group. Effects of
sex are reversed with females now performing slightly better than males. However, the interaction
term suggests that females have poorer outcome when in the device allocation group. This can be
seen visually in Figure 25, which shows the group means with their 95% Cls for allocation group and
participant sex.

Tear size

Table 35 shows the adjusted model results for the OSS at 12 months for the tear size subgroup and
Figure 26 shows these results graphically. These results suggest that participants with small and medium
tears have better OSS values at 12 months. However, the number of participants with small or medium
tears is very low (n = 6, 5% of randomised participants), leading to an imprecise estimate of effect size.
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TABLE 34 Adjusted model results of the OSS at 12 months for the sex subgroup

Model coefficient 95% CI p-value
Intervention group Arthroscopy 0 - 0.913
Arthroscopy with device -0.25 (-4.8to0 4.2)
Baseline OSS score 0.6 (0.3t00.8) p < 0.001
Sex Male 0] - 0.187
Female 3.5 (-1.5 to 8.6)
Interaction term Female*arthroscopy with device -9.5 (-16.5 to -2.6) 0.01
Tear size Large 0 - 0.607
Medium or small 2.2 (-6.0 to 10.3)
Age group (years) Under 70 0 - 0.788
70 and over 0.5 (-3.1t0 4.2)

a Positive values are associated with an increase in function; negative values are associated with a decrease.
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FIGURE 25 Means and 95% Cls of OSS at 12 months by sex and intervention.

To further explore the effects of tear size; instead of using the tear size category, the two measurements
of tear taken during surgery were used as continuous measures. The adjusted model results are shown
in Tables 36 and 37 shows the summary statistics of the two tear measurements, which is broadly similar
to the model using the categories of tear size.

The two tear sizes were modelled separately as interaction effects; the anteroposterior measurement is
shown in Table 38 and the mediolateral in Table 39. Both interaction effect models show large changes
to the observed effect of the allocation group, however, the overall effect of the InSpace device remains
below that of the debridement only group.
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TABLE 35 Adjusted model results of the OSS at 12 months for the tear size category subgroup

Variables Coefficient 95% CI p-value

Intervention group Debridement-only 0 - 0.023
Debridement with InSpace balloon -4.3 (-8.1to -0.8)

Baseline OSS score 0.6 (0.34t0 0.8) p < 0.001

Sex Male 0 - 0.634
Female -1.0 (-4.8t0 3.1)

Tear size Large 0 - 0.578
Medium or small 2.7 (-6.8t0 11.9)

Interaction Term: tear  Tear size: medium; intervention: debridement 6.8 (-14.9 to 28.8) 0.553

size*intervention with InSpace balloon

Age group (years) Under 70 0.75 (-3.0to0 4.7) 0.707
70 and over

a Positive values are associated with an increase in function; negative values are associated with a decrease.
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T
Allocation group
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Tear size

FIGURE 26 Interaction effects of the allocation group and tear size on the OSS at 12 months. Owing to the small number
of medium or small tears in the device group, this Cl could not be computed.

Age group

Table 40 shows the results of the model including the interaction term of age group and allocation group,
which is shown graphically in Figure 27. These results remain broadly consistent with the secondary
efficacy model.

Secondary outcomes
Constant score

Descriptive statistics for the Constant score at each follow-up point are shown in Table 41 and Figure 28.
The high level of missing data is due to the lack of in-person follow-up during the COVID-19 pandemic.
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TABLE 36 Adjusted model results of the OSS at 12 months also adjusting for anteroposterior and mediolateral tear size
instead of tear size category

Model variables Coefficient 95% CI p-value

Intervention group Debridement-only 0 - 0.025
Debridement with InSpace balloon -4.2 (-7.7 to -0.7)

Baseline OSS score 0.6 (0.37t0 0.8) <0.001

Sex Male 0 - 0.709
Female -0.8 (-7.7 to -0.7)

Age group (years) Under 70 0 - 0.735
70 and over 0.7 (-3.0to 4.5)

Tear size Anteroposterior -0.9 (29to 1.1) 0.374
Mediolateral 1.9 (-0.3to0 4.0) 0.097

a Positive values are associated with an increase in function; negative values are associated with a decrease.

TABLE 37 Tear size summary statistics for each allocation group

Debridement with

Tear measurement (cm) Summary statistic Debridement only (n = 61) InSpace balloon (n =56) Total (n=117)

Anteroposterior Minimum 2.0 2.5 2.0
Lower quartile 3.5 3.1 3.4
Mean 4.3 4.2 34
Upper quartile 5.0 5.0 5.0
Maximum 9.0 8.0 9.0

Mediolateral Minimum 1.6 1.0 1.0
Lower quartile 3.5 3.5 3.5
Mean 4.3 4 4.1
Upper quartile 5.0 45 5.0
Maximum 7.0 8.5 8.5

Note that while there appears to be a large difference between allocation groups at 12-month
follow-up, approximately 80% of the data at that time point are missing. Due to the high level of missing,
the Constant score has not been modelled.

Objective shoulder function

While performing the assessment for the Constant score, the exact measurements of participant
shoulder function were also recorded. These data are summarised below in Table 42, Figure 29 and
Figure 30. Owing to the high level of missing, these objective assessments have not been modelled.

Western Ontario Rotator Cuff Index

The WORC index is a patient-reported quality-of-life outcome measure designed for patients with
rotator cuff disease. Scores were calculated on a 0-100 scale such that higher score mean better
function. The summaries of the data are shown in Table 43 and Figure 31.
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TABLE 38 Adjusted model results of the OSS at 12 months for the tear subgroup: allocation group and anteroposterior
tear size interaction

Model variables Coefficient 95% CI p-value

Intervention group Debridement-only 0 - 0.148
Debridement with InSpace balloon -9.3 (-21.5t0 -3.6)

Baseline OSS score 0.6 (0.4 to0 0.8) <0.001

Sex Male 0 - 0.620
Female -1.0 (-4.9 to -3.1)

Age group (years) Under 70 0 - 0.8089
70 and over 0.5 (-3.2t0 4.3)

Tear size (cm) Anteroposterior -1.6 (-4.1to0 1.1) 0.213
Mediolateral 2.0 (-0.2to0 4.2) 0.077

Interaction term Debridement with InSpace 1.2 (-1.7 to 4.0) 0.401

balloon*anteroposterior

a Positive values are associated with an increase in function; negative values are associated with a decrease.

TABLE 39 Adjusted model results of the OSS at 12 months for the tear subgroup: allocation group and mediolateral tear
size interaction

Model variables Coefficient 95% CI p-value

Intervention group Debridement-only 0 - 0.021
Debridement with InSpace balloon -16.7 (-30.2 to —-2.6)

Baseline OSS score 0.6 (0.4 t0 0.8) <0.001

Sex Male 0 - 0.597
Female -1.1 (-4.9 t0 2.9)

Age group (years) Under 70 0 - 0.921
70 and over 0.2 (-3.5t03.9)

Tear size (cm) Anteroposterior -1.0 (-3.0to0 1.0) 0.312
Mediolateral 0.6 (-1.9t0 3.2) 0.631

Interaction term Debridement with InSpace 3.0 (-0.3t0 6.2) 0.073

balloon*mediolateral

a Positive values are associated with an increase in function; negative values are associated with a decrease.

Table 44 shows the results of the adjusted model of the WORC score at 12 months postrandomisation.
The model is consistent with the OSS models, with the effect of the InSpace device reducing shoulder
function at the 12-month follow-up point.

EQ-5D-5L

The EQ-5D-5L is a validated quality-of-life utility score, calibrated such that 1 represents perfect health
and O represents death. Descriptive statistics of the EQ-5D-5L by allocation group and time point are
shown in Table 45 and Figure 32. The adjusted model results for the EQ-5D-5L can be found in Table 46.
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TABLE 40 Adjusted model results of the OSS at 12 months for the age subgroup

Fixed effect variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 (-6.7 to 2.4) 0.38
Debridement with InSpace balloon -21

Baseline OSS score 0.6 (0.3t0 0.8) <0.001

Sex Male 0 - 0.511
Female -1.3 (-5.2to0 2.7)

Tear size Large 2.6 (-6.0to 11.0) 0.566

Medium or small

Age group (years) Under 70 3.1 (-2.1 to 8.4) 0.255
70 and over

Interaction term Over 70*debridement with InSpace -5.3 (-12.8 to 2.3) 0.18
balloon

a Positive values are associated with an increase in function; negative values are associated with a decrease.
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FIGURE 27 Interaction effects of the allocation and age groups on the OSS at 12 months.

Patient reported change

In addition to answering the patient-reported outcome measures, participants were also asked to report
about their general shoulder function as compared to before their operation (PGIC). Participants were
asked to report their assessment of their change in shoulder function and the more specific assessment
of their ‘activity limitations, symptoms, emotions and overall quality of life’ since their operation.

Table 47 shows the summary of responses of the change in shoulder function. Table 48 shows the
response to the more specific prompt.
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TABLE 41 Constant score at each follow-up point by allocation group

Debridement with All
InSpace balloon randomised
Follow-up point Statistic Debridement only (n = 61) (n=56) (n=117)
(1) Baseline n (%) 60 (99) 54 (96) 114 (97)
Missing (%) 1(2) 2 (4) 3(3)
Mean (SD) 33.6(13) 29.9 (13.4) 31.9 (13.2)
(2) 3 months n (%) 45 (76) 41 (73) 86 (75)
Missing (%) 14 (24) 15(27) 29 (25)
Mean (SD) 46 (15.7) 36.7 (21) 41.6(18.9)
(3) 6 months n (%) 29 (50) 26 (48) 55 (49)
Missing (%) 29 (50) 28 (52) 57 (51)
Mean (SD) 49 (18.6) 45.2(19.9) 47.2 (19.1)
(4) 12 months n (%) 11 (19) 11 (20) 22 (20)
Missing (%) 48 (81) 43 (80) 91(81)
Mean (SD) 63.6(11.2) 47.5(13.2) 55.5(14.5)

Note: higher scores denote better function.
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FIGURE 28 Box plot of the Constant score at each follow-up point by allocation group.

Exploratory and sensitivity analyses

Relationship between the OSS and the Constant score
The original primary outcome was the Constant score (see main text). To confirm that the OSS was a
suitable alternative, the correlations between the Constant score and the OSS were calculated.

The OSS is scored between 0 and 48, hence we rescaled scores to a 0-100 range to allow direct

comparison to the Constant score (range is 0-100). These results suggest that there is a moderate to
strong correlation between the two outcomes at each time point (see Table 49).
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TABLE 42 Descriptive statistics of pain-free shoulder flexion and abduction angles at each study follow-up point

Debridement only Debridement with All randomised
Domain Statistic (n=61) InSpace balloon (n=56) (n=117)
Pain-free Baseline n (%) 58 51 109
abduction angle
(degrees) Mean (SD) 76.3(32.8) 63.9 (22.2) 70.5(28.9)
3 n (%) 45 41 86
Mean (SD) 88.8 (36.6) 69.7 (39.7) 79.7 (39.1)
6 n (%) 28 26 54
Mean (SD) 97.5(34.5) 87.8 (41.9) 92.9 (38.2)
12 n (%) 12 11 23
Mean (SD) 124.1 (37) 87.1(32.1) 106.4 (38.9)
Pain-free flexion Baseline n (%) 58 51 109
angle (degrees)
Mean (SD) 74.1(25.1) 67.8(29.8) 71.1(27.4)
3 n (%) 45 41 86
Mean (SD) 96.6 (36.1) 84.2 (44.7) 90.7 (40.7)
6 n (%) 28 26 54
Mean (SD) 103.9 (30.4) 100.3 (46.4) 102.2 (38.6)
12 n (%) 12 11 23
Mean (SD) 139.1 (26.4) 98.8 (40.1) 119.8 (38.8)
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FIGURE 29 Box plot of shoulder flexion angle by allocation group and time point.

Participants with repairable tears
This analysis was added (prospectively, before recruitment closed) to investigate if there were any

observable differences between participants who were randomised into the study and those who were
excluded because their cuff tears were repairable.
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FIGURE 30 Box plot of shoulder abduction angle by allocation group and time point.

TABLE 43 Descriptive statistics of the WORC score by allocation group and follow-up

Follow-up point Debridement with InSpace  All randomised
(months) Statistic Debridement only (n = 61) balloon (n = 56) (n=117)
Baseline n (%) 61 (100) 55 (98) 116 (99)
Missing (%) 0(0) 1(2) 1(1)
Mean (SD) 34.4(14.2) 33.7(13.1) 34.1(13.6)
3 n (%) 56 (92) 52 (93) 108 (92)
Missing (%) 5(8) 4(7) 9(8)
Mean (SD 54.8 (24.5) 40.2 (19.2) 47.8(23.2)
6 n (%) 53(87) 52 (93) 105 (90)
Missing (%) 8(13) 4(7) 12 (10)
Mean (SD) 60.2 (25.7) 49.1(22.6) 54.7 (24.7)
12 n (%) 56 (92) 51(91) 107 (92)
Missing (%) 5(8) 5(9) 10 (9)
Mean (SD) 61.6 (25.7) 51.7 (23.5) 56.9 (25.1)

Table 50 shows the participants baseline information for the randomised group and the excluded
intraoperative group due to having a repairable tear.

A t-test was performed between the randomised group and the participants with repairable rotator cuff
tears that were excluded intraoperatively. The result showed that the repairable tear group had higher
Constant score by 3.8 points, and a higher score for the OSS by 2.1 points. Neither test results showed
statistical difference.

Tables 51 and 52 show the linear regression model results for the OSS and the Constant score,
respectively.
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FIGURE 31 Box plot of WORC score by allocation group and time point.

TABLE 44 Adjusted model results of the WORC at 12 months for the age subgroup

Model variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 - 0.055
Debridement with InSpace balloon -84 (-16.7 to -0.1)

Baseline WORC score 0.75 (0.4t01.2) <0.001

Sex Male 0 - 0.74
Female 1.5 (-7.3to 11.1)

Tear size Large 0 - 0.147
Medium or small 144 (-4.94 to 33.1)

Age group (years) Under 70 0 - 0.482
70 and over 3.3 (-5.7 to 12.5)

a Positive values are associated with an increase in function; negative values are associated with a decrease.

TABLE 45 Statistics of the EQ-5D-5L score by allocation group and follow-up

Follow-up point Debridement with InSpace All randomised
(months) Statistic Debridement only (n = 61) balloon (n = 56) (n=117)
Baseline n (%) 61 (100) 56 (100) 117 (100)

Missing (%) 0(0) 0(0) 0(0)

Mean (SD) 0.501 (0.258) 0.486 (0.247) 0.494 (0.251)
3 n (%) 59 (97) 55(98) 114 (97)

Missing (%) 2(3) 1(2) 3(3)

Mean (SD) 0.632(0.237) 0.556 (0.275) 0.596 (0.257)
6 n (%) 58 (95) 54 (96) 112 (96)

Missing (%) 3(5) 2(4) 5(4)

Mean (SD) 0.666 (0.253) 0.592 (0.254) 0.63 (0.255)
12 n (%) 58 (95) 55(98) 113 (97)

Missing (%) 3(5) 1(2) 4(3)

Mean (SD) 0.667 (0.287) 0.590 (0.286) 0.63(0.288)
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FIGURE 32 Box plot of EQ-5D-5L score by allocation group and time point.

TABLE 46 Adjusted model results of the EQ-5D-5L at 12 months

Fixed effect variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 - 0.239
Debridement with InSpace balloon -0.056 (-0.150 to 0.035)

Baseline EQ-5D-5L score 0.579 (0.380 to 0.777) <0.001

Sex Male 0 - 0.896
Female -0.007 (-0.105 to 0.095)

Tear size Large 0 - 0.593
Medium or Small -0.059 (-0.274 t0 0.152)

Age group (years) Under 70 0 - 0.765
70 and over 0.015 (-0.082 t0 0.119)

TABLE 47 Self-reported change in shoulder function at 12 months

Responses Debridement only n (%) Debridement with InSpace balloon n (%) Total n (%)
Substantially better 24 (39) 16 (29) 40 (34)
Moderately better 17 (28) 19 (34) 36 (31)
No difference 12 (20) 7 (13) 19 (16)
Moderately worse 2(3) 6(11) 8(7)
Substantially worse 4(7) 7 (13) 11 (9)
Missing 2(3) 1(2) 3(3)
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TABLE 48 Self-reported change in activity limitations, symptoms, emotions and overall QoL at 12 months

Debridement with

Responses Debridementonlyn (%) InSpace balloonn (%) Total n (%)
No change or worse 7(12) 14 (25) 21(18)
Almost the same 5(8) 6(11) 11 (9)

A little better, no noticeable change 6 (10) 3(5) 9(8)
Somewhat better, change has not made a difference 4(7) 6(11) 10(9)
Moderately better, slight but noticeable change 7 (12) 6(11) 13 (11)
Better, definite improvement with a difference 17 (28) 13 (23) 30 (26)
Considerable improvement making a huge difference 13 (21) 7 (13) 20(17)
Missing 2(3) 1(2) 3(3)

TABLE 49 Relationship between the Constant score and (rescaled) OSS at each time point

Months of follow-up Participants analysed (n, % of randomised) Pearson’s correlation 95% CI

Baseline 114 (97.4) 0.65 0.53t00.75
3 85(73.9) 0.80 0.71to0 0.87
6 56 (50.0) 0.78 0.65t00.86
12 22(19.3) 0.74 0.47 to 0.89

TABLE 50 Baseline summary statistics of repairable and irreparable tear population

Randomised Repairable tear Mean difference
Baseline data (n=117) (n=43) with 95% CI
Age group (years) Under 70 69 (59.0) 27 (62.8) - -
70 or older
Mean age 48 (41.0) 16 (37.2) - _
66.9 (8.3) 66.2(7.3) - -
Sex Female 50 (42.7) 11 (25.6) - -
Male
67 (57.3) 32 (74.4) - -
Forward flexion without pain angle 71.1(27.4) 80.1 (33.0) - -
Abduction without pain angle 70.5 (28.9) 77.9 (30.2) - -
Constant score n (%) 114 (97.4) 43 (100) - -
Mean (SD) 31.9(13.2) 35.7 (14.5) 3.8(-1.2t08.9) 0.139
0SS n (%) 117 (100) 43 (100) - -
Mean (SD) 22.4(9.0) 24.4(7.9) 2.1(-5.0t00.9) 0.165

a Unadjusted t-test results.

Note
values presented in count and percentages; n (%) unless otherwise stated.
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TABLE 51 Repairable tears: model results for the OSS, adjusted for sex and age group

Fixed effect variables Coefficient 95% ClI p-value

Group Randomised 0 - 0.456
Repairable tear 1.1 (-1.8t0 4.0)

Sex Male 0 - <0.001
Female -6.3 (-9.0to -3.7)

Age group (years) Under 70 0 - 0.002
70 and over 3.2 (0.6 to 5.8)

TABLE 52 Repairable tears: model results for the Constant score, adjusted for sex and age group

Fixed effect variables Coefficient 95% Cl p-value

Group Randomised 0 - 0.252
Repairable tears 2.7 (2.0to 7.4)

Sex Male 0 - 0.001
Female -7.3 (-11.6 to -3.0)

Age group (years) Under 70 0 - 0.027
70 and over 4.8 (0.6 to0 8.9)

Large tears

At the request of the oversight committees, a sensitivity analyses restricted to only those participants
who had large tears was conducted. However, this reduction in the data set resulted in the mixed-
effects model to fail (singular boundary). Hence, a linear regression model was then fit without the site
term and the results are shown in Table 53.

Follow-up collected out of visit window

There was a total of 13 participants who had follow-up data recorded outside the target window for
data collection. There were four participants outside of the 3-month window; eight outside of the
6-month window, and one outside of the 12-months window. A sensitivity analyses was carried out to
observe if this affected the model results. The results obtained are shown in Table 54 and can be seen to
be consistent for the adjusted efficacy model.

TABLE 53 Adjusted model results for the OSS at 12 months for participants with large tears only (fixed-effects model)

Fixed effect variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 - 0.0139
Debridement with InSpace balloon -4.6 (-8.2to -0.9)

Baseline OSS score 0.6 (0.3.0.8) <0.001

Sex Male 0 - 0.400
Female -1.7 (-5.7 to 2.3)

Age group (years) Under 70 0 - 0.568
70 and over 1.1 (-2.7to 4.9)

a Positive values are associated with an increase in function; negative values are associated with a decrease.
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TABLE 54 Adjusted model results for the OSS at 12-months for participants with follow-up data recorded within the
visit window

Fixed effect variables Coefficient 95% CI p-value

Intervention group Debridement-only 0 - 0.034
Debridement with InSpace balloon -4.0 (-7.6to -0.4)

Baseline 0SS score 0.6 (0.4 t0 0.8) <0.001

Sex Male 0 - 0.554
Female -1.2 (-5.1t02.9)

Tear size Large 0 - 0.335
Medium or Small 4.2 (-4.4to0 12.3)

Age group (years) Under 70 0 - 0.836
70 and over 0.4 (-3.3t04.3)

a Positive values are associated with an increase in function, negative values are associated with a decrease.

Acromiohumeral distance analysis

Acromiohumeral distance and reparable tears

As a larger than anticipated number of registered patients were excluded during surgery because their
rotator cuff tears were found to be reparable, we investigated if there were other radiological features
to help identify if tears were reparable. The AHD was measured for each participant registered into the
trial, so was investigated as a potential feature.

Baseline scans for each participant were used to measure the AHD. Each measurement was extracted
by two separate readers and the intraobserver agreement rating (intracluster correlation coefficient) was
calculated as 0.59 with 95% Cl 0.34 to 0.73. This indicates moderate reliability for the AHD measures.

Table 55 shows the AHD for registered participants who were found to have a reparable tear
intraoperatively (i.e. were excluded from randomisation) and the AHD for participants who were found
to have a repairable tear (i.e. were randomised into the trial). Here, it can be seen that the reparable
tears have statistically significantly larger AHDs.

Acromiohumeral distance and shoulder function

An exploratory analysis to investigate the relationship between AHD at baseline and OSS at 12-months
was conducted. A simple linear regression model showed a positive relationship, with OSS scores
increasing 0.7 points for every mm increase in AHD (95% Cl -0.087 to 1.420; p = 0.0823). As shown in
Table 56, adding AHD into the adjusted model did not change the effect of allocation group.

TABLE 55 Summary statistics of AHD by type of tear: repairable vs. irreparable for registered participants

Repairable tear Irreparable tear Mean difference
AHD (mm) (excluded) N = 43 (randomised) N = 117 (95% ClI)
n valid (% of group) 28 (65) 93 (80) - -
Mean (SD) 7.9 (2.0) 6.8 (2.4) 1.1(0.1t0 2.1) 0.03
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TABLE 56 Adjusted model results of the OSS at 12-months with AHD added as an independent variable

Fixed effect variables Coefficient 95% Cl p-value

Intervention group Debridement-only 0 - 0.019
Debridement with InSpace balloon  -5.2 (-9.5to -0.9)

Baseline OSS 0.4 (0.2t0 0.7)

Sex Male 0 - 0.738
Female -0.8 (-5.6 to 4.0)

Tear size Large 0 - 0.094
Medium or small 0.03 (-9.8 to 9.84)

Age group (years) Under 70 0 - 0.618
70 and over 11 (8.4t05.7)

AHD (mm) 0.40 (-0.5to0 1.3)

a Positive values are associated with an increase in function; negative values are associated with a decrease.

COVID-189 sensitivity analysis

This sensitivity analysis was to assess whether the COVID-19 pandemic had any impact on the primary
analysis results. To check this question, data from participants who had completed the 12-month
primary outcome before the first UK national lockdown on the 23 of March 2020 were compared with
the remaining participants with follow-ups during the COVID-19 lockdown (see Table 57).

Table 58 shows the results of the sensitivity analyses, which suggest that COVID-19 did not have
a significant impact on the participants primary outcome at 12-months for either the OSS or the
EQ-5D-5L. The Constant score could not be collected during lockdown, so could not be assessed
for change.

TABLE 57 Outcome scores for participants before and after COVID-19 lockdown

Follow-up in/after Follow-up complete
COVID-19 before COVID-19 All follow-up data
Outcome Statistic (n=91) (n = 26) (n=117)
Constant score n (%) 2(2.2) 20(76.9) 22(18.8)
Mean (SD) 62 (21.2) 54.9 (14.3) 55.5(14.5)
Missing (%) 89 (97.8) 6(23.1) 95(81.2)
0SS n (%) 89 (97.8) 25(96.2) 114 (97.4)
Mean (SD) 31.7 (11.5) 34.7 (9.6) 32.4(11.2)
Missing (%) 2(2.2) 1(3.8) 3(2.6)
EQ-5D-5L n (%) 88 (96.7) 25(96.2) 113 (96.5)
Mean (SD) 0.609 (0.311) 0.704 (0.167) 0.63 (0.288)
Missing (%) 3(3.3) 1(3.8) 4(3.4)
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TABLE 58 Unadjusted models of OSS and EQ-5D-5L at 12-month postrandomisation score

Outcome

0SS

EQ-5D-5L

Coefficient 95% CI p-value
During COVID-19 0 - 0.233
Pre-COVID-19 3.0 -2.0t0 8.0
During COVID-19 0 - 0.143
Pre-COVID-19 0.095 -0.032 to 0.224
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Appendix 2 Additional health economics
information

Table 59 reports the frequency and average amounts of resource use by cost category. The data were
not suitable for reporting at granularity other than what has been provided as the type of health
resource use varied and also contained free text. However, the unit costs and sources for these are
provided in Table 60 which informs the type of health resource used. Where unit costs were not
available for 2021 prices, these were inflated using the NHS Hospital and Community Health Services
Pay and Prices Index.1°3

Table 61 is a summary of the numbers of missing items for each questionnaire.

TABLE 59 Health resource use by trial allocation, category and time point for complete cases

Debridement with Debridement only
InSpace balloon (h=56) (n=61)

Resource category (unit)

Inpatient care - hospital admission, n (%) post baseline to 12 months 9 (16) 6 (10)
Specialty code?
1 2(4) 1(2)
2 2 (4) 4(7)
4 8(14) 2(3)
97 4(7) 6 (10)

Inpatient care - hospital admission, n (%)

Baseline Not collected/NA Not collected/NA
3 months 7 (13) 3(5)
6 months 9 (16) 4(7)
12 months 8 (14) 6 (10)
Outpatient care - at least one visit/contact, n (%): post baseline to 12 42 (75) 41 (67)
months

Specialty code®

1 15(27) 13(21)
2 1(2) 0(0)
3 3(9) 1(2)
4 3(5) 4(7)
6 1(2) 0(0)
97 19 (34) 23(38)
Outpatient care - at least one visit/contact, n (%): post baseline to 12 33(59) 29 (48)
months
Baseline Not collected/NA Not collected/NA
3 months 33(59) 29 (48)
6 months 17 (30) 20 (33)
continued
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TABLE 59 Health resource use by trial allocation, category and time point for complete cases (continued)

Resource category (unit)

Debridement with

InSpace balloon (n = 56)

Debridement only
(n=61)

12 months

Physiotherapy, n (%): post baseline to 12 months; mean number of
contacts (SD)

Baseline

3 months

6 months

12 months

MRI at least one visit/contact, n (%): post baseline to 12 months

Baseline

3 months

6 months

12 months

Community health services (at least one contact), n (%) post baseline to
12 months

Baseline
3 months
6 months
12 months
PSS (at least one visit/contact), n (%): post baseline to 12 months
Baseline
3 months
6 months
12 months
Analgesic use (at least one use), n (%): post baseline to 12 months
Baseline
3 months
6 months
12 months

Other medications (at least 1 type/use), n (%): post baseline to 12
months

Time off work - no. of patients with at least 1 day off, n (%): post
baseline to 12 months (mean number of contacts, SD)

Baseline
3 months
6 months

12 months

22 (39)
55[8.2 (4.8)]

Not collected/NA
55(98)

39 (70)

20 (36)

11 (20)

11 (20)

10(18)

0

0]

11 (20)

Not collected/NA
10(18)

11 (20)

10(18)

1(2)

Not collected/NA
0]

1(2)

0

42 (75)

41 (73)

37 (66)

34 (61)

30 (54)

16 (29)

79 (76)

Not collected/NA
20 (36) [77 (65)]
11 (20) [103 (102)]
5(9) [39 (43)]

19 (31)
56 [6.4 (4.8)]

Not collected/NA
56(92)

37 (61)

17 (28)

7 (11)

6(10)

7(11)

0

0

9(15)

Not collected/NA
9 (15)

52 (85)
51(84)
38 (62)
38 (62)
30 (49)
25 (41)

64 (75)

Not collected/NA
15(25) [53(33]

9 (15) [107 (46)]
1(2) [30 (n/c)]

a Procedures varied including: gastroenteritis, stroke, seizure, broken ribs, poison in gall bladder, day surgery, infection,

pain, cataracts, rotator cuff repair, endoscopy.

b Procedures varied including accident and emergency, respiratory related, cancer, ophthalmology.
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TABLE 60 Unit costs for resource items (£; 2019-20 prices)®

Cost Unit Unit of
category Resource item cost (E) analysis Source
Intervention The balloon 5378 Per patient www.nice.org.uk/guidance/ipg558 (2021)
arm procedure codes to procedure
an HRG grouper of
HN52A
The control 3589 Per patient www.nice.org.uk/guidance/ipg558 (2021)
(standard care) procedure

procedure codes to
a HRG grouper of

HN53A
Inpatient Hospital stay 587 Day visit NHS Digital National schedule of reference costs
admission 2016-17. Available: https:/improvement.nhs.uk/
resources/reference-costs/
Outpatient  General medical 378 Day visit National Cost Collection: Schedule of NHS costs -
ward 2018-19; NHS trust and NHS Foundation Trust?
MRI 147.5 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Gastrointestinal 116 Day visit National Cost Collection: Schedule of NHS costs -
- colonoscopy 2018-19; NHS trust and NHS Foundation Trust
Cancer 147 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Physiotherapy 65 Contact/ National Cost Collection: Schedule of NHS costs -
consultancy 2018-19; NHS trust and NHS Foundation Trust
Surgery 140 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Ophthalmology 95 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Accident and 117 Day visit National Cost Collection: Schedule of NHS costs -
emergency 2018-19; NHS trust and NHS Foundation Trust
Rheumatology 147 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Neurology 142 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Cardiology 122 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Gynaecology 147 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Orthopaedics 140 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Dental 177 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Ear, nose and throat 107 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
Respiratory 129 Day visit National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust
continued
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TABLE 60 Unit costs for resource items (£; 2019-20 prices)® (continued)

Cost

category

Community
health
service

Personal
and social
care
services

Medications

Time taken
off work

Resource item

Physiotherapist -
Band 5

Sports therapy
massage

Osteopath

Orthopaedic nurse
-Band 6

Support worker
mental health CPN/
CMHN - office

Equipment and
adaptations various
aids®

Care support
worker - home

Occupational
therapist - office
- hospital

Paracetamol
Co-codamol
Codeine
Tramadol

Other prescription
medications

National average

Unit
cost (£)
36

36

45
49

48

Unit of
analysis
Per hour

Per hour

Per hour

Per hour

Per hour

Peritem Range:

24

45

0.86
2.52
1.15
9.68

Various

530.0

4.8-930.0

Per hour

Per hour

Per pack of 12
Per pack of 32
Per pack 28
Per pack 60
0.12-82.00

Per 37.5-hour
week

Source

Unit costs of Health and Social care (2020)?

Unit costs of Health and Social care (2020)

Unit costs of Health and Social care (2020)

Unit costs of Health and Social care (2020)

National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust?

Unit costs of health and social care (2014-15) Page
199, 12.12

National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust

National Cost Collection: Schedule of NHS costs -
2018-19; NHS trust and NHS Foundation Trust

https:/bnf.nice.org.uk/medicinal-forms (2021)
https:/bnf.nice.org.uk/medicinal-forms (2021)
https:/bnf.nice.org.uk/medicinal-forms (2021)
https:/bnf.nice.org.uk/medicinal-forms (2021)
https://bnf.nice.org.uk/medicinal-forms (2021)

www.ons.gov.uk/employmentandlabourmarket/
peopleinwork/earningsandworkinghours/bulletins/
annualsurveyofhoursandearnings/2015provisionalre-
sults

CMHN, community mental health nurse; CPN, community psychiatric nurse.
a Where appropriate, all costs were inflated/deflated to 2020-21 prices using the NHS Hospital and Community Health
Services Pay and Prices Index (www.england.nhs.uk/wp-content/uploads/2021/02/20-21_National-Tariff-Payment-

System.pdf.

b Equipment aids include support rails, bathroom aids and accessories.

TABLE 61 Summary of data completeness of economic measures (post surgery)

Resource-use item

Physiotherapy
sessions

Time point

(months)

24

Debridement only (n = 61)

Completed, n (%)

59 (97)

58 (95)

59 (97)

20(33)

Missing, n (%)

Debridement with InSpace balloon
(n = 56)

Completed, n (%) Missing, n (%)

2(3) 56 (100) 0(0)

3(5) 54 (96) 2(4)

2(3) 55 (98) 1(2)
41(67) 17 (30) 39 (70)
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TABLE 61 Summary of data completeness of economic measures (post surgery) (continued)

Debridement with InSpace balloon

Time polnt Debridement only (n = 61) (n =56)
Resource-use item (months) Completed, n (%) Missing, n (%) Completed, n (%) Missing, n (%)
Hospital admissions 3 59 (97) 2(3) 56 (100) 0(0)
6 58 (95) 3(5) 54 (96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
Outpatient visits 3 59 (97) 2(3) 56 (100) 0(0)
6 58 (95) 3(5) 54 (96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
General community 3 59 (97) 2(3) 56 (100) 0(0)
health services 6 58 (95) 3(5) 54 (96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
PSS 3 59 (97) 2(3) 56 (100) 0(0)
6 58 (95) 3(5) 54 (96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
Time off work 3 59 (97) 2(3) 56 (100) 0(0)
6 58 (95) 3(5) 54 (96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
Medications: Baseline 59 (97) 2(3) 53(95) 3(5)
analgesic use 3 58 (95) 3(5) 56 (100) 0(0)
6 57 (93) 4(7) 54 (96) 2(4)
12 59(97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 17 (30) 39 (70)
EQ-5D-5L Baseline 61 (100) 0(0) 56 (100) 0(0)
3 59 (97) 2(3) 56 (100) 0(0)
6 58 (95) 3(5) 54(96) 2(4)
12 59 (97) 2(3) 55(98) 1(2)
24 20(33) 41 (67) 20 (36) 36 (64)

a Assessments were made, data available.
b Assessments made but data collection forms returned with incomplete data or forms were missing (e.g. due to either
deaths, withdrawals from study or losses to follow-up).
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TABLE 62 Inputs to compute CP

Time point (months)

12

12

Parameter

Costs

Effects (QALY)

INMB (interim)

Costs

Effects (QALY)

Statistic

n

Mean costs
SD costs

n

Mean QALY
SD

(20000 x -0.081) - 2060 = -3680

n
Mean costs
SD costs

n

Mean QALY
SD

Debridement with InSpace balloon

33
5980
2234
32
0.501
0.361

56
6187
1337
56
0.551
0.336

Debridement only

30
3920
1968
30
0.582
0.224

61
4248
1284
61
0.606
0.168
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Appendix 3 Magnetic resonance imaging
substudy

Demographic details of those who took part in the MRI substudy are shown in Table 63. Table 64 shows
the exploratory analysis of comparing the change in AHD between the active and passive scans.

TABLE 63 Participant demographics of the MRI substudy by allocation group

Overall

Debridement only (n = 11) Debridement with balloon (n = 13) (n =24)

Sex Male 6 (55) 8(62) 14 (58)
Female 5(45) 5(38) 10 (42)

Age group (years) Under 70 5(45) 6 (46) 11 (46)
Over 70 6 (55) 7 (54) 13 (54)

Tear size Large 8(73) 13 (100) 21 (88)
Small 3(23) 0 3(12)

TABLE 64 Acromiohumeral distance change between active and passive at early (8 weeks) and late (> 6 months)
follow-up. Positive values mean measurement from passive image greater than active

Debridement only Debridement with InSpace balloon Overall

(hn=11) (n=13) (n = 24)
Time point Images Mean (SD) Images Mean (SD) Images Mean (SD)
Early 5 -0.5(1.8) 11 -0.3(1.2) 16 -0.3(1.4)
Follow-up 7 0.3(1.9) 10 -0.5(0.8) 17 -0.2(1.4)

a Number of images that were analysed.
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Appendix 4 Descriptions of the selected
trauma and orthopaedic randomised controlled
trials

WOLLF

The WOLLF study was a multicentre randomised trial performed in the UK Major Trauma Network,
recruiting 460 patients aged 16 years or older with a severe open fracture of the lower limb from

July 2012 to December 2015.4%133 The main objective of the study was to assess the disability of
patients with a severe open fracture of the lower limb treated with either NPWT or standard wound
management after the first surgical debridement of the wound. The primary outcome was the DRI

score (range, O = no disability to 100 = completely disabled) at 12 months (12m) with early outcomes
measured at 3, 6 and 9 months. Participants were recruited into the study and randomised in a one to
one ratio to either NPWT (n1 = 226) or Standard (nO = 234) wound treatment. There was no statistically
significant difference in DRI score at 12 months; the mean score in the NPWT group was 45.5 (n1,, =
179) and in the standard dressing group 42.4 (n0,, = 195), a difference of -3.1 (95% CI -8.5 to 2.2; see
Table 2 in main clinical paper).t* The study took 50 months (recruitment plus follow-up) to complete.

DRAFFT

The DRAFFT, study compared Kirschner wire fixation (Wire) with volar locking- plate fixation (Plate) for
participants with a dorsally displaced fracture of the distal radius.#”*3* The trial used the PRWE score at
12 months (12m) after surgery to assess participant outcomes; PRWE measures a patient’s experience
of pain and disability to give a score out of 100 (with 100 being the worst score). The study recruited
461 participants from July 2010 to July 2012, randomising nO = 230 to the Wire group (control) and

nl = 231 to the Plate group, on a one to one basis. Early PRWE outcomes were assessed at three and
6 months. There was no statistically significant difference in PRWE score at 12 months; the mean score
in the Wire group was 15.3 (n0,, =211) and in the Plate group 13.9 (n1,, =204), a difference of 1.4
(95% CI -1.8 to 4.5; see Table 3 in main clinical paper).*” The study took 34 months (recruitment plus
follow-up) to complete.

FixDT

The FixDT trial compared intramedullary nail fixation with locking-plate fixation for adult patients with

a displaced fracture of the distal tibia.”®*% FixDT recruited 321 patients after a displaced fracture of

the distal tibia between April 2013 and April 2016. The main objective of the study was to assess the
disability of patients after surgical repair with either intramedullary nail fixation (Nail, control) or locking-
plate fixation (Plate). The primary outcome of the study was the DRI score (range, O = no disability to
100 = completely disabled) at 6 months (6m), with early outcome measured at 3 months, with long-term
outcomes also measured at 12 months. Participants were recruited into the study and randomised in a
one to one ratio to either Nail (nO = 161) or Plate (n1 = 160) fixation. The primary result of the study was
that there was no statistically significant difference in DRI score at 6 months; the mean score in the Nail
group was 29.8 (n1, = 142) and in the Plate group 33.8 (nO, = 140), a difference of -4.0 (95% ClI -9.6
to 1.6; see Table 2 in main paper).t*® The study took 42 months (recruitment plus follow-up) to complete
(excluding the time taken for the completion of the 12 months of long-term follow-up).

FASHIoN

The FASHIoN study was a pragmatic, multicentre, assessor-blinded RCT, undertaken at 23 NHS
hospitals in the UK.143144152 EASHIoN recruited 348 adult patients with femoroacetabular impingement
syndrome who presented at these hospitals and randomly allocated them (1 : 1) to receive either hip
arthroscopic surgery (n1 = 171) or personalised hip therapy (PHT; nO = 177), between July 2012 and
July 2016. PHT (control) is an individualised, supervised and progressive physiotherapist-led programme
of conservative care. The primary outcome was hip-related QoL, as measured by the patient-reported
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International Hip Outcome Tool (iIHOT-33) at 12 months (12m) after randomisation, with early outcome
assessed at 6 months. iIHOT-33 provides a 100-point score, with 100 representing no pain and perfect
function, and lower scores indicating pain and poor function. The primary result of the study was that
there was a statistically significant difference in iIHOT-33 score at 12 months; the mean score in the
surgery group was 58.8 (n1,, =158) and in the PHT group 49.7 (n0,, = 163), a difference of 9.1

(95% Cl 3.3 to 14.9) (see Table 2 in main clinical paper).t>? The study took 60 months (recruitment plus
follow-up) to complete.

WAT

WAT was a single-centre, two arm, parallel-group, assessor-blinded, RCT with one to one treatment
allocation conducted in the UK,*%¢ recruiting 126 patients aged 18 years and over who were medically
fit for an operation, and suitable for a resurfacing arthroplasty (RSA) of the hip. Patients were recruited
between May 2007 and February 2010 from hip replacement clinics at the University Hospitals
Coventry and Warwickshire NHS Trust (Coventry, UK) and randomly assigned on a one to one basis

to receive either a total hip arthroplasty (THA) or a RSA. The primary outcome was hip function, as
measured by the patient-reported OHS at 12 months (12m) after operation, with early outcome
assessed at 6 weeks, 3 months and 6 months. The OHS provides a score on a scale from 0 to 48, with
48 representing no pain and perfect function, with lower scores indicating pain and poor function. There
was no statistically significant difference in OHS at 12 months; the mean score in the RSA group was
40.4 (n1,, =57)andin the THA group 38.2 (n0,, = 63), a difference of 2.23 (95% CI -0.51 to 12.58;
see Table 2 in main clinical paper).*

CSAW

The CSAW trial was a three-group, pragmatic, randomised (1 : 1 : 1) controlled study that compared
arthroscopic subacromial decompression (ASAD), arthroscopy only and active monitoring with specialist
reassessment (AMSR; no surgical treatment).®>*%” The trial used the OSS at 6 months (6m) after
randomisation to assess participant outcomes. OSS was also assessed at 12 months after randomisation
but no early assessment of OSS was made before the 6-month primary end point. The primary objective
of the study was to compare ASAD against the non-surgery ASMR arm to assess efficacy. The study
recruited n = 210 participants (to the ASAD and AMSR arms) from September 2012 to June 2015,
randomising n1 = 106 to ASAD and nO = 104 to AMSR. The primary result of the study was that there
was a statistically significant difference in OSS at 6 months between ASAD and AMSR; the mean score
in the ASAD group was 32.7 (n1, = 90) and in the AMSR group 29.4 (nO, = 90), a difference of 3.3
(95% CI -0.2 to 6.8) (see Table 2 in main clinical paper for adjusted difference).®’ Although statistically
significant, the difference was not considered to be of clinical importance. The study took 48 months
(recruitment plus 12 months of follow-up) to complete.

TOPKAT

The TOPKAT study compared total knee replacement (TKR) with partial knee replacement (PKR) for
patients with medial compartment osteoarthritis of the knee.’*8-14° The trial used the OKS at five years
(5y) after randomisation to assess participant outcomes; OKS measures a patient’s experience of knee
pain and function using 12 items scored from O to 4 and summed to give a score from O to 48 (with

0 being the worst score). The study recruited n = 528 participants from January 2010 to September
2013, randomising n0 = 264 to TKR and n1 = 264 to PKR, on a one to one basis. Early outcomes

were assessed on a yearly basis at one, two, three and four years. There was no statistically significant
difference in OKS at five years; the mean score in the TKR group was 37.0 (nO5y = 231) and in the PKR
group 38.0 (nO5y = 233), a difference of 1.0 (95% Cl -0.4 to 2.5; see Table 2 in main clinical paper).}° The
study took 96 months (recruitment plus follow-up) to complete.
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Lower and upper stopping boundaries for the selected trauma and orthopaedics
randomised controlled trials

Tables 65 to 70 describe the lower and upper stopping boundaries for each RCT.

TABLE 65 WOLLF lower (I) and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the
study end, for each of the four settings a, b, cand d

Interim 1 2 3 End 1 2 3 End

a | -1.41 -1.14 -0.91 2.09 u, 3.09 2.62 245 2.09
b I, -0.99 -0.59 -0.20 2.08 u, 3.09 2.62 2.45 2.08
c I -0.71 -0.15 0.49 2.04 u. 3.09 2.62 245 2.04
d | -0.47 0.29 1.75 1.36 u 3.09 2.62 245 1.36

TABLE 66 DRAFFT lower (l) and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the
study end, for each of the four settings a, b, cand d

Interim 1 End 1 End
a I -0.99 2.02 u, 2.58 2.02
b I, -0.47 2.01 u, 2.58 2.01
c I, -0.05 2.00 u, 2.58 2.00
d I 0.36 1.97 u 2.58 1.97

TABLE 67 FixDT lower (l) and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the study
end, for each of the four settings a, b, cand d

Interim 1 2 End 1 2 End
a I -1.41 -1.14 2.09 3.09 2.34 2.09
b I, -0.99 -0.59 2.09 3.09 2.34 2.09
c I, -0.71 -0.15 2.08 3.09 2.34 2.08
d | -0.47 0.29 2.06 3.09 2.34 2.06

TABLE 68 FASHIoN lower (l) and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the
study end, for each of the four settings a, b, cand d

Interim 1 2 End 1 2 End
a | -1.41 -1.14 2.10 3.09 2.34 2.10
b I -0.99 -0.59 2.09 3.09 2.34 2.09
c I, -0.71 -0.15 2.08 3.09 2.34 2.08
d | -0.47 0.29 2.06 3.09 2.34 2.06
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TABLE 69 WAT lower (I) and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the study

end, for each of the four settings a, b, c and d

Interim 1 End 1 End
a I -0.99 201 u, 2.58 201
b I, -0.47 2.01 u, 2.58 201
c I -0.05 2.00 u, 2.58 2.00
d | 0.36 1.98 u 2.58 1.98

TABLE 70 CSAW lower () and upper (u) stopping boundaries for the test statistic (Z) at each interim analysis and the study
end, for each of the four settings a, b, c and d

Interim 1 2 End 1 2 End

a I -1.41 -1.14 2.08 u, 3.09 2.34 2.08
b l, -0.99 -0.59 2.08 u, 3.09 2.34 2.08
c I, -0.71 -0.15 2.07 u, 3.09 2.34 2.07
d I -0.47 0.29 2.06 u 3.09 2.34 2.06

Estimates of correlations and standard deviations for the selected trauma and
orthopaedics randomised controlled trials

Tables 71 to 75 show the estimates of correlations and SDs for each RCT included in the adaptive
designs for surgical trials substudy.

TABLE 71 WOLLF - estimates of correlations and SDs at each interim analysis and the study end; the design model
assumed p = 0.5, for all pairs of times and o = 25 for all times

Analysis p, . P3mom P3m12m Pomom Pim12m Py 12m (< o, g, Oiom

1 0.66 0.61 0.59 0.83 0.77 0.88 22.65 23.50 26.67 25.71
2 0.62 0.61 0.58 0.78 0.78 0.89 22.08 23.94 24.75 24.72
3 0.59 0.52 0.48 0.72 0.71 0.82 21.15 23.59 25.16 26.45
End 0.65 0.55 0.58 0.67 0.73 0.74 21.25 23.92 25.59 26.22

TABLE 72 DRAFFT - estimates of correlations and SDs at each interim analysis and the study end; the design model
assumed p = 0.5, for all pairs of times and o = 20 for all times

Analysis p3m,6m p3m,12m p¢.Sm,12m O-Sm cém chm
1 0.81 0.78 0.72 22.34 17.45 13.51
End 0.75 0.61 0.73 22.57 18.21 16.63
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TABLE 73 FixDT - estimates of correlations and SDs at each interim analysis and the study end; the design model
assumed p = 0.5, for all pairs of times and o = 20 for all times

Analysis P3imm o, o,

1 0.61 20.13 24.56
2 0.65 20.06 23.70
End 0.65 20.01 24.07

TABLE 74 FASHION - estimates of correlations and SDs at each interim analysis and the study end; the design model
assumed p = 0.5, for all pairs of times and o = 24 for all times

Analysis Py 12m (o

6m Oiom
1 0.56 22.90 2581
2 0.56 23.88 27.27
End 0.57 24.14 26.32

TABLE 75 WAT - estimates of correlations and SDs at each interim analysis and the study end; the design model assumed
p = 0.5, for all pairs of times and o = 9 for all times

Analysis l:)6w,3m l:’6w,6m l'.,6w,12m p3m,6m p3m,12m l:)6m,12m aéw 03m o6m 012m
1 0.86 0.80 0.60 0.90 0.71 0.50 9.93 10.43 9.36 5.58
End 0.80 0.69 0.59 0.83 0.72 0.80 10.06 9.84 8.95 10.37
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Appendix 5 Bayesian interim analysis study:
Bayesian sample report

Overview of Bayesian adaptive trial

The reason for the Bayesian substudy is to understand whether adaptive trials are better designed,
monitored and analysed using a Bayesian approach or a frequentist one. The aim of this report is to
present a Bayesian analysis and understand the how it affects decision-making during the trial compared
to a frequentist report. The key information about the Bayesian set-up are described below:

e Overall study sample size: n = 240, with n = 120 in each group.

e The treatment intervention is debridement with InSpace balloon and the control is debridement-only.

e Primary end point is the OSS at 12 months after randomisation. The MCID has been set to 6 points.

e There are two planned interim analyses. The first upon observing 50 participants for the first interim
analysis and 90 participants for the second.

e Trial will stop early upon examining the probabilities of the mean difference and if they meet the
boundary conditions.

e The parameter (0) denotes the difference between the intervention groups, where the treatment
effect is positive in this report (6 > 0) then the evidence is in favour of the treatment group
(debridement with InSpace balloon).

e The following boundary/stopping rules are set out below:

o Stop for futility if the probability of 8 < 0 is high; p(6 < O|data) >0.8. (F1).

o Stop for efficacy if the probability of the treatment is better than the control, based on the MCID
of 6 OSS units. For this Bayesian approach, we set two criteria that needs to be met to match a
typical frequentist set-up.

= The probability of seeing a MCID difference in favour of the treatment is strictly high:
p(6>6|data) >0.8 (E1)
= The probability that there is a difference between the intervention is very likely:
p(6>0|data) >0.8 (E2)

e Bayes factor (BF) is calculated as a supplementary test, equivalent to a frequentist t-test, and is
interpreted by the following rules:*53

BF = 1 - no evidence

1 < BF £ 3 - anecdotal

3 < BF £ 10 - moderate

10 < BF < 30 - strong

30 < BF < 100 - very strong
BF > 100 - extreme.

O O O O O O

Reminder of the operating characteristics

At the beginning of the trial, we derived the probabilities of stopping the trial for different observed
values of the mean difference (0). The following section serves as a reminder of the operating
characteristics and an interpretation of the simulation results.
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Efficacy:

1. The probability of incorrectly stopping early for efficacy when there is no treatment effect (6 = 0) is
0% and rises to 18% when 6 < 5.

2. The overall probability of stopping early due to efficacy, when 6 2 6, is at least 30%, with the proba-
bilities increasing as the difference () increases.

3. When 0 2 6, the total probability of declaring efficacy by the end of the final analyses is 38% and
rises as the treatment difference (0) increases.

Futility:

1. The probability of incorrectly declaring futility when the true difference is equal to or greater than
the MCID of six units is 0%.

2. The overall probability of correctly stopping early for when there is no difference in treatment effect
(8 = 0) is 30% and increases as the effect size is more negative (in favour of control); p(6 < 0) >0.3.

3. When 8 < 0, the total probability of declaring futility by the end of the final analyses is 38% and rises
as the treatment difference (8) becomes more negative (in favour of the control), p(6 < 0) >0.38.

Interim analysis results
The results show that InSpace balloon group has much lower scores by a large difference and the
boundary conditions for futility had been met. We note the key results in Table 76.

e P(6<0|datal) = 0.86 > 0.80. This means the probability that the difference between the treatments is
less than zero had met the stopping threshold of 0.8.

e The 95% credible interval is (-21.2 to 8.2), therefore there is a 95% chance the mean treatment
difference lies within this region.

e Bayes factor provides a test of for the probabilities by comparing p(6) between the initial prior and
the posterior distribution.

e The Bayes factor is 4.3 when testing for p(6 < 0), therefore, the probability of a negative treatment
effect is more likely with the new posterior distribution then the prior with mean difference of zero.

The results showed that the probability bounds have been met and additional testing showed that it is
unlikely for the treatment effect to be positive, therefore the trial should stop due to futility.

Summary data of both arms have been presented in Table 77 and Figure 33, the posterior distribution of
the data at this time is shown in Figure 34.

TABLE 76 Key statistics at interim analysis. Positive values are in favour
of the InSpace device; negative values are in favour of arthroscopy alone

Statistic Interim 1

Participants (N) 50
Difference in means -6.7

95% credible interval -20.5t0 8.0
Standard effect size -0.6
Posterior mean -6.3
Posterior SD 8.7

p(6<0| data) 0.86

p(6>0| data) 0.24

p(6<6| data) 0.08
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TABLE 77 Data summary

Statistic Treatment Control
Participants (N) 28 22
Mean 35.9 42.6
SD 10.7 10.6
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FIGURE 33 Box plot summary of interim data.
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FIGURE 34 Prior and posterior distribution at interim analysis.

Bayesian interim analysis study: frequentist sample report

Overview of frequentist adaptive trial

The reason for the Bayesian substudy is to understand if adaptive trials are better designed, monitored
and analysed using a Bayesian approach instead the frequentist method. This report is based on
frequentist adaptive trial where the study can be stopped when sufficient evidence is observed at preset
interim analysis points. We note that the boundaries for the interim analysis have been determined at
the beginning of the study. The following summarises the features of the study:
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e Overall study sample size: n = 240, with n = 120 in each group.

e The treatment intervention is debridement with InSpace balloon, and the control is
debridement-only.

e Primary end point is the Constant score at 12 months after randomisation. The MCID has been set to
6 points.

e There are two planned interim analyses. The first interim observing approximately 50 participants
and 90 participants for the second interim analysis. These are based on some model assumptions
that gives us Information statistic I, which we need to meet to perform the interim analysis.

e Trial will stop early upon examining the test statistics S, and if they meet the boundary conditions
(,u,) for interim analysis k = 1, 2.

o The test statistic S = Sd’?—gk), where B, is based on treatment u,, -control u,,

e The treatment effects are only based on the 12-month outcomes, and not the early 3- and
6-month outcomes.

e The early outcomes are only used to measure the correlation with 12 months outcomes and effects
the Information statistic (I,) which informs of the timing for the interim analyses.

e | denotes the lower futility bound, if S, <1, then the study should stop for futility.

e u, denotes the upper efficacy bound, if S, <u,, then the study should stop for efficacy.

e The trial will recruit to full sample size if the boundary conditions aren’t met in either Interim analysis.

Statistical commentary

It is estimated that the first interim analysis will occur when obtaining data from approximately 50
participants at 12-month follow-up, and data from 60 and 45 participants for 3-month and 6-month
follow-up. The estimated accrued information for the first interim analysis I, = 0.103.

As we have now met the information boundary after careful monitoring, I, = 0.109 > 0.103, it is now
time to perform the first interim analysis.

1

Interim analysis results

In summary, the results show a negative value favouring the control group (debridement only). It is
significantly low enough to stop the study for efficacy. The statistical results are shown in Table 78,
Figure 35 and Figure 36 and summarised below:

e |[f the value of test statistic is positive then results are in favour of the treatment group and a negative
value favours the control group.

e The test statistic is S1 = f—é (B1) = -1.97

e The lower boundary for the first interimis [, = -1.17.

e If the value of S, is lower than the lower bound, then we have evidence in favour of the study being
stopped for futility.

e WehaveS$, =-1.97<[ =-1.17.

e As the value of test statistic exceeds the lower bound, we recommend that the study stops for futility as
there is sufficient evidence against treatment group.
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TABLE 78 Interim results

Expected Observed
Balloon Control Balloon Control
No. of study participants providing OSS data N, _ 25 25 25 22
N,. 45 45 47 40
N,. 60 60 70 59
Correlations between CS data Pamém 0.5 0.51
Pamizm 0.5 0.45
P izm 0.5 0.52
Mean of CS data Miom - - 57.5 62.5
H,, - - 49.0 51.0
[T, - - 38.1 41.9
SD of CS data Oom 12 11.2
o, 12 10.2
o, 12 124
Information I 0.103 0.109
Treatment difference B, - -5.97
sd(B,) - 3.03
Test statistic S, - -1.97
Lower boundary I -1.17 -
Upper boundary u 3.09 -

CS, Constant score.
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